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Abstract 
 

Antigen-specific immunotherapy (ASI) involves induction of tolerance to 

autoantigens. An important protein in the development of type 1 diabetes (T1D) 

is the autoantigen, proinsulin (PI), the precursor of insulin. Microneedles (MNs) 

are micron-sized needles that penetrate into the upper skin layers. MNs provide 

advantages for autoantigen delivery including targeted delivery to the skin’s 

dendritic cells (DCs), with minimal inflammation. The aim of this Thesis was to 

develop a PI-coated solid MN system and investigate the potential of this 

system to induce peripheral tolerance in the non-obese diabetic (NOD) mouse 

model of T1D. 

 

A highly concentrated PI MN coating formulation was developed containing the 

PI, diluent and a surfactant. The formulation enabled uniform and reproducible 

coating of the PI on to MNs. Delivery of PI from the MN system was 

investigated in mouse skin. MN application method and duration were optimised 

and resulted in skin puncture and reproducible delivery of PI to the skin. 

 

In vitro studies identified the insulin-reactive G9 CD8+ T cell as an appropriate 

biological readout for PI delivery. In vivo delivery studies indicated that MN-

delivered PI was delivered to the skin and subsequently processed by DCs into 

PI peptides, which were cross-presented in the skin draining lymph nodes to 

adoptively transferred G9 CD8+ T cells. This demonstrated that the PI-coated 

MN system has potential for inducing peripheral tolerance in the NOD mouse.  

 

T1D development was significantly delayed in NOD SCID mice that received 

cells from PI-treated NOD mice and cells from diabetic NOD mice (experimental 

group). However, no statistically significant difference in time to T1D 

development was observed between the experimental group and the control 

NOD SCID mice that received cells from untreated NOD mice and diabetic NOD 

mice. Further investigation of the dosage and dosing frequency of PI using the 

coated MN system is, therefore, warranted.  
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CFDA SE Carboxyfluorescein diacetate succinimidyl ester 

CFSE  Carboxyfluorescein succinimidyl ester 

CLN(s) Cervical LN(s) 

CMC  Carboxymethylcellulose 

CO2  Carbon dioxide 

CTLA-4 Cytotoxic T lymphocyte associated protein 4 

Da  Daltons 

DC  Dendritic cell 

dDC  Dermal dendritic cells 

DMEM Dulbecco’s Modified Eagle Medium 

DMK  Dystrophia Myotonica Kinase 

DMSO Dimethylsulfoxide 

DNA  Deoxyribonucleic acid 

EAE  Experimental autoimmune encephalomyelitis  

EDI  Escalating dose immunotherapy (EDI) 

EDTA  Ethylenediaminetetraacetic acid  

ELISA  Enzyme-linked immunosorbent assay 

FACS  Fluorescence-activated cell sorting 

FCS  Fetal calf serum 
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FDA  Food and drug administration 

FIR FoxP3 (forkhead box P3)-IRES (internal ribosome entry site)-

mRFP (monomeric red fluorescent protein) 

FMO  Fluorescence Minus One 

FoxP3  Forkhead box protein 3 

GABA  γ-aminobutyric acid 

GAD  Glutamic acid decarboxylase 

GM-CSF Granulocyte Macrophage Colony Stimulating Factor 

GMP  Good Manufacturing Practice 

GRAS  Generally Recognised as Safe 

HbA1c Glycated haemoglobin 

HCl  Hydrochloric acid 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HGP  Hairless guinea pig 

HLA  Human Leukocyte Antigen 

HPLC  High-performance liquid chromatography 

HPLC-MS High-performance liquid chromatography- mass spectrometry 

HSA  Human serum albumin 

HSP  Heat shock protein 

HSPp277 Heat shock protein peptide 277 

IA-2  Islet antigen 2 

ID  Intradermal 

IFA  Incomplete Freund’s adjuvant  

IFIH1  Interferon-Induced Helicase 1 

IFN  Interferon   

IGRP Islet-specific glucose-6-phosphatase catalytic subunit–related 

protein 

IL  Interleukin 

IL2RA  Interleukin 2 receptor, alpha 

iTreg  Induced Regulatory T cell 

ITS  Insulin-Transferrin-Selenium 

IV  Intravenous 

LC  Langerhans cells 

LN(s)  Lymph node(s) 

LPS  Lipopolysaccharide 
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MACS  Magnetic-activated cell sorting 

mAU  milli-Absorbance units 

MBP  Myelin basic protein 

MHC  Major Histocompatibility Complex 

MIP-1β Macrophage Inflammatory Protein-1β 

MN(s)  Microneedle(s) 

mRNA  Messenger Ribonucleic Acid 

MVA  Modified Vaccinia Virus Ankara 

MW  Molecular weight 

NK(T)  Natural killer (T cells) 

NOD  Non-obese diabetic 

NOD.FIR Non-obese diabetic FoxP3-IRES-mRFP 

NOD.SCID Non-obese diabetic severe combined immune deficiency 

NP(s)  Nanoparticle(s) 

nTreg  Natural Regulatory T cell 

OCT  Optical coherence tomography 

OCT  Optical cutting temperature compound 

OVA  Ovalbumin 

PB  Phosphate buffer  

PBS  Phosphate buffered saline 

PCR  Polymerase Chain Reaction 

PFA  Paraformaldehyde  

PI  Proinsulin 

PIT  Peptide immunotherapy 

PLN(s) Pancreatic lymph node(s) 

PLP  Paraformaldehyde lysine periodate fixative  

PMA  Phorbol 12-myristate 13-acetate 

PMN  Pocketed microneedles  

PTPN22 Protein Tyrosine Phosphatase, non-receptor type 22 

PVA  Polyvinyl alcohol 

PVDF  Polyvinylidene fluoride 

RA  Rheumatoid arthritis 

rHGH  Recombinant Human Growth Hormone  

RP-HPLC Reversed-Phase High-Performance Liquid Chromatography 

RPMI   Roswell Park Memorial Institute medium  
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rRNA  Ribosomal Ribonucleic Acid 

SCID  Severe combined immune deficiency 

SD  Standard deviation 

SEM  Scanning Electron Microscopy 

SFCA  Surfactant-free cellulose acetate 

SI  Stimulation index 

siRNA  Small Interfering Ribonucleic Acid 

SLE   Systemic lupus erythematosus  

T1D  Type 1 Diabetes 

TAE  Tris-acetate-EDTA 

TCR  T cell receptor 

TEWL  Transepidermal water loss  

TFA  Trifluoroacetic acid 

TGF  Transforming growth factor 

TH1  T helper type 1 cells 

TH17  T helper type 17 cells 

TH2  T helper type 2 cells 

TH3   T helper type 3 cells 

TNF  Tumor Necrosis Factor 

TMB  3,3’,5,5’-Tetramethylbenzidine 

Treg  Regulatory T cell 

VLPs  Virus-like particles 
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Equipment 

!
Equipment Manufacturer, country 

Agilent 1100 Series HPLC instrument Agilent Technologies, UK 

Aluminium stubs (SEM); G301 Agar Scientific, UK 

AmScope stereo microscope AmScope, USA 

Anaesthetic machine Clinipath Ltd., UK 

Apollo II Liquid Viewer (black and white screen and light 

unit) 

Adelphi Manufacturing Co. 

Ltd., UK 

Ascentis® Express Peptide ES-C18, 2.7 micron 

Reversed Phase HPLC column (10cmx4.6mm) 

Sigma-Aldrich, UK 

Autotrap 24 Tomtec, USA 

BD LSRFortessa™ BD Biosciences, UK 

BD Microlance 3 needles (27G, 29G, 30G)  Becton Dickinson and 

Company, Ltd., Ireland 

BD Plastipak™ Plastic Concentric Luer-Lock 20ml 

Syringe, sterile 

Fisher Scientific, UK 

Borosilicate glass volumetric flasks- various sizes Fisher Scientific, UK 

Bulldog clamps J+K Instruments Ltd., UK 

Carbon adhesive discs (SEM); G3347N Agar Scientific, UK 

Cell strainer (40µm) Fisher Scientific, UK 

Centrifuge 5415D (microcentrifuge) Eppendorf, Germany 

Centrifuge 5810R Eppendorf, Germany 

Centrifuge tubes (15ml & 50ml) Fisher Scientific, UK 

Cover glass, 22 x 22mm VWR International, UK  

Cryostat Cryostar NX50 Thermo Fisher Scientific, 

UK 

Diastix reagent strips for urinalysis (glucose) Bayer, Switzerland 

Digital heat block VWR, UK 

Dymax 30 pump Charles Austen Pumps, 

UK 

Edwards high vacuum international, model: RV8 Edwards, UK 

ELISA kits:  

Mouse IFN-γ DuoSet;  

Mouse CCL4/MIP-1β Duoset  

R&D systems, UK 

Extended length pipette tip, 0.1-10µl Fisher Scientific, UK 

FACS tubes Fisher Scientific, UK 
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FEI XL-30 ESEM FEG FEI, USA 

FisherBiotech™ FB300 power supply Fisher Scientific, UK 

FisherBrand Classic Vortex Mixer Fisher Scientific, UK 

Fisherbrand™ glass vials:  

1mL with 8mm polyethylene plug 

2ml with 12mm polyethylene plug  

4ml with 15mm polyethylene plug  

Fisher Scientific, UK 

Fisherbrand™ S-Series Heated Ultrasonic Cleaning Bath Fisher Scientific, UK 

Glass Superfrost Ultraplus slides Thermo Fisher Scientific, 

UK 

Gyro-rocker SSL3 Stuart, UK 

Haemacytometer Paul Marienfeld GmbH & 

Co.KG, Germany 

Hair trimmer, Contura Wella Professionals HS61 Contura, Germany 

Heracell 150i CO2 incubator Thermo Fisher Scientific, 

UK 

Heraeus™ Fresco™ 17 Microcentrifuge  Thermo Fisher Scientific, 

UK 

Hotplate stirrer, SB162 Stuart, UK 

HPLC vials 300µl- Wide Opening Amber Glass Screw 

Thread Vials 

Fisher Scientific, UK 

HPLC vial caps- Fisherbrand, 9mm Combination Seal: 

PP Short Thread Cap, blue, centre hole, PTFE virginal, 

53° shore D, 0.2mm 

Fisher Scientific, UK 

HPLC vial septa- JB Finneran Associates™ PTFE seals Fisher Scientific, UK 

Hybridisation oven/shaker Amersham Life Science, 

UK 

Leica DM IRB inverted fluorescence microscope Leica Microsystems, 

Germany 

Leica ZOOM 2000 illuminated stereomicroscope Leica Microsystems, 

Germany 

LS column MACS Miltenyi Biotec, UK 

Meltilex A, melt-on scintillator sheets, 73 x 109mm Perkin Elmer, USA 

MF-Millipore Membrane Filter, mixed cellulose esters, 

hydrophilic, 0.45 µm, 47mm 

Millipore, UK 

Microbeta2 2450 Microplate Counter Perkin Elmer, UK 

Microcentrifuge tubes (0.6ml and 1.5ml) Fisher Scientific, UK 
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MidiMACS™ separator  MACS Miltenyi Biotec, UK 

MN holder device (manufactured from E-Shell® 200, 

biocompatible acrylate polymer) 

Cardiff University School 

of Engineering, UK (E-

Shell® 200 from 

EnvisionTEC, USA) 

Multiskan® Spectrum Microplate spectrophotometer Thermo Scientific, UK 

Multi-well plates (6-well, 12-well, 24-well, 96-well flat 

bottom and round-bottom) 

Fisher Scientific, UK 

MX35 Premier+ Microtome blades 34°/80mm Thermo Fisher Scientific, 

UK 

Nanovue Plus spectrophotometer GE Healthcare Life 

Sciences, UK 

Nikon D5000 12.3MP Digital SLR Camera Nikon, Japan 

Nunc™ 25cm2 filter cap flasks Thermo Fisher Scientific, 

UK 

Nunc™ Clear Flat-Bottom Immuno Non-sterile 96-Well 

Plate (ELISA plate) 

Thermo Fisher Scientific, 

UK 

Nunc™ EasyFlask 75cm2 Nunclon Delta Surface Thermo Scientific, 

Denmark 

Nylon Membrane Filter, Hydrophilic, 0.20 µm, 47 mm, 

white, plain.  

Merck Millipore, UK 

Orion™ PerpHecT™ ROSS™ Combination pH Micro 

Electrode 8220BNWP 

Thermo Scientific, UK 

Orion™ ROSS Ultra Glass Triode pH/ATC Combination 

Electrode 8302BNUMD 

Thermo Scientific, UK 

PAP pen, ImmEdge hydrophobic barrier pen Vector laboratories, UK 

Petri dishes Fisher Scientific, UK 

Pipettor Research Plus variable volume single channel 

anthracite 0.1µL to 2.5µL Eppendorf 

Eppendorf, UK 

Plastic mould (for blocking tissues) Fisher Scientific, UK 

Printed Filtermat A Perkin Elmer, UK 

PVDF 0.45 µm syringe filter, 13mm, Millex HV Millipore, UK 

Sartorius™ Minisart™ NML 0.2µm surfactant-free 

cellulose acetate (SFCA) syringe filter  

Fisher Scientific, UK 

Sauter Digital Force Gauge FH100 Sauter GmbH, Germany 

Schott KL1500 electronic fibre optic light source  Schott, Germany 

Stat-strip Xpress blood glucose monitor Nova Biomedical, UK 
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Stat Strip Xpress Glu-test strips (blood) Nova Biomedical, UK 

Surgical steel blade disposable scalpels Swann-Morton Ltd., UK 

Syringes Fisher Scientific, UK 

Thermo Finnigan Spectra System HPLC instrument Thermo Electron 

Corporation, UK 

Thermo Scientific Dionex UltiMate 3000 UHPLC system Thermo Scientific, UK 

Thermo Scientific Orion Star A211 pH meter  Thermo Scientific, UK 

Tomtec harvester 96, model: Mach3 Tomtec, USA 

VisiScope TL384P, microscope for histology imaging VWR, Italy 

Vortex-genie 2 Jencons-PLS, UK 
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Reagents 
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Reagent Supplier, country 

Acetic acid glacial, reagent grade; aldehyde free 

sequencing grade, ≥ 99.7% 

Fisher Scientific, UK 

Acetonitrile, HPLC grade Fisher Scientific, UK 

Agarose (Hi-Res standard agarose) Geneflow, UK 

Alkaline Phosphatase Streptavidin 

Cat. No.: SA-5100 

Vector laboratories, UK 

Anti-CD3 (2C11 supernatant) Produced in-lab 

Avidin/ Biotin blocking kit.  

Cat. no. SP2001.  

Vector laboratories, UK  

BSA: Bovine Serum Albumin Fisher Scientific, UK 

B9-23 (SHLVEALYLVCGERG) (insulin peptide) 

PPR Ref: 39926 

Peptide Protein Research Ltd. 

(PPR) 

B15-23 (LYLVCGERG) (insulin peptide) GL Biochem, Shanghai 

β-membrane University of Colorado, USA 

C19-A3(-TAMRA) GL Biochem, China 

CD4+ T cell isolation kit (mouse).  

Cat. No.: 130-104-454 

MACS Miltenyi Biotec, UK 

CD8a+ T cell isolation kit (mouse) 

Cat. No.: 130-104-075 

MACS Miltenyi Biotec, UK 

di-basic sodium phosphate (Na2HPO4) Sigma-Aldrich, UK 

DMEM: Dulbecco’s Modified Eagle Medium 

(high glucose, pyruvate)  

Life Technologies, UK 

DMSO: Dimethylsulfoxide Fisher Scientific, UK 

EDTA: Ethylenediaminetetraacetic acid  Sigma-Aldrich, UK 

FCS: Heat-inactivated fetal calf serum  Sigma-Aldrich, UK 

Glycerol Fisher Scientific, UK 

Invitrogen™ eBioscience™ FoxP3/ transcription 

factor staining buffer set 

Cat. No.: 00-5523-00  

Thermo Fisher Scientific, UK 

GM-CSF: Granulocyte Macrophage Colony 

Stimulating Factor  

Produced in-lab  

Haematoxylin, Gill’s Formula  Vector laboratories, USA 

HCl: Hydrochloric acid  Fisher Scientific, UK 

HEPES buffer solution (1M) Life Technologies, UK 
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Hydrogen peroxide (30%) Sigma-Aldrich, UK 

IL-2 (Interleukin-2) Produced in-lab 

Ionomycin Sigma-Aldrich, UK 

Insulin solution (human) 11.2mg/ml  Sigma-Aldrich, UK 

Isoflurane, 100% inhalation vapour, liquid Piramal Healthcare, UK 

Isopentane Fisher Scientific, UK 

ITS: Insulin-Transferrin-Selenium (100x) Life Technologies, UK 

Levamisole solution  

Cat. no.: SP-5000 

Vector laboratories, UK  

L-Glutamine 200mM (100x) Life Technologies, UK 

LPS: Lipopolysaccharide  Sigma-Aldrich, UK 

2-mercaptoethanol 50mM Life Technologies, UK 

Methylene blue Fisher Scientific, UK 

Monensin Sigma-Aldrich, UK 

mono-basic sodium phosphate (NaH2PO4) Sigma-Aldrich, UK 

Nitric acid, for analysis, ca. 65% solution in 

water, ACROS Organics™ 

Fisher Scientific, UK 

Optical cutting temperature compound (OCT)  CellPath Ltd., UK 

Paraformaldehyde (PFA) Sigma-Aldrich, UK 

Phosphate buffered saline (PBS) Life technologies, UK 

PBS: Dulbecco’s Phosphate Buffered Saline (for 

cell culture) 

Sigma-Aldrich, UK 

 

PBS: Dulbecco’s Phosphate Buffered Saline (for 

non-sterile purposes) 

Oxoid, UK 

10,000U Penicillin/ml, 10,000U Streptomycin/ml Lonza, UK 

Phosphoric acid for analysis 85wt% solution in 

water, ACROS Organics™ 

Fisher Scientific, UK 

PMA (Phorbol 12-myristate 13-acetate) Sigma-Aldrich, UK 

Proinsulin (Biomm PI) Biomm, S.A., Brazil 

PVA2000 (poly(vinyl alcohol) 75% hydrolysed 

approx.. M.W. 2000), ACROS Organics™ 

Fisher Scientific, UK 

RPMI 1640 (Roswell Park Memorial Institute 

Medium) 

Life Technologies, UK 

Sucrose Fisher Scientific, UK 

Sodium azide Sigma-Aldrich, UK 

Sodium chloride powder Fisher Scientific, UK 

Sodium chloride 0.9% w/v, IV infusion BP Baxter Healthcare Ltd., UK 
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Sodium hydroxide (NaOH) Fisher Scientific, UK 

Sodium (meta)periodate Sigma-Aldrich, USA 

Sodium sulfate anhydrous, 99+%, for HPLC Acros Organics, USA 

Sulphuric acid Fisher Scientific, UK 

[methyl-3H]-Thymidine Perkin Elmer, UK  

TMB substrate reagent set, BD OptEIA™ BD Biosciences, US 

Trifluoroacetic acid, HPLC grade Fisher Scientific, UK 

TRIS base Fisher Scientific, UK 

Triton-X 100 Sigma-Aldrich, UK 

Hyclone trypan blue solution GE Healthcare Life Sciences, 

Austria 

TruStain fcX™ (anti-mouse CD16/32) antibody  Biolegend, UK 

Tween® 20 Fisher Scientific, UK 

Tween® 80 viscous liquid Sigma-Aldrich, UK 

Invitrogen™ Ultracomp eBeads Thermo Fisher Scientific, UK 

Vectamount permanent mounting medium Cat. 

no.: H-5000 

Vector laboratories, UK 

 

Vector® Red  

Alkaline phosphatase Substrate Kit 

Cat. no.: SK-5100 

Vector laboratories, UK  

 

Vybrant® CFDA SE cell tracer kit Thermo Fisher Scientific, UK 

Water, HPLC grade Fisher Scientific, UK 

!
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Chapter 1- General introduction 
 

1.1 Type 1 diabetes (T1D) 
Type 1 diabetes (T1D) is an autoimmune disorder that causes hyperglycaemia 

as a result of the T cell-mediated destruction of the pancreatic β-cells (insulin-

producing cells) (Burn 2010; van Belle et al. 2011). The estimated incidence of 

diabetes in 2017 in adults (aged 20-79 years) was 425 million worldwide, with 

7-12% of these suffering from type 1 diabetes (T1D) (IDF 2017). Unlike many 

diseases which manifest in older age, T1D also affects young children, with an 

estimated 1.1 million children and adolescents (aged 0-19 years) suffering from 

T1D globally in 2017 (IDF 2017). The global increase in T1D incidence in 

children and adolescents is approximately 3% per year (IDF 2017). The total 

cost (direct health costs as well as indirect costs) of T1D to the UK in 2010/2011 

was £1.9 billion and the projected cost for 2035/2036 is £4.2 billion (Hex et al. 

2012). It is evident that T1D is a growing problem both in the UK and worldwide, 

particularly in the young. 

 

Genetic, environmental and immunological elements play a role in the 

development of T1D (Acharjee et al. 2013; Wallberg and Cooke 2013). A 

number of susceptibility genes are implicated in the development of T1D (Pociot 

et al. 2010). These include the Human Leukocyte Antigen (HLA) / Major 

Histocompatibility Complex (MHC) genes, the insulin gene, Protein Tyrosine 

Phosphatase, non-receptor type 22 (PTPN22) gene, Interleukin 2 receptor, 

alpha (IL2RA) gene and Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

gene (Pociot et al. 2010). Genetic factors alone usually do not result in the 

development of T1D. An environmental trigger is normally required to initiate 

the clinical manifestation of the disease in genetically susceptible individuals 

(Knip et al. 2005; Precechtelova et al. 2014). One such possible environmental 

trigger is viral infection, with the enterovirus, coxsackievirus, being commonly 

implicated (Clements et al. 1995; Andreoletti et al. 1997; Filippi and von Herrath 

2008). Other viruses have been implicated in the development of T1D, such as 

cytomegalovirus, rotavirus and parvovirus, amongst others (Precechtelova et al. 

2014). However, further studies are required to prove the involvement of these 
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viruses in T1D development (Precechtelova et al. 2014). In addition, gut 

microbiota play a role in T1D development (Han et al. 2018). The genetic and 

environmental factors listed are necessary for T1D development. However, this 

Thesis will focus on work that relates more to the immunological basis of T1D.  

 

1.1.1  Immunological basis of T1D in humans 

Autoimmunity is failure of self-tolerance in which an individual’s immune system 

responds to autoantigens (self-proteins/peptides), generating autoantibodies 

and autoreactive effector T cells (Banchereau et al. 2017). This leads to 

immunological attack of the body’s tissues (Romagnani 2006), causing a range 

of autoimmune diseases such as inflammatory bowel disease, multiple 

sclerosis, rheumatoid arthritis, systemic lupus erythematosus and type 1 

diabetes (T1D) (Theofilopoulos et al. 2017).  

 

The pancreas possesses both exocrine and endocrine functions, consisting of 

95% exocrine and 5% endocrine tissues (Das et al. 2014). The exocrine cells 

produce digestive enzymes, such as proteases, amylases and lipases 

(Campbell-Thompson et al. 2015). The endocrine cells are organised in 

structures known as the islets of Langerhans and release a number of different 

hormones, peptides and neurotransmitters (Mastracci and Sussel 2012; 

Campbell-Thompson et al. 2015). The most abundant cell type in the islets are 

the β-cells which release insulin (Campbell-Thompson et al. 2015), a hormone 

essential for regulation of blood glucose levels.  

 

Figure 1-1 demonstrates a possible scenario of the development of T1D in 

humans. Briefly, when a genetically susceptible individual is subjected to certain 

environmental triggers, such as certain viral infections, pancreatic autoimmunity 

occurs, in which T cells mediate an immunological response against pancreatic 

autoantigens (van Belle et al. 2011). This causes immune cell infiltration 

(insulitis) of the pancreatic islets of Langerhans by T cells, B cells, 

macrophages and dendritic cells (DCs) (Paschou et al. 2018). β-cells are 

destroyed and hyperglycaemia ensues. Eventually, virtually all β-cells are 

destroyed, leading to the complete loss of insulin production (van Belle et al. 

2011).  

!
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Figure 1-1: Possible scenario of T1D development process in humans- the 
immunological process. 

 Adapted from (Lehuen et al. 2010; van Belle et al. 2011; Wallberg and Cooke 2013; 
Paschou et al. 2018). 

 

It is clear that a range of immune cells are involved in T1D development.  

 

B cells are present in the infiltrate which attacks the pancreas and have two 

main roles; production of autoantibodies against pancreatic autoantigens and 

presentation of autoantigens to diabetogenic T cells (Lehuen et al. 2010; 

Wallberg and Cooke 2013).  

 

CD8+ T cells are present in the pancreatic infiltrate and bind autoantigen in the 

context of major histocompatibility complex (MHC) I (discussed further in 

section 1.2.1.3) (van Belle et al. 2011). They cause β-cell killing through the 

release of the pro-inflammatory cytokine Interferon-γ (IFN-γ), perforin (protein 

that forms a pore in the cell membrane allowing granzymes to enter) and 

Genetically susceptible individual subjected to environmental trigger 

MHC I (antigen-presenting molecules) on the surface of β-cells are 
upregulated  

β-cells are attacked by autoreactive CD8+ T cells specific for 
pancreatic autoantigens (self-peptides produced by the pancreas).   

β-cell autoantigens are released as a result and captured by resident 
APCs, which deliver these autoantigens and present them to the 

lymphocytes in the pancreatic draining LNs 

Activation and recruitment of CD4+ and CD8+ T cells and B cells 
ensues. These cells infiltrate the islets of Langerhans (insulitis) and 

cause β-cell destruction. 

Patient diagnosed with T1D when β-cell functionality is below that 
required to maintain blood glucose levels.  
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granzymes (proteases that cause cell apoptosis) and through Fas-FasL 

interaction (death receptor and ligand interaction) (Lehuen et al. 2010; 

Voskoboinik et al. 2010; Xing and Hogquist 2012; Wallberg and Cooke 2013).  

 

CD4+ T cells bind autoantigen: MHC II complexes (Blum et al. 2013) and when 

activated, assist with the function of B cells and CD8+ T cells through the 

release of the appropriate cytokines. CD4+ T cells also assist antigen-

presenting cells (APCs) by providing the CD40 ligand (CD40L) to interact with 

the CD40 protein (on the surface of APCs), causing APC activation (Daoussis 

et al. 2004; van Belle et al. 2011).  

 

As mentioned, the autoreactive CD4+ and CD8+ T cells recognise and react to 

certain epitopes (antigen segment/ peptide which is recognised by T cells and B 

cells) of specific islet autoantigens, in the context of the appropriate MHC (van 

Belle et al. 2011). The epitopes targeted by CD4+ T cells are mainly from the 

pancreatic autoantigens proinsulin (PI), glutamic acid decarboxylase 65 

(GAD65), Islet Antigen-2 (IA-2) and, to a lesser extent, islet-specific glucose-6-

phosphatase catalytic subunit-related protein (IGRP) and heat-shock protein 

60/70 (HSP 60/70). The epitopes targeted by the CD8+ T cells are 

predominantly from PI and insulin and to a much lesser extent from GAD65, IA-

2 and IGRP (Di Lorenzo et al. 2007; van Belle et al. 2011). 

 

The non-obese diabetic (NOD) mouse has been used as an animal model of 

human T1D for over three decades. This mouse model is used to investigate 

the etiology of T1D and carry out “proof of principle” studies for newly-

developed therapies (Driver et al. 2011; Kachapati et al. 2012). The 

pathogenesis of T1D in the NOD mouse is introduced in more detail in Chapter 

5. The NOD mouse and its variants will be used in this Thesis as a model for 

future human therapeutics.   

 

1.1.2  Current treatment of T1D 

Since individuals with T1D cannot produce sufficient insulin to match their 

body’s requirements, the current treatment for T1D is life-long insulin-

replacement therapy (Burn 2010). Individuals with T1D must inject insulin, 

usually multiple times a day, as required, depending on their diet and activity. 
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These subcutaneous injections are inconvenient and cause pain (Xie et al. 

2015). Insulin replacement therapy is not a cure for T1D as it does not halt 

further β-cell destruction or cause regeneration of β-cells (Burn 2010). In 

addition, poor control of blood glucose levels and insulin administration can lead 

to hypoglycaemic or hyperglycaemic episodes (Burn 2010). Retinopathy, 

neuropathy, cardiovascular disease and nephropathy are the long-term 

complications of T1D, resulting from chronic hyperglycaemia (Burn 2010) and 

the life expectancy of individuals with T1D is reduced compared to non-diabetic 

individuals (Stene 2016). For example, a study in Australian individuals with 

T1D found that the life expectancy was reduced by 12.2 years (Huo et al. 

2016).  

 

The implantable continuous subcutaneous insulin infusion pump, which is a 

device implanted into the subcutaneous layer of the skin, releasing a 

continuous supply of insulin, as necessary, is a therapy currently available to 

patients (Heinemann et al. 2015; Garg and Vimalananda 2018). Insulin pumps 

can improve control over blood glucose levels, improve quality of life, reduce 

potential of hypoglycaemia and reduce the short-term and long-term 

complications of T1D (Saboo and Talaviya 2012; Heinemann et al. 2015; Garg 

and Vimalananda 2018). However, the cost and the risk of pump failure/ 

infusion blockage/ insulin stability problems, which can lead to fatal 

hyperglyceamia or hypoglycaemia are disadvantages of this system 

(Heinemann et al. 2015). Furthermore, as with subcutaneous insulin injections, 

the use of insulin pumps does not prevent further β-cell destruction or cause β-

cell regeneration. Therefore, a treatment is required which will prevent further β-

cell destruction and preserve endogenous insulin production.     

 

1.1.3  Emerging treatments for T1D 

The optimal goal for future T1D therapies would involve prevention of β-cell 

destruction, prevention of autoimmunity and gain of blood glucose control 

(Canibano-Hernandez et al. 2018). Various T1D therapies have been and are 

being studied in order to reach this goal.  

 

One strategy is pancreas transplantation, which uses the pancreas derived from 

deceased donors (Sena et al. 2010; Canibano-Hernandez et al. 2018). Another 
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similar strategy is islet transplantation (β-cell replacement therapy), in which 

islets from cadaver pancreata are infused into the portal vein of the patient’s 

liver (Shapiro et al. 2000; Sena et al. 2010; Canibano-Hernandez et al. 2018). 

Pancreas transplantation allows the patient to produce endogenous insulin, 

therefore eliminating the requirement of daily insulin injections while islet 

transplantation reduces insulin requirements (Sena et al. 2010). The patient, in 

turn, has a reduced frequency of hypoglycaemic events and an improved 

quality of life (Sena et al. 2010). However, these therapies come with 

disadvantages including risk of the surgical procedure, potential of 

autoimmunity returning, lack of donors, risk of transplant rejection and the risks 

of long-term immunosuppressive therapy (Sena et al. 2010; Canibano-

Hernandez et al. 2018).  

 

An alternative therapy for β-cell regeneration is stem cell therapy, which works 

by stimulating stem cells to differentiate into β-insulin producing cells (Sena et 

al. 2010; Canibano-Hernandez et al. 2018; Castro-Gutierrez et al. 2018). This 

could be advantageous as it potentially avoids the issue of donor scarcity that is 

faced in pancreas and islet transplantation (Canibano-Hernandez et al. 2018). 

However, it has been reported that this treatment strategy has resulted in 

tumour (teratoma) formation (Kroon et al. 2008).  

 

The delivery of islets and stem cells is being studied in the form of advanced 

therapy medicinal products (ATMPs), which consist of an implantable device 

containing the cell-based therapy. The potential benefits of ATMPs are 

improved cell survival and decreased chances of immune rejection and 

recurrence of autoimmunity. However, the development and optimisation of 

ATMPs is complex (Canibano-Hernandez et al. 2018).    

 

In addition to the β-cell replacement strategies discussed, immunotherapy has 

also been studied as an alternative strategy for T1D therapy (Garg and 

Vimalananda 2018). This is the method that has been chosen for this Thesis 

and is discussed further, below. 

 

!
!
!
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1.2 Antigen-specific immunotherapy (ASI) 

The immune system protects the body from the harmful effects of infection but 

prevents immune response against autoantigens (Larche and Wraith 2005). In 

addition, the immune response to foreign antigen is appropriately controlled to 

avoid causing more harm to the body than benefit (Larche and Wraith 2005). 

Therefore, the immune system maintains a fine balance between potentially 

pathogenic effector T cell and immunoregulatory T cell function (Figure 1-2) 

(Larche and Wraith 2005). However, when there is an imbalance in the immune 

system and the effector cell effect is stronger than the regulatory effect, 

autoimmune disorders occur. This is where antigen-specific immunotherapy 

(ASI) can be beneficial.  

 

!

 

Figure 1-2: Balance in immune system between effector and regulatory T cell function. 
Adapted from (Larche and Wraith 2005). 

 

ASI involves the administration of a known autoantigen at a particular dose and 

route that induces a tolerogenic (and, therefore, regulatory response) instead of 

an immune response (Peakman and von Herrath 2010). The aim of ASI is to 

prevent the immune system from generating an immune response to 

autoantigens (self-antigens) and to generate tolerance to these antigens 

instead. Therefore, the broader aim of ASI is to bring the immune system back 

into balance. The immune system clearly plays a leading role in ASI and it is, 

therefore, necessary to introduce some aspects of this system. 
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1.2.1  T cells 

Since T cells (T lymphocytes) are vital components of the immune system, the 

development of T1D and ASI, it is necessary to discuss their development and 

activation, as well as their role in tolerance. 

 

1.2.1.1   T cell development 

T cells are derived from progenitors from the bone marrow, which travel to the 

thymus where T cell development occurs (Xing and Hogquist 2012). These 

progenitor cells, known as double-negative T cells since they lack the cell 

surface markers CD4 and CD8, then commit to either the γ:δ T lineage or the 

α:β T lineage depending on T cell receptor (TCR) gene rearrangement (Xing 

and Hogquist 2012; Krueger et al. 2017). The γ:δ T cell population is the 

minority, comprising 1-10% of the circulating T cells in a human adult (Kadivar 

et al. 2016).  The α:β population will be discussed in this Thesis. The α:β double 

negative cells undergo further development including TCR gene rearrangement 

and proliferation and differentiate into double-positive cells, expressing both 

CD4 and CD8 on their surface (Mao et al. 2007; Krueger et al. 2017). These 

cells undergo positive or negative selection, leading to their maturation into 

single-positive (CD4+ or CD8+) T cells, which subsequently leave the thymus 

(Xing and Hogquist 2012; Krueger et al. 2017). 

 

1.2.1.2   Tolerance 

There are two types of tolerance which prevent the immune system from 

mounting immune reactions to autoantigens; central and peripheral tolerance 

(Rioux and Abbas 2005; Romagnani 2006). 

 

1.2.1.2.1  Central tolerance 

Central tolerance occurs early in the life of the T cell and involves the positive/ 

negative selection of developing T cells in the thymus (Figure 1-3) (Hogquist et 

al. 2005; Wang et al. 2015). The T cell recognises an antigen when it is 

presented by a MHC molecule on the surface of APCs (i.e. the TCR recognises 

the antigen:MHC complex) (Xing and Hogquist 2012), as previously introduced. 

The thymic epithelial cells and dendritic cells (APCs) express MHC I and II 
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molecules, presenting autoantigens to developing T cells (Wang et al. 2015). 

Developing T cells, whose TCRs bind autoantigen:MHC complexes with low 

affinity are positively selected and differentiate from double-positive 

(CD4+CD8+) cells to mature, single-positive CD4+ or CD8+ T cells (Wang et al. 

2015). Those T cells expressing TCRs that do not recognise autoantigen:MHC 

complexes are neglected and will die (Xing and Hogquist 2012). However, T 

cells that bind autoantigen:MHC complexes with high affinity and, therefore, 

pose a threat, undergo negative selection and deletion (by apoptosis) (Xing and 

Hogquist 2012; Wang et al. 2015).  

 

 
Figure 1-3: Process of central tolerance. 

APC: antigen-presenting cell. TCR: T cell receptor. MHC: major histocompatibility 
complex. 

 

1.2.1.2.2   Peripheral tolerance 

Although central tolerance eliminates the autoreactive T cells in the thymus, 

some autoreactive T cells can escape central tolerance. In addition, not all 

autoantigens are expressed in the thymus, so the periphery may be the first 

place the T cells encounter certain autoantigens (Sprent and Kishimoto 2001; 

Xing and Hogquist 2012). Therefore, peripheral tolerance exists to ensure the 

elimination of autoreactive T cells when they encounter their cognate 

autoantigen in the periphery (Xing and Hogquist 2012). This can occur through 
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deletion, anergy, tolerogenic APCs and regulatory T cells (Tregs) (Wong and 

Dayan 2008; Mueller 2010; Xing and Hogquist 2012).  

 

Deletion:  

Deletion of autoreactive T cells occurs in a process termed activation-induced 

cell death. The autoantigen activates the autoreactive T cell, increasing 

expression of FasL, the ligand of the death receptor, Fas. This leads to Fas 

activation and T cell apoptosis. Another peripheral deletion mechanism, the 

Bim-mediated apoptosis pathway, works with the Fas-apoptosis pathway. The T 

cell’s outer mitochondrial membrane is permeabilised leading to apoptosis 

(Mueller 2010; Xing and Hogquist 2012).  

 

Anergy: 

T cell activation requires a signal through the TCR and a co-stimulatory signal, 

which results from the binding of CD28 on the T cell surface with the 

CD80/CD86 molecules on the surface of the APC (Romagnani 2006; Xing and 

Hogquist 2012). When this co-stimulatory signal is absent, the T cell does not 

become fully activated and TCR signaling is suppressed, rendering the T cell 

unresponsive (Romagnani 2006; Wong and Dayan 2008; Xing and Hogquist 

2012). One reason for the absence of a co-stimulatory signal is that the MHC 

expressing the autoantigen is on the surface of a non-professional APC, which 

does not express CD80 or CD86 (Romagnani 2006). Another reason is CTLA-4, 

a protein receptor on the surface of T cells, which is a structural homologue of 

CD28. CTLA-4 binds with high affinity to CD80 and CD86, regulating cell-cycle 

progression (Romagnani 2006; Mueller 2010; Xing and Hogquist 2012). 

Programmed cell death-1 (PD-1) is a cell surface protein on T cells and another 

counter-regulatory molecule. It has been implicated in providing negative 

secondary signals inhibiting T cell activity, maintaining anergy of T cells and 

converting naïve T cells to Tregs (Mueller 2010; Xing and Hogquist 2012). 

 

Tolerogenic APCs: 

In the steady-state, in the absence of inflammation or infection, incomplete 

maturation of DCs occurs which leads to their tolerogenicity. This is discussed 

in more detail in section 1.3.6.1. Briefly, immature DCs do not provide co-

stimulatory signals when presenting autoantigen to T cells and are, therefore, 
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unable to cause differentiation of naïve T cells into effector T cells. Tolerogenic 

DCs can also induce regulatory T cells (Steinman et al. 2003; Mueller 2010; 

Xing and Hogquist 2012; Dalod et al. 2014).  

 

Regulatory T cells (Tregs): 

Tregs are a subset of CD4+ T cells that confer an immunosuppressive action 

(introduced in sections 1.2.1.3 and 1.2.2) (Wong and Dayan 2008). 

 

1.2.1.3   Major histocompatibility complex (MHC) and T cell 

activation 
Once released from the thymus, the naïve CD4+ and CD8+ T cells are 

activated by recognition of their cognate antigen presented on the MHC II and 

MHC I molecules, respectively, on the surface of APCs (Blum et al. 2013).  

MHC molecules are glycoproteins consisting of a groove for peptide-binding 

(Blum et al. 2013). The MHC molecules in humans are also known as human 

leukocyte antigens (HLA) (Blum et al. 2013). MHC I is expressed by all the 

nucleated cells of the body (Joffre et al. 2012), while MHC II is expressed by 

specific cells involved in antigen presentation including dendritic cells (DCs), 

monocytes, B cells, T cells and epithelial cells (Elhasid and Etzioni 1996). MHC 

I molecules present CD8+ T cells with endogenous antigen (e.g. viral antigens) 

from infected cells (Joffre et al. 2012; van Montfoort et al. 2014). The antigen is 

degraded in the cytosol and transported to the endoplasmic reticulum where 

MHC I molecules are produced (Joffre et al. 2012). The MHC I molecules are 

loaded with the antigen and travel to the cell surface, ready to present to and 

activate CD8+ T cells (Joffre et al. 2012). MHC II molecules present CD4+ T 

cells with exogenous antigen (e.g. bacterial antigens) (Blum et al. 2013). 

Exogenous antigens are internalised by the APC by endocytosis, 

macropinocytosis or phagocytosis and are transported to endosomal 

compartments (Blum et al. 2013). In the endosomal compartments, the antigens 

are processed and loaded on to MHC II molecules, which then travel to the cell 

surface, ready to present antigen to CD4+ T cells (Blum et al. 2013).  
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Naïve T cells are activated by three signals (Goral 2011; Pennock et al. 2013):  

1. TCR stimulation by the antigen:MHC complex.   

2. Interaction of co-stimulatory receptors (CD28) on the T cell surface with 

co-stimulatory molecules (CD80/ CD86) on the APC surface.   

3. Cytokines that direct the differentiation of naïve T cells into effector T 

cells. 

   

On activation by antigen:MHC I complexes, naïve CD8+ T cells differentiate into 

cytotoxic CD8+ T cells which kill infected cells (Wang et al. 2000; Voskoboinik 

et al. 2010; Schurch et al. 2014). When activated, naïve CD4+ T cells may 

differentiate into TH1, TH2 or TH17 (T helper cells) or regulatory T cells (Tregs) 

(Luckheeram et al. 2012). Treg cells suppress immunological responses and 

maintain tolerance and they can be natural or induced (Wong and Dayan 2008; 

Luckheeram et al. 2012). Natural Tregs (nTregs) are produced in the thymus 

while induced Tregs (iTregs) are generated in the peripheral lymphoid tissues 

when naïve CD4+ T cells recognise autoantigen in the presence of the 

immunosuppressive cytokine Transforming Growth Factor-β (TGF-β) (Wong 

and Dayan 2008; Luckheeram et al. 2012). Most subsets of Treg cells express 

Forkhead box protein 3 (FoxP3), a transcription factor crucial for their activity 

and development (Wong and Dayan 2008; Luckheeram et al. 2012). The 

function of Tregs is discussed in section 1.2.2. 

 

1.2.2   Antigen-specific immunotherapy (ASI) mechanisms 

of action and regulatory T cells (Tregs) function 

Mechanisms of action of ASI include: anergy or deletion of autoreactive effector 

T cells and induction of Treg activity (Figure 1-4) (Peakman and Dayan 2001; 

Peakman and von Herrath 2010; van Belle et al. 2011; Anderson and Jabri 

2013; MacLeod and Anderton 2015).  

 

Anergy and deletion are forms of passive tolerance (van Belle et al. 2011). As 

previously mentioned, anergy is a state of hyporesponsiveness/ 

unresponsiveness of the autoreactive T cells to their cognate antigen and 

deletion of autoreactive effector T cells occurs by apoptosis (Peakman and 

Dayan 2001).   
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Active tolerance is the process of generation and induction of Tregs (Tian and 

Kaufman 2009). Tregs suppress the pro-inflammatory effector T cell responses 

through release of the immunosuppressive cytokines IL-10 and TGF-β (Wong 

and Dayan 2008; Tian and Kaufman 2009; Luckheeram et al. 2012). IL-10 

suppresses T cell proliferation and production of pro-inflammatory cytokines 

and downregulates MHC and co-stimulatory molecule expression on APCs 

(Wong and Dayan 2008; Tian and Kaufman 2009). TGF-β inhibits proliferation 

of T cells and differentiation into effector T cells, regulates the maturation of 

DCs and inhibits the cytotoxic effects of Natural Killer cells (Wong and Dayan 

2008). The combination of these mechanisms of action results in the powerful 

regulatory action of Tregs (Tian and Kaufman 2009). 

 

 

!
 

Figure 1-4: Mechanisms of action of antigen-specific immunotherapy (ASI). 
APC: antigen presenting cells. ASI: antigen-specific immunotherapy. Treg: regulatory T 
cells. (Peakman and Dayan 2001; Wong and Dayan 2008; Tian and Kaufman 2009; 

Peakman and von Herrath 2010; van Belle et al. 2011; Luckheeram et al. 2012; 
Anderson and Jabri 2013; MacLeod and Anderton 2015). 

 

1.2.3  ASI in allergy and autoimmune disorders 

Allergen-specific immunotherapy has been investigated and practiced for the 

treatment of allergies for over 100 years and has been successful in the 

treatment of cow’s milk, birch pollen, peanut and bee venom allergies and 

chronic allergic asthma (Jones et al. 2009; Sabatos-Peyton et al. 2010; Bohm et 

al. 2015; MacLeod and Anderton 2015).  
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Antigen-specific immunotherapy (ASI) has been studied for the treatment of 

various autoimmune disorders. One such study investigated the subcutaneous 

administration of low doses of known autoantigens in systemic lupus 

erythematosus (SLE) in the SNF1 lupus-prone mouse model (Kang et al. 2005). 

The treatment prolonged the life span of the treated mice to more than 21 

months, compared to 12 months for the control group. It also postponed lupus 

nephritis and reduced autoantibody levels. IFN-γ production by splenic T cells 

was inhibited, signifying a reduction in response to cognate antigen and, 

therefore, the induction of tolerance. Treg cells were also generated. When 

these Tregs were adoptively transferred to untreated SNF1 mice, they caused 

an inhibition of serum autoantibody levels for up to 2 months and all mice that 

received the Treg cells had survived by 2.5 months post cell-transfer (Kang et 

al. 2005). 

 

Another study used a dose escalation strategy, as it is known that dose 

escalation reduces the risk of adverse effects of immunotherapy, which range 

from mild to anaphylaxis (Burton et al. 2014). Therefore, dose escalation allows 

the administration of the doses of antigen required to elicit tolerance, with 

minimal harm. The experimental autoimmune encephalomyelitis (EAE) mouse 

model of multiple sclerosis was treated with a range of doses of a peptide of 

myelin basic protein (MBP). At the higher doses, there was a decrease in CD4+ 

T cell proliferation, prevention of IL-2 and IFN-γ production and an increase in 

IL-10 secretion, all of which were dose-dependent. Repetitive doses of peptide 

delayed the onset and decreased the severity of myelin-induced EAE, dose-

dependently. The escalating dose immunotherapy (EDI) regimen involved a 10-

fold increase in dose of MBP peptide every 3-4 days. There was a reduction in 

proliferative capacity of CD4+ T cells and an induction of CD4+ T cells with a 

regulatory phenotype. Tolerance induction using EDI was tested in three 

disease models resulting in a reduction in disease incidence in all models. For 

example, Tg4 Rag1-/- mice (mouse model that develops EAE spontaneously) 

were treated with EDI of MBP peptide, resulting in complete protection from 

EAE (Burton et al. 2014).  

 

Koffeman et al. (2009) conducted a double-blind, placebo-controlled, phase II 

trial in rheumatoid arthritis (RA) patients. Patients received a daily, oral dose of 
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dnaJP1 (a pro-inflammatory T cell epitope in RA) or placebo (lactose), for 6 

months. The treatment was found to be safe and well tolerated. Blood was 

collected, peripheral blood mononuclear cells (PBMCs) were isolated and 

cultured with dnaJP1 and activation factors and cytokine expression analysed. 

A reduction in pro-inflammatory TNFα-producing cells and an increase in IL-10 

production was found. Clinical responses (improvement in RA) were higher in 

the dnaJP1-treated group compared to the placebo-treated group, after day 112 

(Koffeman et al. 2009).  

 

1.2.4  ASI in T1D 
As previously mentioned, insulin-replacement therapy is vital for maintaining life 

of individuals with T1D. However, it is a long-term treatment and not a cure 

(Burn 2010). The benefit of ASI for T1D would be that, unlike insulin-

replacement therapy, further β-cell damage would be inhibited, allowing 

continued endogenous production of insulin. In addition, ASI targets 

autoreactive T cells inhibiting systemic immunosuppression (Driver et al. 2011). 

ASI has been studied for T1D in animal models and humans. 

 

One study conducted in the NOD mouse model involved the repeated 

administration of insulin B chain in incomplete Freund’s adjuvant (IFA), 

subcutaneously, from 4 weeks of age. This resulted in a reduction in T1D 

incidence, such that by 40 weeks of age, 90% of the treated mice were still not 

diabetic. This was compared to the negative control which received diluent and 

IFA, with only 30% remaining diabetes-free at 40 weeks of age (Muir et al. 

1995). Adoptive transfer experiments are frequently used in mouse models to 

test for tolerance and T1D development and involve the intravenous (IV) 

injection of cells into the mouse. On adoptive co-transfer of splenocytes from an 

insulin B-chain-treated NOD mouse and splenocytes from an untreated, 

diabetic NOD mouse into a recipient irradiated NOD mouse, a significant delay 

in T1D development was observed (Muir et al. 1995). This demonstrated that 

the splenocytes taken from the insulin B-chain-treated NOD mouse consisted of 

regulatory cells, likely induced by the ASI. The regulatory cells temporarily 

prevented the cells from the diabetic NOD from causing T1D development in 

the recipient mouse.  
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Another study investigated the administration to NOD mice of GAD65, 

intraperitoneally every 6 weeks from 8 weeks of age to 40 weeks of age (Tian et 

al. 1996). T1D development was prevented, with 80% of the treated mice 

demonstrating normoglycaemia at 40 weeks of age. This was compared to the 

80% incidence of T1D by 35 weeks of age in the control mice that received no 

treatment. NOD mice were treated with GAD65, intraperitoneally, at 8 weeks of 

age and again at 14 weeks of age. Mice were sacrificed at 19 weeks of age and 

splenocytes were co-transferred along with splenocytes from untreated, diabetic 

mice into irradiated NOD mice. Only 10% of these mice developed T1D by 5 

weeks post-transfer, compared to 90% of the positive control, which received 

splenocytes from diabetic mice only. Therefore, the investigators concluded that 

GAD65 treatment had induced regulatory cells in the NOD mice (Tian et al. 

1996). 

 

A human ASI study involved the administration of three intradermal (ID) 

injections of the PI peptide, C19-A3, at two different doses, with one injection 

administered per month in subjects with long-standing diabetes (Thrower et al. 

2009). The treatment was found to be safe and well-tolerated. The group given 

the lower dose also showed a reduction in HbA1c (a measure of diabetes 

control), but surprisingly this was not found in the group that received the higher 

dose of C19-A3 (Thrower et al. 2009). This indicates that dose must be 

considered carefully. In a subsequent clinical trial, the low dose of peptide was 

administered to newly-diagnosed subjects at two different frequencies for 6 

months and was also found to be safe and caused a reduction in HbA1c (Alhadj 

Ali et al. 2017). The results of these studies are discussed in more detail in 

Chapter 2. However, C19-A3 is presented to CD4+ T cells by a particular HLA 

class II diabetes risk molecule HLA-DR4 (DRB1*0401) and, this therapy is 

therefore, confined to patients that have the HLA-DRB1*0401 allele (Alhadj Ali 

et al. 2017). 

 

Combined administration of ASI with tolerogenic adjuvants has also been 

studied. One such study combined the oral administration of the anti-

inflammatory γ-aminobutyric acid (GABA), with intraperitoneal administration of 

the autoantigen, proinsulin (PI) in NOD mice (Tian et al. 2014).  Newly diabetic 

NOD mice (blood glucose levels >250mg/dL on two consecutive days) 
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continually received oral GABA and an intraperitoneal injection of PI complexed 

with alum, twice with a 10-day interval. PI/alum monotherapy did not correct 

hyperglycaemia in the newly diabetic NOD mice. This is compared to the rapid 

return to normoglycaemia seen in the mice that received combination therapy. 

Normoglycaemia was maintained in 4 of the 9 combination-treated mice for 50 

weeks post-treatment and β-cell mass was preserved and their replication 

promoted. PI/alum monotherapy caused a significant reduction in IFN-γ-

secreting TH1 responses to the antigens mouse serum albumin, GAD65, heat 

shock protein peptide (HSPp277) and PI, in vitro. It also caused induction of 

tolerogenic T cell responses to PI and tolerance spread to other autoantigens 

including HSPp277 and GAD65. Combination therapy caused a further 

reduction in autoreactive effector T cells and increased IL-10 secretion (Tian et 

al. 2014).  

 

Other techniques have been studied to deliver immunotherapy in T1D and 

improve tolerance induction. Yeste et al. (2016) used gold nanoparticles to 

deliver PI with a tolerogenic adjuvant, aryl hydrocarbon receptor (AhR) ligand 2-

(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) (NPITE+Ins). 

NOD mice (8 weeks old) were treated with the intraperitoneal injections of NPs 

for 1 month. Diabetes development was reduced, with only approximately 20% 

incidence of T1D at 22 weeks of age in the NPITE+Ins treated mice compared to 

100% T1D incidence in the untreated control group. There was a significant 

increase in expression of FoxP3 in the pancreatic lymph nodes in the NPITE+Ins 

treated group, indicating Treg generation. The BDC2.5 transgenic NOD mouse 

whose T cells recognise the BDC2.5 mimotope were also studied. BDC2.5 mice 

received weekly intraperitoneal injections of NP-delivered ITE and BDC2.5 

mimotope (NPITE+MIMO), for 1 month. This resulted in a significant decrease in 

IFN-γ producing CD4+ T cells, an increase in FoxP3 expression in the 

pancreatic lymph nodes and a significant increase in FoxP3+ Treg cells in the 

pancreas (Yeste et al. 2016). 

 

!
!
!
!
!
!
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1.2.5  Candidate tolerogenic therapy: Proinsulin (PI) 

Insulin is produced from a larger pre-pro-hormone, the 110 amino acid, 

preproinsulin (Nishi and Nanjo 2011). The 24 amino acid signal peptide is 

cleaved, leaving the 86 amino acid proinsulin (PI) (Cowley and Mackin 1997). 

PI consists of the B chain, C-peptide and A chain, stabilised by three disulfide 

bonds (Figure 1-5) (Stoy et al. 2007).   

!
!
!

!
 

Figure 1-5: Structure of the 86 amino acid native human PI protein. 
Adapted from (Stoy et al. 2007). Pink- A chain; orange- B chain; green- C-peptide; S- 

disulfide bonds. 

 

Preproinsulin is cleaved to give PI in the rough endoplasmic reticulum of the 

pancreatic β-cells (Fu et al. 2013). It is transported to the Golgi apparatus and 

enters immature secretory vesicles where it is converted to insulin and C-

peptide (Lele 2010; Fu et al. 2013). Enzymatic processing of PI occurs during 

which the endopeptidases, prohormone convertase 1 (PC1) and PC2 and 

carboxypeptidase-H, cleave the PI chain at various points (Rhodes et al. 1992). 

This results in four possible conversion intermediates en route to the synthesis 

of insulin (Figure 1-6) (Rhodes et al. 1992). The preferred route of conversion is 

through des-31,32-proinsulin (Rhodes et al. 1992). Insulin and C-peptide are 

then stored in secretory granules and released when required (Fu et al. 2013). 

Insulin consists of the A chain and B chain, as shown in Figure 1-5, but without 

the C-peptide. The glucose levels of the blood are sensed by the β-cells and 

this stimulates the secretion of insulin. The insulin-containing secretory vesicles 
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fuse with the plasma membrane and the vesicle contents are exocytosed (Fu et 

al. 2013). 

 

 
 

Figure 1-6: Proinsulin processing to insulin and C-peptide. 
Adapted from (Rhodes et al. 1992). 

 

Humans possess one insulin gene and, therefore, one type of PI, expressed in 

the pancreas and thymus (Jasinski and Eisenbarth 2005; Wong et al. 2009). 

Conversely, mice possess two insulin genes, generating PI1, expressed in the 

pancreas and PI2, expressed in the pancreas and thymus (Jasinski and 

Eisenbarth 2005; Wong et al. 2009). These vary slightly in their C-peptide and B 

chain amino acid sequences (Moriyama et al. 2003; NCBI 2015a,b). A previous 

study reported that PI mRNA levels in the thymus of NOD mice were 40 fold 

lower than that in their pancreas (Chen et al. 2001). An epitope of the B chain, 

B15-23, is common to both PI1 and PI2 in mouse as well as human PI (Wong et 

al. 2009). Another epitope of the B chain, B9-23, is common to mouse PI2 and 

human PI and varies by only one amino acid (at position B9) in mouse PI1 

(Jasinski and Eisenbarth 2005; NCBI 2015a,b,2016). These epitopes have 

been identified as autoantigens (Wong et al. 1999; Nakayama 2011).  
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PI has been chosen as the antigen for ASI in this Thesis. The use of PI as ASI 

in T1D is a favourable concept since PI is an important early autoantigen 

implicated in T1D development in both humans and mice (Di Lorenzo et al. 

2007). Autoantibodies against PI and its peptides are observed early in T1D, 

indicating a key role in disease initiation (Narendran et al. 2003). The 

importance of PI as an early autoantigen in T1D development was 

demonstrated in a study in NOD mice (Chen et al. 2001).  Splenic T cells and 

pancreatic lymph node (PLN) T cells taken from perinatal (3-4 weeks old) NOD 

mice responded strongly to mouse PI2 in vitro, by cell proliferation and cytokine 

secretion (Chen et al. 2001). The same study also investigated the 

administration, to NOD mice, of an intraperitoneal injection of PI or phosphate 

buffered saline (PBS) in IFA at the age of 18 days (prior to insulitis) (Chen et al. 

2001). Dosing of NOD mice at 18 days of age delayed T1D onset by 1 month 

and significantly reduced the incidence of T1D (Chen et al. 2001). 

 

A further advantage of giving a whole protein autoantigen (PI) compared to 

giving a single peptide as ASI, is that the PI protein consists of a number of 

epitopes (Narendran et al. 2003). Therefore, induction of tolerance to more than 

one epitope is possible. This also means that PI immunotherapy is not confined 

to individuals that express particular HLA molecules, unlike certain insulin 

peptides, e.g. C19-A3 and B9-23. This, in turn, means the treatment is more 

likely to benefit more patients. 

 

A study emphasising the importance of the use of a number of epitopes for 

immunotherapy (multi-peptide immunotherapy (PIT)) was conducted using a 

humanised animal model, the HLA-DR4 transgenic mouse (Gibson et al. 2015). 

The mice were immunised with PI in order to lose PI tolerance. Subsequently, 

the mice were given an ID injection of either one PI peptide or multiple (three) 

PI peptides, weekly for 4 weeks (Gibson et al. 2015). Serum PI autoantibody 

levels were reduced and levels of Treg cells in the lymph nodes (LNs) were 

highest in the multi-peptide treated mice, indicating tolerance induction (Gibson 

et al. 2015). A lower dose of multi-PIT was found to have the same efficacy and 

cause lower PI antibody serum levels than a higher dose and a weekly dose 

was found to be preferable to a twice weekly dose (Gibson et al. 2015). These 

results indicate the potential benefit of using the whole PI protein as ASI (as it 
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contains many epitopes) and highlight some important factors regarding ASI 

dose and frequency of dosing. 

 

 

1.3 Skin delivery of therapeutics 

 

1.3.1  Skin structure 

The skin is the largest organ in the body with a surface area of 1.8m2 in humans 

(Di Meglio et al. 2011). It possesses a range of functions most important of 

which is its barrier function, preventing loss of water and entry of harmful 

chemicals and microorganisms and provides UV protection (Fore 2006; 

Pasparakis et al. 2014). In addition to its barrier function, the skin has an 

important immunological function against infection (Pasparakis et al. 2014), 

aided by the range of immune cells present in the skin (as discussed below). 

The skin also plays a crucial role as a sensory organ (Fore 2006). 

 

The skin is split into two main sections (Figure 1-7), the epidermis and the 

dermis, separated by the basement membrane (Fuchs and Raghavan 2002). 

Below the dermis is the subcutaneous layer (hypodermis), composed of 

adipose tissue (fat), providing thermal insulation and acting as a shock absorber 

(Arda et al. 2014). 

 

1.3.2  Epidermis 

The epidermis is a stratified squamous keratinised epithelium (Arda et al. 2014). 

It is composed of a number of cell layers, based on the characteristics of the 

cells (keratinocytes) in each layer, including shape, size, nucleation and 

expression of keratin (Bikle et al. 2012; D'Orazio et al. 2013). The basal layer 

sits on the basement membrane (stratum basale), followed by the stratum 

spinosum, stratum granulosum and finally the stratum corneum (Fuchs and 

Raghavan 2002; D'Orazio et al. 2013). The basal layer contains the stem cells, 

which proliferate rapidly and finally commit to terminal differentiation (Fuchs and 

Raghavan 2002; Bikle et al. 2012). The keratinocytes leave the basal layer and 

differentiate as they move upwards through the epidermis (Bikle et al. 2012; 

D'Orazio et al. 2013). The differentiation process includes expression of 

keratins, formation of tight junctions with neighbouring cells, accumulation of 
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keratohyalin granules and flattening of the keratinocytes (Bikle et al. 2012; 

D'Orazio et al. 2013). The keratinocytes are finally enucleated and reach the 

skin surface, making up the stratum corneum (Bikle et al. 2012; D'Orazio et al. 

2013). Epidermal renewal takes 15-30 days (Arda et al. 2014) but is faster in 

mouse skin (Di Meglio et al. 2011). 

 

The stratum corneum is the outermost layer of the skin and in human skin is 10-

20µm thick, while in mouse skin is approximately 5µm thick (Ma et al. 2002; 

Velarde et al. 2012). The stratum corneum exhibits a “bricks and mortar” 

structure (Prausnitz and Langer 2008). The bricks consist of hydrophilic, dead 

corneocytes composed of cross-linked keratin and the mortar is the intercellular 

lipid mixture (Prausnitz and Langer 2008; Torin Huzil et al. 2011; Bariya et al. 

2012). The “bricks” provide strength to the skin while the “mortar” protects 

against transepidermal water loss (Fore 2006). The dead corneocytes are 

continuously shed from the skin surface (Arda et al. 2014). The stratum 

corneum is an important factor in the robust barrier function of the skin (Bariya 

et al. 2012).  

 

Below the stratum corneum is the avascular, viable epidermis, with a thickness 

of 100µm in humans and 10µm in mice (Hansen et al. 1984; Prausnitz and 

Langer 2008; Bariya et al. 2012; Malissen et al. 2014; Pasparakis et al. 2014). 

The most numerous cell type in the epidermis is the keratinocyte (Pasparakis et 

al. 2014). However, immune cells are also present. These include Langerhans 

cells (dendritic cell), as well as CD8+ T cells in both human and mouse skin. 

The mouse epidermis also contains dendritic epidermal T cells, which play an 

important role in skin repair (Di Meglio et al. 2011; Pasparakis et al. 2014). 

Other cell types present in the epidermis include melanocytes which produce 

pigment and Merkel cells which are sensitive to pressure and other mechanical 

stimuli (Fore 2006).  

 

1.3.3  Dermis 
Below the epidermis lies the dermis, measuring an average of 1.5-3mm thick in 

humans and 250µm thick in mice. The dermis consists of two sub-layers; the 

superficial, papillary dermis and the deeper, reticular dermis (Hansen et al. 

1984; Bariya et al. 2012; Arda et al. 2014). The thickness of the dermis varies 
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depending on body site and sex, from 0.6mm on eyelids to 3mm on palms of 

the hands and soles of the feet in humans (Arda et al. 2014). The dermis is a 

fibrous tissue consisting of collagen and elastin fibres (Arda et al. 2014). It 

provides tensile strength to the skin and consists of blood vessels, lymphatic 

vessels, nerve endings, sensory receptors, sweat glands, hair follicles and 

sebaceous glands (Bariya et al. 2012; Arda et al. 2014). Whereas the hair 

follicles in human skin are sparse, in mouse skin they are densely packed 

together (Malissen et al. 2014; Pasparakis et al. 2014). In addition to these 

structures, the dermis consists of stromal cells including fibroblasts and 

fibrocytes (Pasparakis et al. 2014). A range of immune cells are also present in 

human and mouse dermis including macrophages, monocytes, dermal DCs 

(dDCs), mast cells and CD4+ T cells (Pasparakis et al. 2014). These cells are 

either resident in the dermis or migrate to/ from the dermis during an immune 

response (Pasparakis et al. 2014).  

 

1.3.4  Immune function of the skin 

The presence of the array of immune cells in the skin indicates that it is an 

immune competent organ. The skin’s immune cells have specialised 

functionalities. The skin is abundant in APCs (Song et al. 2010), with LCs 

present in the epidermis and dDCs and macrophages in the dermis (Malissen et 

al. 2014; Pasparakis et al. 2014). The LCs and dDCs capture invading antigens, 

process the antigen, travel to the draining LNs via the lymph vessels in the 

dermis and present the antigen to the antigen-specific T cells, activating an 

immune response (discussed in more detail in chapter 5) (Tamoutounour et al. 

2013; Malissen et al. 2014).  In both human and mouse skin, the Langerhans 

cells, are known to cross-present exogenous antigen to CD8+ T cells and 

induce effector CD4+ T cell function (Pasparakis et al. 2014). Conversely, the 

Langerhans cells have also been reported to have tolerogenic potential by 

causing T cell anergy/ deletion and/or Treg induction (Pasparakis et al. 2014). 

The role of macrophages and mast cells in the skin is to survey the tissues and 

detect and respond to entry of antigen. These cells have both pro-inflammatory 

and regulatory functions (Pasparakis et al. 2014). Monocytes aid macrophages 

in their surveillance role and can transport antigen from the skin to the draining 

LNs (Pasparakis et al. 2014). Cross-talk through the release of pro-

inflammatory and anti-inflammatory cytokines and chemokines by the 
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mentioned skin immune cells, balances inflammatory and regulatory actions 

(Pasparakis et al. 2014). It has been reported that the skin of a human adult 

contains 20 billion T cells (Di Meglio et al. 2011). The T cells resident in the skin 

include effector memory T cells conveying long-term peripheral immunity (Di 

Meglio et al. 2011; Pasparakis et al. 2014). As previously mentioned, when a 

foreign antigen invades the skin, it is captured by DCs and transported to the 

draining LNs where it is presented to naïve T cells, generating an immune 

response. Effector memory T cells are generated and travel to the site of 

infection in the skin where they become tissue-resident memory T cells, 

providing a rapid response, if re-infection occurs (Di Meglio et al. 2011).  

 

Keratinocytes make up 90% of epidermal cells (Salmon et al. 1994). These cells 

play an important role in the immune system as they are the first cells to sense 

and respond to harmful, invading foreign antigens (Di Meglio et al. 2011). 

Keratinocytes have receptors on their surface and in their endosomes called 

toll-like receptors (TLRs), which recognise microbial structures called pathogen-

associated molecular patterns (PAMPs) (Di Meglio et al. 2011). Once the 

keratinocyte is alerted to a harmful threat, it releases pro-inflammatory 

cytokines, in particular Interleukin (IL)-1 (Di Meglio et al. 2011). IL-1 induces 

local and systemic immune responses by activating a range of immune cells 

including T cells, B cells and dendritic cells as well as keratinocytes (Salmon et 

al. 1994). Keratinocytes also induce antimicrobial peptides (AMPs), which 

destroy invading bacteria (Di Meglio et al. 2011). The cytokines and 

chemokines released by keratinocyte activation leads to recruitment of 

neutrophils, macrophages and T cells (Di Meglio et al. 2011). Under 

inflammatory conditions, keratinocytes can also express MHC II, which can 

activate memory and effector T cells (Salmon et al. 1994). Keratinocytes can 

also express certain molecules called intercellular adhesion molecules which 

can govern the movement of effector cells to the antigenic site (Salmon et al. 

1994). 
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Figure 1-7: Human and mouse skin structure.  
DC: dendritic cell. DETC: dendritic epidermal T cell.  

Adapted from (Pasparakis et al. 2014). 

 

 

1.3.5  Drug delivery strategies to and through the skin 

Various strategies exist and are being studied to deliver therapeutic molecules 

to and through the skin. The skin is an attractive drug delivery platform for many 

reasons. It is the largest organ of the body providing a large surface area for 

drug delivery; allows delivery of therapeutics for both local and systemic action; 
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avoids first-pass metabolism of the liver; reduces the risk of systemic side 

effects and is a convenient method of delivering therapeutics, potentially 

increasing patient compliance (Bariya et al. 2012; Tran 2013). The dosage 

formulations that are widely available on the market include creams, ointments, 

pastes, gels and patches. The major barrier to delivery of therapeutics to and 

through the skin that must be overcome is the stratum corneum, as it is a 

densely packed, lipophilic environment, permitting the passive diffusion of 

potent, small, lipophilic molecules only (Kalluri and Banga 2011; Tran 2013). 

Therefore, other strategies are required in order to deliver large and/or 

hydrophilic molecules through the stratum corneum. A number of strategies 

have been developed and studied and include chemical and physical disruption 

of the stratum corneum, allowing the passage of therapeutic molecules into the 

skin (Prausnitz and Langer 2008; Kalluri and Banga 2011; Tran 2013). These 

strategies include use of chemical enhancers, iontophoresis, electroporation, 

thermal ablation, sonophoresis, laser ablation, microdermabrasion and jet 

injectors (Prausnitz and Langer 2008; Kalluri and Banga 2011; Tran 2013). 

However, this Thesis will investigate the use of microneedle technology as a 

mode of delivery of ASI. 

 

1.3.6  Microneedles 

1.3.6.1   Different types of MNs and how they work 

Microneedles (MNs) are micron-length needles which penetrate through the 

stratum corneum and into the top skin layers, mainly the viable epidermis 

(Henry et al. 1998). Molecules above 500Da cannot passively diffuse across the 

stratum corneum (Xie et al. 2015). However, the ability of MNs to overcome the 

major transdermal drug delivery barrier, the stratum corneum, provides potential 

to deliver larger molecules through the skin (Xie et al. 2015). MNs do not 

puncture the skin’s blood vessels or stimulate pain receptors, resulting in pain-

free and bleeding-free administration (Haq et al. 2009). Studies have found that 

MNs cause significantly less pain than hypodermic needles (Haq et al. 2009) 

and one study found no difference in pain caused by 150µm silicon MNs and a 

MN free, silicon wafer (Kaushik et al. 2001). Other advantages of MNs 

compared to hypodermic needles include a lower risk of needle-stick injury and 
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subsequent transmission of blood-borne viruses and potential for self-

administration (Birchall et al. 2011).  

 

MNs can be manufactured from different materials including silicon, stainless 

steel, titanium and glass and can be solid, hollow or biodegradable/ dissolvable 

(Donnelly et al. 2010a; Bariya et al. 2012; Pearton et al. 2012; Indermun et al. 

2014). The four main MN drug delivery strategies have been previously 

reported; the “coat and poke”, “poke and patch”, “poke and flow” and “poke and 

release” (Figure 1-8) (van der Maaden et al. 2012). The “coat and poke” method 

uses solid MNs, coated in drug formulation, which are applied to the skin, where 

the coated dose of drug is dissolved in the skin tissues (Figure 1-8A) ((Coulman 

et al. 2011). The “poke and patch” method uses uncoated solid MNs to produce 

microchannels in the skin, to which a drug formulation is applied (Figure 1-8B) 

(Tuan-Mahmood et al. 2013; Indermun et al. 2014). The “poke and flow” 

method consists of hollow MNs which are administered to the skin allowing the 

delivery of medicament in a fluid form through a well-defined needle bore and 

into the skin (Figure 1-8C) (Prausnitz 2004; Bariya et al. 2012). Finally, the 

“poke and release” method consists of biodegradable/dissolvable MNs loaded 

with drug and applied to the skin where they are left to dissolve, in situ (Figure 

1-8D) (Bariya et al. 2012).  
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Figure 1-8: Different types of MNs and their use for drug delivery. 
A. Solid MNs “coat and poke”. B. Solid MNs “poke and patch”. C. Hollow MNs “poke 

and flow”. D. Biodegradable/ dissolvable MNs “poke and release”. Adapted from 
(Bariya et al. 2012; van der Maaden et al. 2012; Indermun et al. 2014). 

 

Each MN strategy possesses advantages and limitations. The “poke and patch” 

approach provides a path through which both low molecular weight and high 

molecular weight peptides, proteins, vaccines and genetic material can diffuse 

transdermally and intradermally (McAllister et al. 2003; Ding et al. 2009; Wu et 

al. 2010). However, one of the disadvantages of this system is that it consists of 
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two steps, which is more inconvenient in a clinical situation or for the patient 

(Tuan-Mahmood et al. 2013). In addition, the system is dependent on diffusion 

of the therapeutic molecule through the microchannels produced by the MNs. 

This is, in turn, dependent on the MN density and length, the drug concentration 

and the number of MN applications (Kaur et al. 2014). Therefore, a number of 

factors must be optimised in order for this system to be effective. 

 

The “poke and flow” hollow MN system has the potential to deliver microlitre 

volumes into the skin (McAllister et al. 2003), including bolus doses and 

infusions of liquid formulation unlike solid MNs (Roxhed et al. 2008). It also has 

the potential to control and modify the speed of delivery of the liquid 

formulation, using a pressure-driven system (McAllister et al. 2003; Prausnitz 

2004; Tuan-Mahmood et al. 2013). Compared to coated and dissolving MNs, 

modification in dose administered does not require re-formulation (Du et al. 

2017). The hollow MN system is a very successful delivery system. For 

example, the Micronjet™ (Nanopass) (Levin et al. 2015) and DebioJect™ 

(Vescovo et al. 2017) hollow MNs systems have been studied in clinical trials.  

However, hollow MNs are more difficult to manufacture than solid MNs, as there 

is the added challenge of creating a needle bore (McAllister et al. 2003; 

Prausnitz 2004). The opening of the needle bore can be blocked when dermal 

tissue is compressed on application of the MNs, preventing delivery of the 

formulation (Bariya et al. 2012). In addition, the biocompatibility of the 

membranes used to seal the microneedle openings must be considered 

(Roxhed et al. 2008).  

 

The biodegradable/ dissolvable MNs used in the “poke and release” method, 

are usually manufactured from polysaccharides and polymers, in which a 

candidate therapeutic molecule is incorporated (Bariya et al. 2012). Polymers 

and polysaccharides are biocompatible and depending on the choice of material 

used, the rate of release of the therapeutic molecule can be controlled (Tuan-

Mahmood et al. 2013). A further advantage of this system is that there is no 

issue of disposing of sharps waste (Indermun et al. 2014). In addition, even if 

the MN breaks off in the skin because of excess force or poor MN design, this is 

not a safety issue with dissolvable MNs (Park et al. 2005) but this is not the 

case for metal/ silicon/ glass MNs. One of the commonly reported limitations of 
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biodegradable/ dissolvable MNs is the low dose (micrograms) of therapeutic 

molecule that can be incorporated and, in turn, delivered (Bariya et al. 2012). 

However, milligram doses have been achieved. For example, McCrudden et al. 

(2014) incorporated 37.24mg of ibuprofen sodium into a dissolvable MN patch 

consisting of 362 needles, 600µm in length. In vitro delivery studies in 

dermatomed neonatal porcine skin resulted in transdermal delivery of 90% of 

the loaded dose (33.5mg) (McCrudden et al. 2014). However, biodegradable/ 

dissolvable MNs are not mechanically as strong as other MN types, such as 

metal MNs (Indermun et al. 2014). Furthermore, problems with storage of the 

MNs can also arise as reported by Donnelly et al. (2009a) when investigating 

galactose MNs. Storage of the galactose MNs at 20°C and ambient relative 

humidity of 43% caused the MNs to become deformed within 1 hour, 

demonstrating that heat-sealed packaging with a dessicant was required when 

storing these MNs (Donnelly et al. 2009a).  

 

The coated solid stainless steel MN system has been chosen for the delivery of 

ASI for this Thesis. This system does come with its limitations. For example, the 

limited dose that can be coated, because of the micron-sized dimensions of the 

needles, means that only potent active pharmaceutical ingredients (APIs) 

and/or APIs with a low therapeutic dose range (micrograms) are suitable 

candidates for this delivery system (Gill and Prausnitz 2007a; Roxhed et al. 

2008; Tuan-Mahmood et al. 2013). In turn, the coating formulation must be 

sufficiently concentrated as to allow a sufficient dose of the API to be coated in 

a practical volume (Gill and Prausnitz 2007a; Tuan-Mahmood et al. 2013). 

Coating methods and coating formulations (discussed further in Chapters 2 and 

3 respectively) must be optimised to ensure reproducible and uniform coating of 

the API (Gill and Prausnitz 2007a; Tuan-Mahmood et al. 2013). Furthermore, it 

is necessary to prevent inadvertent loss of the coated API during the coating 

and/or handling process (Gill and Prausnitz 2007a; Tuan-Mahmood et al. 2013). 

Stability of the coated formulation during storage and transport must also be 

considered.   

 

However, there are a number of advantages of a solid, stainless steel, coated 

MN system. The mechanical strength of steel and its biocompatibility with a 

range of drugs and tissues, as well as the ease and low cost of manufacture of 
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solid MNs makes this system favourable (Harvey et al. 2011). In addition, 

stainless steel is already present in many FDA-approved devices and is 

relatively inexpensive (Gill and Prausnitz 2007a). Coated MN systems are 

advantageous since MNs consisting of a solid formulation are more stable and 

will, therefore, have an improved shelf-life compared to solution-based delivery 

systems (Prausnitz et al. 2009). Moreover, unlike the “poke and patch” method 

previously described, the coated MN system consists of a one-step process, 

which is more convenient than a two-step process.  

 

In the field of ASI, an advantage of solid, coated MNs is that the antigen is 

deposited along the length of the needle, i.e. in both the epidermis and dermis 

(Edens et al. 2013), targeting the antigen to the LCs and dDCs, which will 

capture the antigen and transport it to the draining LNs (Pearton et al. 2013). 

MNs are also potentially more appropriate than hypodermic needles when 

attempting to induce peripheral tolerance by ASI. Hypodermic needle injections 

cause tissue disruption and trauma, generating a classical wound that bleeds 

as a result of punctured vessels (Liebl and Kloth 2012), as well as generation of 

haematomas and swelling (Coulman et al. 2011). The extent of damage caused 

by hypodermic needles prompts inflammatory immune responses in the skin 

(Praestmark et al. 2014). In the steady-state, an important role of DCs is 

antigen capture and they are described as being immature, having low 

expression of MHC II molecules and co-stimulatory molecules (Steinman et al. 

2003; Dalod et al. 2014). However, once activated by vaccination, infection or 

injury (such as the injury which would be inflicted through a hypodermic needle 

and the inflammatory environment generated), DCs mature (Dalod et al. 2014). 

Through maturation, the capacity for DCs to capture antigen is reduced and 

they specialise at antigen-presentation to T cells (Steinman et al. 2003; Dudek 

et al. 2013). The maturation process involves the upregulation of MHC II and 

co-stimulatory molecules (e.g. CD40, CD80 and CD86) and an increase in the 

release of cytokines. These factors are necessary to present antigen to and 

activate naïve T cells and induce their differentiation into effector T cells, 

generating immunological responses (Steinman et al. 2003; Dalod et al. 2014). 

However, unlike hypodermic needles, MN injections cause only minimal 

disruption with no bleeding (Liebl and Kloth 2012). Whilst it has been reported 

that MN insertion may cause localised, mild erythema, this decreases rapidly 
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and is mostly resolved within 24-48 hours, with oedema being uncommon (Gill 

et al. 2008; Liebl and Kloth 2012). The lack of injury and non-inflammatory/ less 

inflammatory environment created by MN injections may be a means by which 

DCs can capture antigen in the steady-state, so will remain immature or only 

partially mature (semi-mature), as the upregulation of the MHC molecules and 

co-stimulatory molecules will not occur or will be minimised (Steinman et al. 

2003; Dudek et al. 2013; Dalod et al. 2014; Iberg et al. 2017). It has been 

reported that presentation of antigen to T cells by immature or semi-mature DCs 

in a non-inflammatory environment leads to tolerogenic responses including: 

naïve T cells not differentiating into effector T cells, anergy or induction of 

regulatory T cells (Hawiger et al. 2001; Mahnke et al. 2003; Steinman et al. 

2003; Petzold et al. 2010; Dalod et al. 2014; Iberg et al. 2017). Therefore, the 

use of MNs to deliver autoantigens in ASI has the potential to play an important 

role in peripheral tolerance induction.  

 

1.3.6.2   Delivery of peptide/ protein using MNs 

As previously mentioned, the current treatment of T1D is insulin-replacement 

therapy. The daily, multiple subcutaneous injections bring with them a number 

of disadvantages previously discussed (section 1.1.2). Various studies have 

been conducted in humans and rodent models to investigate the delivery of 

insulin replacement therapy by MNs. These studies have included delivery of 

insulin through borosilicate glass MNs (Gupta et al. 2011); pre-treatment of skin 

with uncoated MNs followed by application of an insulin-soaked cotton swab 

(Wu et al. 2010) and incorporation of insulin into dissolvable MNs including 

glucose-responsive dissolvable MNs and composite multilayered pyramidal 

dissolving MNs (Ling and Chen 2013; Yu et al. 2015; Lau et al. 2017). The 

reported MN systems delivered insulin successfully and were either comparable 

to or more effective than subcutaneous or intraperitoneal injections at reducing 

blood glucose levels.  

 

Microneedles have been used to deliver other peptides and proteins for 

different conditions. For example, Liu et al. (2017) incorporated the model 

peptide, Gap 26, which has keloid scar treatment potential, into poly(ethylene 

glycol) diacrylate to give a MN system. A keloid skin model was treated with 
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Gap26 MNs using a specified dosing regimen. Keloid scar formation is a result 

of collagen deposition. However, MN treatment resulted in a decrease in 

collagen expression to 36.9%, indicating its potential for use in scar treatment 

(Liu et al. 2017). Jeong et al. (2018) developed a dissolvable MN patch, which 

incorporated Cyclosporin A, an insoluble peptide drug with a high molecular 

weight used in the treatment of psoriasis. Using an administration time of 60 

minutes in ex vivo porcine skin and in vivo Sprague Dawley rat skin, 34µg and 

37.5µg of Cyclosporin A was delivered, respectively (Jeong et al. 2018). MNs 

have also been studied for the delivery of allergen-specific immunotherapy. A 

study in human subjects used the solid Microstructured Transdermal System 

(3M®) to pre-treat the skin of the subjects. Birch pollen allergen extract was 

subsequently applied to the MN-treated skin in order to study the potential for 

this MN system to be used in epicutaneous immunotherapy (Spina et al. 2015). 

The results indicated that use of MNs to deliver allergens may reduce the risk of 

systemic allergic reaction to the allergen administered as the MNs do not 

penetrate to the vasculature in the dermis (Spina et al. 2015).  

 

1.3.6.3   Coated MN systems for delivery of peptide/ protein 

Coated MN systems have been studied pre-clinically and in clinical trials for the 

delivery of a range of therapeutic molecules, including small molecule drugs, 

e.g. lidocaine (Zhang et al. 2012). However, coating of labile molecules such as 

vaccines and therapeutic peptides and proteins is particularly attractive due to 

potential enhancements in stability and the reduced requirement for cold chain 

storage. Conventional and DNA vaccines that have been incorporated on 

coated MNs and studied with some success include influenza (Kim et al. 2010; 

Quan et al. 2010; Song et al. 2010; Pearton et al. 2013; Seok et al. 2017), 

hepatitis B (Andrianov et al. 2009), smallpox (Hooper et al. 2007), human 

papillomavirus (Kines et al. 2015) and measles (Edens et al. 2013).  

 

Coated MN systems of biotherapeutics and therapeutic peptides and proteins 

have also been studied with some success and include erythropoietin (Peters et 

al. 2012), glucagon (Palylyk-Colwell and Ford 2016), 5-Aminolevulinic Acid (5-

ALA) (Jain et al. 2016) and parathyroid hormone-related peptide (RadiusHealth 

2016).  
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Ameri et al. (2014) demonstrated the successful use of a titanium MN array 

consisting of 1740 MNs, 340µm long, to deliver recombinant human growth 

hormone (rHGH). The MNs were dip-coated in a liquid formulation of rHGH and 

applied to the skin of hairless guinea pigs. Approximately 70% of the coated 

dose was delivered to the skin, no bleeding was visible and erythema scores 

were low. Pharmacokinetic studies demonstrated that rHGH was systemically 

absorbed rapidly (within 5 minutes) and had a bioavailability comparable to 

subcutaneous rHGH at 25% (Ameri et al. 2014).  

 

Tas et al. (2012) developed a MN system coated in the cyclic polypeptide, 

salmon calcitonin. Calcitonin is a regulator of calcium homeostasis and is used 

in postmenopausal osteoporosis. Stainless steel MNs were dip-coated in the 

coating formulation using a computer-controlled apparatus. MN delivery to the 

skin of hairless rats was compared to other delivery routes including IV and 

intranasal delivery. Pharmacokinetic studies found no significant difference in 

Tmax (average time to peak concentration), Cmax (average peak concentration) 

and AUC (average area under the curve) of salmon calcitonin levels in blood 

between MN delivery and IV delivery. However, MN delivery resulted in a faster 

Tmax and larger AUC compared to intranasal delivery (Tas et al. 2012). 

 

A further study investigated a MN system coated in human parathyroid 

hormone (1-34) peptide (PTH), used for treatment of osteoporosis, in phase 1 

and phase 2 clinical studies (Daddona et al. 2011). Titanium MNs coated in 

40µg of PTH were applied to the skin of post-menopausal, healthy women 

using a self-actuating applicator and left in situ for 30 minutes. Tmax was 

reached faster and Cmax was 1.7x higher compared to subcutaneous injection of 

FORTEO (commercially available PTH). The phase 2 studies were conducted in 

post-menopausal women with osteoporosis and found the PTH MN patch to be 

safe, effective and resulted in shorter Tmax and shorter elimination half-life than 

injectable PTH. Following 6 months of daily MN application, lumbar spine bone 

mineral density was comparable to that in patients that received 

subcutaneously administered PTH (Daddona et al. 2011).  

 

Cormier et al. (2004) investigated a MN system coated in desmopressin and 

studied delivery in the hairless guinea pig (HGP). Desmopressin-coated, 
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titanium MNs were applied to HGP skin using an impact applicator at a pre-

determined force and speed and the patch was worn for 5 or 15 minutes. The 

depth of penetration of the MNs and the delivery efficiency and bioavailability of 

the desmopressin decreased as the coated dose increased. A low loading dose 

of desmopressin applied for 15 minutes to HGP skin resulted in delivery of 20µg 

of desmopressin, which is consistent with the therapeutic dose range of 1-20µg. 

Pharmacokinetic studies found that use of MNs resulted in rapid desmopressin 

delivery with both absorption and distribution complete by 60 minutes (Cormier 

et al. 2004). 

 

Torrisi et al. (2013) investigated the use of a pocketed MN (PMN) system for the 

delivery of botulinum toxin for treatment of hyperhidrosis. PMNs were liquid-

loaded with formaldehyde-inactivated botulinum toxoid (BTD) and inserted into 

human skin for 5 seconds. This resulted in localised deposition of BTD in the 

epidermis and upper dermis and lateral diffusion was observed within minutes. 

This system is an intermediate approach for delivery of potent proteins, 

incorporating aspects of a dry-coated solid MN system and a hollow MN system 

(Torrisi et al. 2013).  

 

MN systems are promising candidates for the delivery of allergen-specific 

immunotherapy and antigen-specific immunotherapy (ASI) because of the 

abundant presence of immune cells in the skin. 

 

Shakya et al. (2017) investigated an ovalbumin (OVA)-coated MN system for 

the prevention of OVA-induced airway allergy in Balb/c mice. Stainless steel 

MNs were coated in OVA formulaton using an automated dip-coating machine. 

Uniform coating was achieved with 77% of the coated OVA dose delivered to 

the mouse skin. MN-delivered OVA resulted in prevention of allergy induction 

and airway inflammation after challenge with the antigen. The bronchoalveolar 

lavage (BAL) fluid of MN-treated mice contained fewer neutrophils, 

macrophages and mast cells, less pro-inflammatory cytokines and more anti-

inflammatory cytokine, IL-10, indicating that Tregs were activated (Shakya et al. 

2017). 
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Zhao et al. (2016) studied the coated MN system for antigen-specific 

immunotherapy (ASI). The coating, delivery and immunological effect of the 

autoantigenic peptides WE14 and BDC2.5 mimotope delivered by 500µm 

stainless steel MNs in NOD mice was investigated. WE14 and BDC2.5 

mimotope were coated on to MNs and applied to the skin of NOD mice, with 

58.2% delivery efficiency of WE14 and 19.5% delivery efficiency of BDC2.5 

mimotope. Intravital imaging showed that the peptides delivered via MNs were 

retained in the skin for longer and were cleared from the skin more slowly than 

peptides delivered by ID injection. The peptide coated MN systems were tested 

in adoptive cell transfer studies. BDC2.5 T cells (diabetogenic T cells specific 

for islet antigens including BDC2.5 mimotope) were transferred into NOD mice 

and the mice received MN or ID doses of BDC2.5 mimotope. The transferred 

BDC2.5 T cells proliferated more and at a higher consistency in the draining 

lymph nodes in response to MN-delivered peptide (78% ± 9) compared to ID-

delivered peptide (39.6% ± 23.6). Therefore, the antigen was successfully 

captured by the APCs in the skin and delivered to the skin draining lymph 

nodes, activating the antigen-specific T cells. Further studies using the WE14-

coated MN system demonstrated the potential of this system to induce 

tolerance (discussed in further detail in Chapter 5) (Zhao et al. 2016). 

 

 

1.4 Hypothesis 
Proinsulin (PI) can be coated on stainless steel microneedles (MNs) and 

delivered into the skin to induce peripheral T cell tolerance to PI peptides/ 

epitopes in NOD (non-obese diabetic) mice and/or their variants. Success in the 

NOD mouse model would demonstrate potential for success in human studies. 

 

The rationale for the choice of PI as the autoantigen and MNs as the delivery 

method has been introduced throughout this introduction. In summary, the main 

potential advantage of the use of PI is that it consists of multiple epitopes. 

Therefore, this therapy is not confined to one particular HLA type, potentially 

benefiting more patients and has the potential to induce peripheral tolerance to 

more than one epitope, concurrently. Use of MNs targets the antigen to the DC-

rich environment of the skin, where it can be captured by LCs in the epidermis 

and dDCs in the dermis. Moreover, MNs cause minimal tissue damage and, 
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compared to hypodermic needles, are likely to cause less inflammation. This, in 

turn, means that the DCs may remain immature or semi-mature, which could 

cause tolerogenic responses including anergy and induction of regulatory T 

cells. Pro-inflammatory adjuvants are used in traditional vaccines to enhance 

immune responses, including by causing activation and maturation of DCs 

(Awate et al. 2013). These will not be used in this PI MN system, thereby 

reducing the immunogenic potential of the therapy. The combination of these 

factors will potentially generate a non-stimulatory environment, designed to 

minimise inflammation and induce a tolerogenic response. 

 

 

1.5 Aims and objectives 

The aim is to develop a PI-coated MN system and investigate the potential of 

this system to be used for ASI in T1D. 

 

The objectives of the project are to:  

• Develop and characterise a coated MN system for delivery of a well-

characterised autoantigen and peptide of PI, C19-A3. 

• Develop a PI MN coating formulation with an appropriate concentration, 

viscosity and surface tension. 

• Develop a MN coating process which allows uniform and reproducible 

coating of PI.  

• Reproducibly deliver PI from coated MNs into mouse skin. 

• Demonstrate that MN-delivered PI can be captured and processed to 

peptides by skin APCs, which then transport the PI peptides to the 

draining LNs and present them to T cells. 

• Attempt to induce tolerance to PI peptides/ epitopes in the NOD mouse 

using an optimised PI-coated MN system. 

!
!

 

!
!
!
!
!
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Chapter 2- Development and characterisation of a 

stainless steel MN system for the delivery of C19-A3 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

2.1 Introduction 

 

2.1.1  C19-A3 

C19-A3 is an 18-amino acid peptide of PI (Figure 2-1) with a molecular weight 

of 1866.19g/mol (SIB 2018a) and is a known auto-antigen (CD4+ T cell epitope) 

in humans, restricted to HLA-DR4 (Thrower et al. 2009). The peptide has been 

investigated in ASI clinical trials, as introduced in Chapter 1, where long-

standing T1D patients possessing the HLA-DRB1*0401 allele received low-

dose (10µg/ dose) or high-dose (100µg/ dose), intradermal injections of C19-A3 

at monthly intervals, to provide a total dose of 30µg or 300µg (Thrower et al. 

2009). As previously described, the intradermal injections of C19-A3 were 

generally safe and well-tolerated, although localised skin reactions were 

observed, particularly in the group that received the higher doses. The effect 

was mild and transient and no systemic hypersensitivity was reported. Cytokine 

ELISPOT assays conducted using the peripheral blood mononuclear cells from 

the blood of C19-A3-treated subjects indicated that C19-A3 injections did not 

induce pro-inflammatory or anti-C19-A3 allergic reactions (Thrower et al. 2009). 

In addition, at 6 months, HbA1c (a measure of diabetes control) was reduced 

(improvement in diabetes control) significantly (p=0.02) in the 10µg dosing 

group compared to baseline but no reduction was achieved in the 100µg dosing 

group (Thrower et al. 2009). In a subsequent clinical trial in newly diagnosed 

type 1 diabetes patients, a dose of 10µg of C19-A3 was administered every 2 or 

4 weeks for 6 months and was found to be safe, did not accelerate loss of C-

peptide secretion (i.e. did not accelerate β-cell damage), did not cause an 

increased requirement for insulin use and a reduction in HbA1c was observed 

in peptide-treated subjects (Alhadj Ali et al. 2017). A major limitation of C19-A3 

as an ASI for T1D is its HLA-DR4 restriction, which means that only those 

individuals that express the HLA-DRB1*0401 allele can potentially benefit from 

the treatment (Alhadj Ali et al. 2017). The prevalence of the HLA-DRB1*0401 
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allele in T1D sufferers is only 9.1%, while the prevalence in non-diabetic 

individuals is 3.5% (Gomes et al. 2017). 

 

!
Figure 2-1: Amino acid sequence of C19-A3 peptide highlighted between red lines in 

the context of the PI protein structure. 

 

2.1.2  MN coating methods 

Various MN coating methods have been previously reported. The “dip coating” 

method involves dipping the MN into a coating solution and then withdrawing 

the MN. A liquid film forms and dries onto the MN surface resulting in a solid 

coating (Gill and Prausnitz 2007a). Gill and Prausnitz (2007a) used this 

technique to coat single MNs by repeatedly dipping and withdrawing a MN into 

the aperture of a pipette tip containing microlitre volumes of the coating 

formulation. In order to coat the MNs on in-plane or out-of-plane arrays 

concurrently, dip-coating devices were utilised into which MNs were repeatedly 

administered through “dip-holes” into a coating formulation reservoir (Gill and 

Prausnitz 2007a). Through optimisation of the coating formulation (discussed in 

Chapter 3) and the use of micro-dip-coating devices that prevented 

contamination of the MN base substrate with formulation, uniform coating of 

various materials including small molecule drugs, proteins, viruses, DNA and 

microparticles could be achieved (Gill and Prausnitz 2007a). Chong et al. 

(2013) have also dip-coated arrays of stainless steel MNs by repeatedly dipping 

the individual MNs of an array into a 3µl reservoir of coating formulation held in 

the tip of a 20µl pipette tip. This was repeated until the pipette tip was empty. 

MN dip-coating (with minor variations in technique) has been widely used in 
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various studies to coat a range of materials (Gill and Prausnitz 2008; Kim et al. 

2010; Chen et al. 2011; Pearton et al. 2013; Ma and Gill 2014; Baek et al. 2017; 

Chen et al. 2017; Lee et al. 2017; Caudill et al. 2018). A variation of the dip-

coating process was used by Ameri et al. (2010), who used a roller drum 

rotating in a parathyroid hormone coating formulation reservoir. This created a 

thin film of coating formulation into which the MN arrays were repeatedly dipped 

allowing precise coating on the tips of the MNs and control over the coated 

dose (Ameri et al. 2010).  

 

Another MN coating technique that has been studied is spray-coating. Briefly, 

the process involves atomisation of the coating formulation using a nozzle and 

compressed air source (generation of fine droplets), followed by deposition and 

coalescence of the coating formulation droplets over the MN surface (McGrath 

et al. 2011; Haj-Ahmad et al. 2015). This method was used to coat silicon MNs 

in formulations of live recombinant modified vaccinia virus Ankara (MVA), 

adenovirus (AdV) and influenza virus (Vrdoljak et al. 2012). The coated MNs 

successfully delivered the β-gal-expressing viruses to ex vivo porcine skin 

resulting in viral infection and β-gal expression (Vrdoljak et al. 2012).  

 

Gas jet drying has also been used to coat densely packed and short 

microprojections (Chen et al. 2009). Solid, silicon microprojection patches, with 

3364 microprojections, 30, 60 or 90µm in length were coated in an optimised 

formulation of various vaccines. The coating process used a 6-8µl volume of the 

coating solution, which was applied to the patch. A gas-jet was then applied at 

6-8 m/s which coated each microprojection with the coating formulation. A 

second gas-jet (10 m/s) was subsequently applied to remove excess coating 

solution and simultaneously dry the coating on the microprojections. This 

resulted in uniform coating over all the microprojections and since the 

formulation was instantly dried, it prevented the formulation from contaminating 

the base plate (Chen et al. 2009).  

 

Inkjet printing has also been used to coat MNs in therapeutic entities such as 

anticancer drugs (Uddin et al. 2015) and insulin (Ross et al. 2015). Briefly, the 

coating formulation is jetted through a piezodriven dispenser, which applies 

picolitre volume droplets on the MN surface, providing homogenous and 
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uniform coating (Ross et al. 2015; Uddin et al. 2015). This coating process can 

be very finely controlled, is highly accurate and reproducible and results in 

minimal wastage of coating formulation (Ross et al. 2015). 

 

 

2.2 Aims and objectives 

This chapter addressed the aim of developing and characterising a coated MN 

system for the delivery of C19-A3. The objectives were to: 

• Determine the effect of electropolishing on MN dimensions and 

characteristics. 

• Test coating proficiency of C19-A3(-TAMRA) on electropolished, stainless 

steel MNs. 

• Determine the application force required for optimal skin puncture by the 

MNs. 

• Determine if MN application duration affects the mass of C19-A3 delivered 

to skin. 

• Visualise C19-A3-coated MNs before and after insertion into ex vivo human 

skin samples to confirm de-coating of the MNs.   

 

 

2.3 Materials and methods 

The details of equipment and reagents used are listed in the equipment and 

reagents tables. Statistical analyses for all studies were conducted using 

GraphPad Prism 6 (GraphPad Software, Inc., USA). Image processing was 

conducted using ImageJ software (NIH, USA) and Microsoft Powerpoint for Mac 

version 14.4.8 (Microsoft Corporation, USA). 

 

2.3.1  Microneedles 

MNs were manufactured from stainless steel by wire electrical discharge 

machining (Cardiff School of Engineering, Cardiff University, UK) and consisted 

of 10 needles per array (Figure 2-2). The MN array used in these studies was 

designed by a previous researcher in the Cardiff University laboratory (Zhao 

2015). This design including the number, length, shape and pitch proved 

suitable for both mouse and human studies.  
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Figure 2-2: MN design and dimensions. 

A. Design and dimensions of the stainless steel MN array used in the studies in this 
chapter. Image adapted from (Zhao et al. 2016). 

B. Light microscopy image of MNs used in this chapter. Scale bar: 1000µm. 

 

2.3.2  Electropolishing MNs 

MNs were polished using a previously described electropolishing method (Gill 

and Prausnitz 2007a). A volume of 300ml of electropolishing solution consisting 

of a 6:3:1 mixture of glycerol, phosphoric acid (85%) and water was prepared, 

poured into a glass dish, heated to 70ºC and stirred. A copper plate was 

connected to the FisherBiotech™ FB300 power supply acting as the cathode, 

while the MNs were connected to the power supply and functioned as the 
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anode. Gas on the surface of the MNs was removed by connecting a vibrating 

device to the clamp holding the MNs and 1.8mA/mm2 of current was applied for 

15 minutes (Gill and Prausnitz 2007a). The MNs were dipped in deionised water 

for 30 seconds and 25% nitric acid for 30 seconds and this was repeated a 

further two times. The MNs were placed under hot running tap water for 30 

seconds, then dipped in deionised water (at room temperature) for 30 seconds 

and subsequently left to air-dry.  

 

2.3.3  Measuring MN lengths and base widths 

Images of 10 arrays from each batch of MNs used in this Thesis were acquired 

at x4.5 magnification using the AmScope stereo microscope. MN images were 

processed using ImageJ software and used to measure the lengths and base 

widths of 3 needles per array.  

 

In order to test the effects of electropolishing on MN dimensions, light 

microscopy images of 36 individual needles (3 needles on each of 12 arrays) 

were acquired using the Leica DM IRB inverted fluorescence microscope at x10 

magnification, both prior to and after electropolishing. ImageJ software was 

used to determine the MN dimensions.  

 

2.3.4  Scanning electron microscopy imaging of MNs 

Scanning electron microscopy (SEM) is used in the MN field for characterisation 

of MNs (such as analysis of morphology and dimensions) (Nguyen et al. 2018).  

It involves the generation of a beam of electrons by an electron gun. The 

electron beam is focused onto the sample area by a series of lenses and while 

this occurs, secondary electrons are released from the top surface of the 

sample. The secondary electrons are then detected by the secondary electron 

detector, recorded and an image formed. This is known as secondary electron 

imaging and is useful in providing information on sample material and 

topography (Seiler 1983; Jensen 2012).   

 

MNs were mounted on carbon adhesive discs on aluminium stubs. The 

mounted MNs were then placed in the FEI XL-30 FEG environmental scanning 

electron microscope and imaged by secondary electron imaging using 10.0kV 

beam energy and a working distance of 10mm. Microscope Control software 
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was used to capture the images. SEM images were captured at magnifications 

of x76, x150 and x250 and the images were used to characterise the MNs 

before and after electropolishing.  

 

2.3.5  Preparing human skin samples for MN experiments 
Human skin samples were obtained, under ethical approval (South East Wales 

Research Ethics Committees Panel C, Reference: 08/WSE03/55), from the 

breast reduction or mastectomy procedures of female patients. Directly 

following the surgical procedure, the skin was transported at 4°C in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 2% 

penicillin/streptomycin, to the laboratory. Samples were frozen at -20°C and 

defrosted by leaving at room temperature before use, unless otherwise stated. 

Subcutaneous fat was removed by blunt dissection and the skin stretched out 

and pinned down under tension over two stacked corkboards, with the 

epidermis facing up. Skin samples from donors of different ages were used. 

 

2.3.6  Optimising MN skin application force 
Excised human breast skin was defrosted and prepared as described in section 

2.3.5. Three arrays of uncoated, electropolished MNs, 394.90 ± 16.84µm in 

length, were arranged in a bespoke MN holder device (Figure 2-3) 

manufactured by Cardiff University, School of Engineering using the 

biocompatible acrylate polymer, E-Shell® 200 (EnvisionTEC) (Zhao et al. 

2016).  

!
!
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!
Figure 2-3: MN holder device. 

The bespoke MN holder device used in MN skin application studies throughout the 
Thesis. The MN holder can hold three MN arrays in parallel allowing the operator to 

apply the MNs to the skin. Scale bar: 2000µm. 

 

Methylene blue (2%) was applied to the skin surface and the MN arrays were 

then placed on the methylene blue-treated skin. The Sauter Digital Force 

Gauge (FH100) was subsequently used to control the force of application 

(Figure 2-4). Four different operators repeated this process at 5, 10 and 15N ± 

0.5N for 1, 2.5, 5 and 10 minutes. En face images were captured of the skin 

post-MN application using the Nikon D5000 12.3MP Digital SLR Camera. The 

number of detectable skin punctures was then counted and skin puncture was 

calculated as a percentage of the total number of MNs in a set (30). Finally, a 

mean percentage skin puncture obtained by all four operators was calculated at 

each force and duration.  
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Figure 2-4: MN application force test methodology.  
Method used for investigating MN application force (described in section 2.3.6). 

 

 

2.3.7  Preparing the C19-A3(±TAMRA) coating 

formulation 

A C19-A3(±TAMRA) coating formulation has been developed and optimised by 

a previous researcher in the Cardiff University laboratory and was used in the 

studies in this chapter. The C19-A3(±TAMRA) coating formulation consisted of 

lyophilised C19-A3(±TAMRA) reconstituted in polyvinyl alcohol 2000 (PVA2000) 

solution. An approximately 2.5mg/ml PVA2000 solution was prepared using 

deionised water and gentle agitation at 70rpm on the gyro-rocker SSL3. In order 

to prepare a C19-A3(±TAMRA) coating formulation at an approximate 

concentration of 25mg/ml, a vial containing 1mg of C19-A3(±TAMRA) 

lyophilised powder was spun in a microcentrifuge at 400G for 15 seconds to 

collect the powder at the bottom of the vial. A 40µl volume of the 2.5mg/ml 

PVA2000 solution was added. The vial was agitated using a vortex mixer until 

peptide was no longer visible. The vial was then spun at 400G for 15 seconds 

to collect the solution at the bottom of the vial. This method was also used to 
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prepare a C19-A3 coating formulation with an approximate concentration of 

22.03mg/ml, except 45.4µl of the 2.5mg/ml PVA2000 solution was added to 

1mg of the lyophilised peptide.  

 

2.3.8  MN coating 

MN coating was conducted using a technique described previously (Zhao et al. 

2016; Zhao et al. 2017). Briefly, 0.4µl or 0.5µl of the coating formulation was 

loaded into a 10µl extended length pipette tip using the 2.5µl Research Plus 

Pipettor and the pipette tip was carefully released from the pipette. The coating 

formulation was applied to the individual MNs by brushing the end of the pipette 

tip over the MN tips sequentially, using a stereo microscope to visualise the 

process (Figure 2-5). Each MN was left to air dry briefly at ambient conditions, 

leaving a residue of the peptide on the MN surface. The coating formulation in 

the pipette tip was repeatedly applied, in this manner, to the MNs on 3 arrays 

(30 MNs in total) until the pipette tip was empty of coating formulation (Zhao et 

al. 2016; Zhao et al. 2017). The 3 coated arrays are referred to as a “set” of 

MNs. This coating method varied from the previously described dip-coating 

method (section 2.1.2) as it did not involve insertion of the MN into the aperture 

of the pipette tip. 

 

!
Figure 2-5: Coating of MNs in C19-A3-TAMRA. 

A. Operator coating a MN array with C19-A3-TAMRA coating formulation. 
B. A MN array held in a bulldog clamp and pipette tip loaded with 0.4µl of the C19-A3-

TAMRA coating formulation. Scale bar 2000µm. 

 

!
!
!
!
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2.3.9  In vitro MN de-coating (MN washing) for recovery 

of C19-A3(±TAMRA) 

Sets of C19-A3-coated MNs were placed in a well of a 24 well plate, to which 

100µl or 300µl of deionised water was added. After a 5 minute incubation 

period, the MNs were repeatedly rinsed with the contents of the well. Each 

pipette tip used for the coating procedure was added to a 1.5ml microcentrifuge 

tube containing 50µl or 300µl of deionised water and the contents were 

removed by repeated rinsing. The submerged pipette tip was then incubated at 

room temperature for 15-30 minutes and removed. 

 

2.3.10  Quantifying MN coating of C19-A3-TAMRA using 

UV-Vis spectroscopy 

Sets of electropolished MNs were coated in a 0.4µl volume of the approximately 

25mg/ml C19-A3-TAMRA coating formulation, as described in section 2.3.8. 

The MNs and pipette tips were washed in 100µl and 50µl of deionised water, 

respectively, to recover the C19-A3-TAMRA, as described in section 2.3.9. 

Control solutions were prepared by adding 0.4µl of C19-A3-TAMRA coating 

formulation to 99.6µl of deionised water, in order to ascertain the mass of C19-

A3-TAMRA present in 0.4µl of the coating formulation. The C19-A3-TAMRA 

samples used to generate standard curves for UV Vis spectroscopy analysis 

were prepared as follows. A 4µl volume of the C19-A3-TAMRA coating 

formulation was added to 96µl of deionised water, generating an approximately 

1mg/ml stock solution. A sample of the stock solution was subsequently serially 

diluted in deionised water, generating samples over a concentration range (0-

200µg/ml). The standards and samples were analysed at 555nm by UV-Vis 

spectroscopy using the Nanovue Plus spectrophotometer, with triplicate 

absorbance readings acquired for each sample. The standard curve was 

analysed by linear regression and concentrations of unknown samples were 

interpolated from the standard curve. The mass of the peptide present in the 

samples was then calculated using Equation 2-1.  

!
!
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Equation 2-1: Equation used to calculate the mass of C19-A3(±TAMRA) from the 
interpolated concentration obtained through UV-Vis spectroscopy and HPLC analysis. 

Mass of peptide (µg)= 

Interpolated peptide concentration (µg/ml) × 

(volume of solvent used to wash the MNs or pipette tips / volume of control 

solution (µl) ÷ 1000) 

  

2.3.11  Quantifying MN coating of C19-A3 using HPLC 
Sets of electropolished MNs were coated in a 0.4µl volume of the approximately 

25mg/ml C19-A3 coating formulation, as described in section 2.3.8. The MNs 

and pipette tips were washed in 300µl of deionised water to recover the C19-

A3, as described in section 2.3.9. Control solutions were prepared by adding 

0.4µl of C19-A3 coating formulation to 299.6µl of deionised water. The C19-A3 

samples used to generate standard curves for HPLC analysis were prepared as 

follows. A 1mg vial of lyophilised C19-A3 powder was spun as previously 

described (section 2.3.7) to collect the powder at the bottom of the vial. A 1ml 

volume of deionised water was added and the vial was agitated using a vortex 

mixer until peptide was no longer visible. The vial was then spun as previously 

described to collect the solution at the bottom of the vial. This generated an 

approximately 1mg/ml stock solution of C19-A3 in deionised water. A sample of 

the stock solution was subsequently serially diluted in deionised water, resulting 

in solutions in the concentration range 0.78-100µg/ml. All standard solutions 

and samples were loaded into 300µl HPLC vials prior to analysis. The HPLC 

column used was the Ascentis® Express Peptide ES-C18, 2.7 micron Reversed 

Phase HPLC column (10cmx4.6mm) on the Agilent 1100 Series HPLC 

instrument or the Thermo Finnigan Spectra System HPLC instrument. HPLC 

grade reagents were used to prepare the mobile phases, acetonitrile/0.1% 

trifluoroacetic acid (TFA) and water/0.1%TFA. Standard solutions and samples 

were analysed by HPLC at a wavelength of 214nm, a flow rate of 1ml/min and 

an injection volume of 30µl with duplicate readings acquired for each sample. 

All peaks were manually integrated to acquire the peak area. The analysis of 

the standard curve and calculation of PI mass in samples was conducted as 

described in section 2.3.10.  
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Comparable studies were conducted in which 0.5µl of an approximately 

20.03mg/ml C19-A3 coating formulation was coated over sets of MNs. MNs and 

pipette tips were washed to recover the peptide and samples analysed using 

HPLC, as previously described. The control solutions for these studies were 

prepared by adding 0.5µl of the 20.03mg/ml coating formulation to 299.5µl of 

deionised water.    

!
Limit of detection (LOD) and limit of quantification (LOQ) were not calculated as 

this was not required in these C19-A3 method development studies. The LOD 

was identified visually for the PI studies (section 3.3.4.5).  

 

2.3.12  Optimising duration of MN application to excised 

human skin for sufficient peptide delivery 
Sets of MNs were coated in 0.4µl of an approximately 25mg/ml C19-A3-TAMRA 

coating formulation and arranged in a bespoke MN holder (Figure 2-3). Excised 

human skin samples were defrosted and prepared, as previously described 

(section 2.3.5). The MNs were applied to the human skin samples with a force 

of 15N ± 0.5N, using the digital force gauge to control the force of application, 

for 2.5, 5 and 10 minutes (Figure 2-6). A force of 15N was chosen following 

force studies in section 2.4.2. 

 

 
Figure 2-6: MN application duration test methodology. 

Method used for investigating MN application duration (described in section 2.3.12). 
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MNs (that had been applied to the skin) and the pipette tips used in the coating 

process were washed with 100µl and 50µl of deionised water, respectively to 

recover the peptide, as previously described (section 2.3.9). Control solutions 

and standard solutions were also prepared, as previously described (section 

2.3.10). Standards and samples were analysed at 555nm by UV-Vis 

spectroscopy on the Nanovue Plus Spectrophotometer, as previously described 

(section 2.3.10). The mass of PI delivered to the skin was inferred using 

Equation 2-2. Two different operators (myself and a colleague) conducted this 

experiment four times at each application duration. Only one operator (Dr Xin 

Zhao, a more experienced colleague) coated the MNs for the optimisation of 

MN application duration studies, to ensure consistency. Dr Xin Zhao also 

assisted with analysis of samples by UV-Vis spectroscopy. En face images 

were captured of the skin post-MN application using the Nikon D5000 12.3MP 

Digital SLR Camera.  

 
Equation 2-2: Equation used to calculate the inferred mass of C19-A3-TAMRA 

delivered to excised human skin samples. 

Mass of peptide delivered (µg)= 

Mass of peptide in control solution –  

(mass of peptide remaining on MNs after skin application + mass of 

peptide remaining in pipette tips) 

 

 

2.3.13  Visualising C19-A3-TAMRA de-coating from MNs 

following application to a human skin sample 

A freshly excised human skin sample (obtained with informed consent- section 

2.3.5) was used for this experiment; i.e. the skin was surgically removed, 

collected and used in the experiment on the same day. Subcutaneous fat was 

removed and the skin was pinned out under tension, as previously described 

(section 2.3.5). Sets of electropolished MNs were coated in 0.4µl of an 

approximately 25mg/ml C19-A3-TAMRA coating formulation and the coated 

MNs were applied to the skin at 15N ± 0.5N for 2.5 minutes, as described 

(section 2.3.12). Images of the MNs were captured using the Amscope stereo 

microscope, both before and after skin application.  

!
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2.4 Results 

 

2.4.1  Effects of electropolishing on stainless steel MN 

characteristics and dimensions 

In order to determine the effects of electropolishing on MNs, MN characteristics 

and dimensions were compared before and after electropolishing. The light 

microscopy images (Figure 2-7) and SEM images (Figure 2-8) show clearly the 

uneven surface before electropolishing, while the electropolished needles 

exhibited a smoother surface and sharper tip.  

 

!
Figure 2-7: Light microscopy images demonstrating effect of electropolishing on MNs. 

MN before (A) and after (B) electropolishing. Scale bar: 100µm. 

!
!
!
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Figure 2-8: SEM images demonstrating the effect of electropolishing on MNs.  

SEM images of MNs acquired before (A,C,E) and after (B, D, F) electropolishing. 
Images captured at magnifications of x76 (A, B), x150 (C, D) and x250 (E, F). 

 

MNs were electropolished and the lengths and base widths of the MNs were 

compared pre and post- electropolishing. The lengths and base widths of the 

MNs were reduced by electropolishing. The mean length decreased from 

428.20 ±�15.53µm to 394.90 ±�16.84µm, while the mean base width decreased 

from 252.0 ± 15.16µm to 233.90 ± 12.11µm (n=36).  

!
!
!
!
!
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2.4.2  Optimising MN skin application force 
The MN application force influences the puncturing event. In order to assess 

the force required for sufficient skin puncture, a force gauge was used to apply 

the MNs to a methylene blue-treated, excised human skin sample at a range of 

forces. Mean skin puncture was greatest (97 ± 5%; n=4) following a 15N 

application force for 10 minutes. Skin puncture was generally most 

reproducible, independent of the application duration, following a 15N 

application force (Figure 2-9).  

 

 

Figure 2-9: MN skin puncture. 
En-face images of excised human skin sample treated with uncoated MNs applied by 

one operator at a range of forces and durations. Methylene blue was used to determine 
skin puncture. Mean percentage skin puncture for all four operators is displayed and 

was calculated as described in section 2.3.6. Age of skin sample donor unknown. 

 

Although the duration and force of application were controlled, inter-operator 

variability was marked at the low application forces but puncture was more 

reproducible between operators at the higher force of 15N (Figure 2-10).  

!
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Figure 2-10: Percentage MN skin puncture. 

Percentage puncture of excised human skin sample by uncoated MNs applied by four 
different operators at a range of forces and durations. Each point on the graph 

represents a different operator at each application force and duration of application. 
The horizontal line is the mean ± standard deviation of % skin puncture. 

 

2.4.3  Developing proficiency in MN coating of C19-A3 

To develop proficiency in MN coating, MNs were coated with a fluorescently-

labelled version of the peptide, C19-A3-TAMRA. This allowed the MN coating to 

be visualised. Figure 2-20A is an example of MNs coated in C19-A3-TAMRA. 

Quantification of the coated peptide was performed using both the 

fluorescently-labelled and native form of C19-A3 by UV-Vis spectroscopy and 

HPLC, respectively.  

 

2.4.3.1   Quantifying C19-A3-TAMRA MN coating using UV-Vis 

spectroscopy 

Sets of MNs were coated in 0.4µl of an approximately 25mg/ml C19-A3-TAMRA 

coating formulation and the coating was recovered and quantified, as previously 

described (section 2.3.9 and 2.3.10). As previously mentioned, concentrations 

of all samples were interpolated from a standard curve, an example of which is 

shown in Figure 2-11. 
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Figure 2-11: C19-A3-TAMRA UV-Vis spectroscopy standard curve. 

C19-A3-TAMRA standard curve of absorbance at 555nm, measured by UV-Vis 
spectroscopy and analysed by linear regression (0-200µg/ml) (n=3). Data points are 

mean ± standard deviation of absorbance. 

 

During preliminary studies (Figure 2-12), experimental method development 

was ongoing and the operator was not yet experienced at MN coating. The 

expected mass of peptide (based on the concentration of the coating 

formulation) in the control solution was approximately 10µg. However, the mass 

of C19-A3-TAMRA in the control solution was 8.63 ± 2.38µg (n=13). This 

indicates the mass of C19-A3-TAMRA that is available for coating in the 0.4µl 

volume of coating formulation. It should be noted that there is one data point in 

the results for the control solution that may have skewed the mean. The mass 

of peptide recovered from the MNs and pipette tips demonstrates the mass of 

peptide that can be coated on the MNs and the mass of peptide remaining in 

the pipette tip after coating, respectively. Therefore, the mass of peptide coated 

on and recovered from the MNs was 4.07 ± 1.03µg (n=3), which was 47% of the 

mass of peptide available to be coated (mass in the control solution). The mass 

of peptide remaining in the pipette tips was 1.34 ± 0.69µg (n=2). Mass balance 

was not achieved (the sum of mass of peptide coated on the MNs and 

remaining in the pipette tips was not comparable to the mass of peptide in the 

control solution), indicating inadvertent loss of peptide during the coating 

process. 
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Figure 2-12: Quantification of C19-A3-TAMRA MN coating – preliminary data during 
method development. 

The mass of C19-A3-TAMRA (as determined by UV-Vis spectroscopy) in the control 
solution, coated on MNs and remaining in the pipette tips (pipette tips) used to coat the 

MNs. The horizontal line is the mean ± standard deviation of the mass of C19-A3-
TAMRA (n=13 for “control solution”, n=3 for “coated on MNs” and n=2 for “pipette tips”). 

 

Once the experimental method was optimised and some experience in MN 

coating had been gained, the coating studies were repeated (Figure 2-13). The 

mass of C19-A3-TAMRA in the control solution was 10.94 ± 3.02µg (n=10), with 

approximately 86% of this mass being coated on and recovered from the MNs 

(9.40 ± 2.67µg; n=6). The mass of C19-A3-TAMRA in the control solution is 

comparable to the expected mass (10µg). The mass of C19-A3-TAMRA 

remaining in the pipette tip was 2.54 ± 2.03µg (n=6). However, the results were 

variable. No inadvertent loss of peptide occurred during the coating process as 

the sum of the mass of coated peptide and peptide remaining in the pipette tips 

was higher than the mass of peptide in the control solution. Interestingly, 

although the experimental method was optimised and a higher average mass of 

peptide was coated on the MNs, the MN and pipette tip results were more 

variable than prior to method optimisation (Figure 2-12). 
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Figure 2-13: Quantification of C19-A3-TAMRA MN coating – data following method 

optimisation. 
The mass of C19-A3-TAMRA (as determined by UV-Vis spectroscopy) in the control 

solution, coated on MNs and remaining in the pipette tips (pipette tips) used to coat the 
MNs. The horizontal like is the mean ± standard deviation of the mass of C19-A3-

TAMRA (n=10 for “control solution”, n=6 for “coated on MNs” and n=6 for “pipette tips”).  

 

2.4.3.2   Quantifying C19-A3 MN coating using HPLC 
Sets of MNs were coated in 0.4µl of an approximately 25mg/ml C19-A3 coating 

formulation and the coating was recovered and quantified, as previously 

described (section 2.3.9 and 2.3.11). Concentrations of all samples were 

interpolated from a standard curve, an example of which is shown in Figure 

2-14. 
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Figure 2-14: C19-A3 HPLC standard curve. 

C19-A3 standard curve of peak area at 214nm, measured by HPLC and analysed by 
linear regression (0.78-100µg/ml) (n=3). Data points are mean ± standard deviation of 

peak area.  

 

A mass of 10.07 ± 2.81µg (n=8) of C19-A3 was present in the control solution 

and 90% of this was successfully coated on and recovered from the MNs (9.05 

± 1.47µg; n=4) (Figure 2-15). These results were comparable to those achieved 

using UV-Vis spectroscopy (Figure 2-13). However, a smaller mass of peptide 

remained in the pipette tips for those samples analysed by HPLC (0.94 ± 

0.36µg; n=4) compared to UV-Vis spectroscopy (2.54 ± 2.03µg; n=6). In 

addition, standard deviations were smaller for the “coated on MNs” and “pipette 

tips” HPLC data. Mass balance was achieved, indicating no inadvertent loss of 

peptide. However, it should be noted that there are two data points in the 

results for the control solution that may have skewed the mean. 
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Figure 2-15: Quantification of C19-A3 coating. 
The mass of C19-A3 (as determined by HPLC) in the control solution, coated on MNs 

and remaining in the pipette tips (pipette tips) used to coat the MNs. The horizontal line 
is the mean ± standard deviation of the mass of C19-A3 (n=8 for “control solution”, n=4 

for “coated on MNs” and n=4 for “pipette tips”).  

 

In order to increase the mass of C19-A3 that is coated on the MNs, the MNs 

were coated in 0.5µl of an approximately 22.03mg/ml C19-A3 coating 

formulation (Figure 2-16). The expected mass of peptide in the 0.5µl control 

solution was approximately 11µg. However, the measured mass of peptide in 

the control solution was 12.27 ± 1.46µg (n=5). The mass of peptide coated on 

the MNs (9.96 ± 1.70µg; n=5) and remaining in the pipette tips after coating 

(0.72 ± 0.24µg; n=5) did not add up to the mass of peptide in the control 

solution. This indicated that some peptide was lost inadvertently during the MN 

coating process. The standard deviation for the control solution data was 

smaller than previously (Figure 2-15).  
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Figure 2-16: Quantification of C19-A3 coating- increased peptide loading. 

The mass of C19-A3 (as determined by HPLC) in the control solution, coated on MNs 
and remaining in the pipette tips (pipette tips) used to coat the MNs. The horizontal line 

is the mean ± standard deviation of the mass of C19-A3 (n=5). 

 

 

2.4.4   Optimising duration of MN application to excised 

human skin samples  
In order to identify an appropriate MN administration duration, MNs were coated 

in C19-A3-TAMRA and applied at 15N for different durations to defrosted, 

excised human skin samples, by two different operators. Figure 2-17 shows en 

face images of skin following application of C19-A3-TAMRA-coated MNs for 

2.5, 5 and 10 minutes. The fluorescence indicates the delivery of the peptide 

from the coated MNs.  

!
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Figure 2-17: Delivery of C19-A3-TAMRA to excised human skin from a set of coated 

MNs. 
Excised human skin following application of C19-A3-TAMRA-coated MNs applied with 

a force of 15N for 2.5, 5 or 10 minutes.  

 

Following application to human skin, the MNs were washed to recover any 

remaining peptide, as described (section 2.3.12). The mass of PI recovered 

from a MN array that had been applied into skin demonstrated the mass of PI 

that remained on the MNs and was undelivered. This was used to infer the 

mass of PI that was delivered to the skin using Equation 2-2, as previously 

described. One-way ANOVA with Tukey’s multiple comparisons showed no 

significant difference in mass of peptide remaining on the MNs or in the inferred 

mass of PI delivered to the skin following application of coated MNs to the skin 

for either 2.5, 5 or 10 minutes, for both operators (operator 1- p=0.9494 and 

operator 2- p=0.8675) (Figure 2-18).  

 

!
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Figure 2-18: Mass of C19-A3-TAMRA remaining on coated MNs following skin 
administration and inferred mass delivered to the skin. 

The mass of C19-A3-TAMRA (as determined by UV-Vis spectroscopy) in the control 
solution; remaining on coated MNs (green) and inferred mass delivered (orange) 

following skin application for 2.5 minutes (2.5 min), 5 minutes (5 min) and 10 minutes 
(10 min); remaining in the pipette tips used to coat the MNs (pipette tips). Results for 

two different operators. The horizontal line is the mean ± standard deviation of the 
mass of C19-A3-TAMRA (n=3 for control solution, n=9 for “pipette tips”, n=4 for each of 

“2.5 min”, “5 min” and “10 min”). Age of skin sample donors: 50, 52, 60 and 71 years 
old. 

 

Unpaired t tests found no significant difference between operators in the mass 

of C19-A3-TAMRA remaining on the MNs at each duration of application 

(p=0.4039 for 2.5 mins; p=0.3082 for 5 mins; p=0.1349 for 10 mins). Unpaired t 

tests also found no significant difference between operators in the inferred 

mass of C19-A3-TAMRA delivered to skin at each duration of application 

(p=0.5052 for 2.5 mins; p=0.3949 for 5 mins; p=0.1771 for 10 mins) (Figure 

2-19). 

!

co
ntro

l s
olutio

n

pipett
e t

ips

pipett
e t

ips
0

2

4

6

8

10

M
as

s 
of

 C
19

-A
3-

TA
M

R
A 

(µ
g)

Operator 1 Operator 2

2.5 min 5 min 10 min 2.5 min 5 min 10 min

Peptide mass 
remaining on 
coated MNs post-
skin application 

Inferred peptide 
mass delivered to 
skin 

Peptide mass 
remaining in pipette 
tips used to coat 
MNs 



! 64!

 
Figure 2-19: Inter-operator variability- MN application duration. 

Comparison of the mass of C19-A3-TAMRA (as determined by UV-Vis spectroscopy) 
remaining on coated MNs and inferred mass delivered following skin application for 

2.5, 5 and 10 minutes by operator 1 (pink) and operator 2 (green). The horizontal line is 
the mean ± standard deviation of the mass of C19-A3-TAMRA (n=4). Age of skin 

sample donors: 50, 52, 60 and 71 years old. 

 

The mean inferred mass of C19-A3-TAMRA delivered by both operators ranged 

from 5.26 to 6.29µg, over the different durations. This is 62-74% of the mass of 

peptide in the control solution.  

 

2.4.5  Visualising C19-A3-TAMRA removal from coated 

MNs following application to human skin 

In order to visualise C19-A3 peptide deposition from topically applied MNs, 

C19-A3-TAMRA was coated onto MNs, which were imaged before and after 

application to a freshly excised human skin sample for 2.5 minutes at 15N. 

Figure 2-20 shows the coating of C19-A3-TAMRA on the MNs before and after 

application to the skin. Although some fluorescence is detectable on the MNs, 

the majority of the fluorescently labelled coated peptide was removed from the 

coated MNs following application to the skin, inferring deposition of the peptide 

into the skin. It is also evident that biological debris is transferred from the skin 

tissue to the steel surface of the MN array (dotted lines in Figure 2-20). 
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Figure 2-20: C19-A3-TAMRA coating on electropolished MNs before and after insertion 

into freshly excised human skin sample. 
Light microscopy images of C19-A3-TAMRA coated MNs before (A and C) and after (B 
and D) application to freshly excised human skin sample for 2.5 minutes at 15N. White 
dotted line demonstrating biological debris picked up by MNs. Scale bar 1000µm. Age 

of skin sample donor: 60 years old.  

 

 

2.5 Discussion 

The studies investigating force and duration of MN application were conducted 

in collaboration with a more experienced colleague, who was working on the 

development of the C19-A3 coated MN system for use in a phase I clinical trial. 

Development of the C19-A3 (PI peptide) coated MN system, was used to 

support transition towards the protein-coated MN that is the focus of this Thesis, 

i.e. a PI-coated MN system (Chapters 3 and 4).  

 

Electropolishing is a form of electrolysis (Yang et al. 2016) and has been 

described in section 2.3.2. The metal object to be electropolished acts as the 

anode and is connected to a power supply and immersed in an electrolyte 

solution. Once the power supply is activated, an electric current passes from the 

anode to the cathode. This causes oxidation of the surface of the metal, 

A B 

C D 
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removing surface impurities and debris (Yang et al. 2016). Electropolishing is 

used to treat metal surfaces for various purposes including in the metal finishing 

sector (Yang et al. 2016), for enhancement of corrosion resistance such as for 

stents (Kim et al. 2017) and preparation of metal samples for transmission 

electron microscopy (Ma et al. 2016). In addition, the smooth surface generated 

means there are no crevices for collection of contamination, so electropolishing 

is useful in the preparation of metal medical devices (Eliaz and Nissan 2007). In 

the field of MNs, electropolishing is used to clean, deburr and sharpen MNs 

without damaging the MNs, unlike other methods such as abrasive cleaning 

(Gill and Prausnitz 2007a). Electropolishing of the MNs in this chapter produced 

smoother surfaces and sharper MN tips. As expected, electropolishing also 

reduced the length (by an average of 33µm) and the base width (by an average 

of 18µm) of the MNs. This is consistent with Zhao et al. (2016) who reported 

that electropolishing reduced the length of 500µm stainless steel MNs by 

approximately 50µm. In this study the authors also found that electropolishing 

can improve delivery from peptide-coated MNs applied to murine skin, with 60% 

delivery from electropolished MNs compared to 2% from the untreated form 

(Zhao et al. 2016). This is explained by the reduced roughness of the MN 

surface, in turn causing reduced retention of the coated formulation on the MNs 

(Zhao et al. 2016; Zhao et al. 2017). Electropolishing steel MNs is, therefore, 

important for delivery of a coated formulation. The reduction in MN length and 

base width caused by electropolishing could be accommodated for when 

designing and manufacturing the MNs. MNs were electropolished for use in all 

studies in this chapter and ready-electropolished MNs were acquired and used 

for studies in future chapters, as discussed in Chapter 3. 

 

MN coating methods have been introduced in section 2.1.2. One of the dip-

coating methods described involves dipping rows of MNs into a reservoir of 

coating formulation. Although this method is more rapid than the use of a 

pipette tip, since multiple MNs are coated concurrently, larger coating 

formulation reservoirs have a dead volume and generate waste (Gill and 

Prausnitz 2007a; Khan et al. 2014). The use of a pipette tip for coating 

individual MNs sequentially is laborious and less time efficient but it minimises 

wastage of the coating formulation, which is important when coating a limited 

and/or costly resource. Another dip-coating method described in section 2.1.2 
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involves dipping the individual MNs into a reservoir of coating formulation held 

in a pipette tip. However, using the pipette tip to brush the coating formulation 

on to the MNs (section 2.3.8) rather than dipping the MNs into the pipette tip 

aperture was found to be a more successful coating method. During preliminary 

studies (data not shown), it was found that dipping the MNs into the coating 

formulation resulted in removal of the previous layer of coating and a non-

uniform coating on the MNs. Therefore, the brushing technique was used 

throughout the Thesis as it provided greater control over MN coating and a 

more uniform coating. The result is a dry-coated MN system. 

 

It is desirable to ensure the reproducible and uniform coating of the MNs and, 

therefore, establishing MN coating proficiency is important as the coating 

method chosen is operator-dependent. It is also desirable to ensure the 

formulation is coated exclusively on the MN tips and shaft and the base plate is 

not contaminated (Gill and Prausnitz 2007b). This ensures accurate 

quantification of the mass of peptide coated on and delivered from the MNs 

(Chong et al. 2013) and ensures minimal wastage. As introduced in section 

2.1.2, a previous study used dip-coating devices, which concentrated the 

coating to the MN tips and shaft, preventing base plate contamination (Gill and 

Prausnitz 2007a). This sort of device was not used in this Thesis, reinforcing the 

need for coating proficiency, which was monitored visually using TAMRA-

conjugated peptide. The images of coated MNs before application to human 

skin (Figure 2-20A and Figure 2-20C) demonstrate that a uniform coating, 

concentrated exclusively over the MN tips and shaft, was achieved by the 

operator. Moreover, generating a robust coating methodology for transfer to 

clinical trials is necessary and this is discussed further in Chapter 6.    

 

Achieving a reproducible MN coating of peptide is important as it, in turn, 

increases the likelihood of reproducible delivery. UV-Vis spectroscopy was used 

to quantify the coating of the TAMRA-conjugated peptide. Although there was 

an increase in the mass of peptide present in the control solution and coated on 

the MNs following method optimisation (Figure 2-13) compared to during 

method optimisation (Figure 2-12), the variability in mass of peptide coated and 

remaining in the pipette tips increased (Figure 2-13). This may be a result of 

inexperience in coating as the time taken to coat the MNs was longer than the 
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time taken by a more experienced operator. This allowed more formulation to 

dry in the pipette tip before being coated. In addition, the 50µl of deionised 

water used to recover the contents of the pipette tip may not have been enough 

to sufficiently remove and/or solubilise the peptide. The variability may also, 

merely, be a result of dealing with small (submicrolitre volumes) and using a 

manual coating technique and thus error is more likely. The coating studies 

using C19-A3-TAMRA demonstrated that further coating practice was required 

in order to achieve proficiency and reproducibility. Therefore, further coating 

studies were conducted using the non-fluorescently tagged C19-A3 and 

quantified by HPLC. Improved reproducibility in mass of peptide coated on the 

MNs and remaining in the pipette tips was demonstrated which may have been 

a result of greater experience in MN coating. The lower mass of peptide 

remaining in the pipette tips after coating indicated that less of the formulation 

was drying in the pipette tip as coating was becoming faster with increased 

experience.   

 

The final coating studies were conducted to confirm that if the pipette tip was 

loaded with an extra, theoretical mass of 1µg, this would result in a coated 

mass of 10µg. An attempt was made to increase the coated mass of peptide to 

10µg as this is the dose administered by ID injection in the previously reported 

C19-A3 ASI studies (section 2.1.1) (Thrower et al. 2009; Alhadj Ali et al. 2017). 

The reason for the higher than expected mass of peptide in the control solution 

is unclear (Figure 2-16), but the variability was lower than in the previous study 

(Figure 2-15). The mean mass of peptide coated on the MNs increased, as 

expected, to 9.96µg, which was very close to the aim of 10µg. However, it is 

evident that further work may be required to investigate the spread of data 

points as some MN sets were coated in 8-9µg of peptide while others were 

coated in 11-12µg of peptide.  

 

In summary, the coating studies demonstrated that a higher and more 

reproducible mass of coated peptide was achieved with increased MN coating 

experience. Approximately, 9µg of C19-A3 peptide can be coated on a set of 

MNs when coated in 0.4µl of an approximately 25mg/ml coating formulation. 

The coated mass was approximately 90% of the mass of peptide present in the 

0.4µl coating volume, demonstrating a high coating efficiency and low peptide 
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wastage. The 16% variability in coating could be reduced by further coating 

practice. However, since the focus of this Thesis is the development of a PI-

coated MN system, the reproducibility of PI coating will be investigated and 

optimised in Chapters 3 and 4.  

 

It is important to confirm that MNs are puncturing the skin as this means that the 

coated active pharmaceutical ingredient (API) will be delivered into the skin and 

not just to the skin surface. MN application force is one of the important factors 

affecting skin puncture and was, therefore, investigated. It is important to 

mention that the presence of the methylene blue stained dots on the skin only 

indicates skin puncture. Skin puncture can only be confirmed by sectioning of 

the skin and observing the microconduits generated by the MNs. This would 

also allow measurement of depth of penetration. Therefore, it would be useful 

for future work to involve sectioning of MN-treated skin. A 15N application force 

provided the highest and most reproducible skin puncture amongst the range of 

forces tested (5-15N). However, a limitation of this study is the narrow range of 

forces investigated and future work should involve investigation of a wider 

range of forces. The use of one piece of skin from one donor is a further 

limitation of the study as it means that the inter-individual variability of skin is 

not considered. However, the use of one skin sample allowed the variability in 

results to be attributed correctly to inter-operator variability. Future work should 

involve repetition of this study in a number of skin samples from different 

donors. Furthermore, a defrosted excised, human skin sample was used for this 

study and freezing changes the mechanical characteristics of skin (Babu et al. 

2003). It is desirable to repeat these studies in freshly excised human skin 

samples, which may potentially generate more representative results. 

 

A range of forces have been investigated and found to be successful in 

puncturing skin as reported in the literature. Davis et al. (2004) applied single, 

nickel MNs, 720µm in length, to the skin of human volunteers at a speed of 

1.1mm/s and found that the average insertion force (force required for skin 

penetration) was 1.29N. The authors of the study also reported a linear 

relationship between insertion force and needle tip area (Davis et al. 2004). 

Similarly, Gittard et al. (2013) reported an application force of 1N at a speed of 

0.01mm/s into full thickness porcine skin resulting in successful penetration by 
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polymer MNs (500-750µm long). Pearton et al. (2012) also reported a low force 

of less than 1N to successfully and reproducibly puncture ex vivo human skin 

using 750µm stainless steel MNs. Donnelly et al. (2010b) studied the 

application of a 3x3 MN array consisting of 600µm long dissolvable MNs. A 

spring-activated applicator was used at a speed of 1mm/s to apply the MNs to 

dermatomed, neonatal porcine skin at a range of forces (4.4-16.4N), similar to 

those investigated in this chapter. The MNs penetrated the skin at all forces 

tested (Donnelly et al. 2010b). Ling and Chen (2013) successfully used a force 

of 10N to apply an array of 600µm long dissolvable MNs to porcine cadaver 

skin. In addition, Verbaan et al. (2007) prepared 4x4 MN arrays of varying 

lengths (300-900µm) from 30G hypodermic needles and applied the arrays 

using a manual applicator with an approximate force of 50N to dermatomed 

human skin. Trypan blue staining indicating puncture was observed for the 550-

900µm long MNs. MNs were also applied to the skin of human volunteers and 

transepidermal water loss (TEWL) was significantly higher in skin treated with 

550-900µm long MNs compared to untreated skin, indicating skin puncture 

(Verbaan et al. 2007). The majority of these reported studies successfully used 

lower forces of application to puncture skin than the 15N force identified in this 

chapter. However, it is important to consider the differences between the 

studies which impact on skin puncture including MN length, sharpness and 

density (Prausnitz 2017), application velocity (Jeong et al. 2017), as well as skin 

(i.e. use of human skin or porcine skin in the study). For example, the studies 

that reported the use of around 1N of force also used MNs with lengths in the 

range 500-750µm (Davis et al. 2004; Pearton et al. 2012; Gittard et al. 2013) 

which is longer than the 394.9µm MNs used in this chapter. It is reported that 

when MNs are applied to the skin, skin deformation occurs in which the MNs 

will bend the skin prior to puncture (Davis et al. 2004; Prausnitz 2017). Skin 

puncture is increased through the use of longer MNs as the effect of skin 

deformation is overcome (Prausnitz 2017). Surprisingly, Verbaan et al. (2007) 

found that even at a force of 50N, 300µm MNs did not puncture human skin, 

emphasising that, in addition to MN length and application force, various factors 

affect skin puncture. An important parameter for force is the MN density. A 

greater MN density causes the “bed of nails” effect, as the MNs do not 

penetrate the skin because of the distribution of force across too many MNs 

(Yan et al. 2010). This is particularly an issue when the MNs are also short (Yan 
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et al. 2010). The MN density (3x10) used in this Thesis has been used 

successfully in a previous ASI study (Zhao et al. 2016). In addition, a key 

parameter for force is the area that it is distributed over. Manual application or 

the use of applicator devices to apply small arrays is feasible as force is 

concentrated over a small area (Ripolin et al. 2017). However, it is not as easy 

to ensure even dispersion of force and even puncture of the needles in a larger 

MN array covering a larger area (Ripolin et al. 2017).  

 

Although MN application force and duration was controlled between operators, 

inter-operator variability in skin puncture was still observed in this chapter. This 

variability could be inherent to the process of manually applying MNs to a 

biological system. The use of a force gauge provided some control over MN 

application force by generating an auditory signal whenever the force was 

≥0.5N above or below the force being tested. However, it is still a source of 

variability as it is operator-dependent and the operator’s hand will move or 

shake causing an inconsistent force to be applied. In addition, another 

important factor affecting skin puncture, which was not controlled by the force 

gauge, is MN application velocity (Crichton et al. 2010) and this could have 

attributed to the inter-operator variability. In fact, Crichton et al. (2010) found 

that increasing the velocity of MN application, increases MN skin puncture. In 

order to test the effect of application force exclusively, a compression test could 

be conducted using an automated materials testing machine, which would apply 

the MNs to the skin at a consistent force and speed. However, this in turn does 

not provide information on the operator factor. Each person’s skin is inherently 

different and factors such as age of skin, skin location, and the condition of the 

individual’s skin can also have an impact (Fore 2006). Skin region affects the 

thickness of the epidermis and dermis, with the epidermis ranging in thickness 

from 40µm to 1600µm, depending on location on the body (Fore 2006). Skin 

age also affects the thickness of skin, with the epidermis and dermis becoming 

thinner, the turnover time of skin increasing and the skin pH increasing. Aged 

skin is more prone to injury and wound healing is slowed. Blood flow in the skin 

is also decreased and the structure of elastic fibres changes causing a 

reduction in elasticity (Fore 2006). These are important issues to consider 

because the variability in skin and application method between patients means 

that there is likely to be variability in puncture of MNs, delivery of coated API 
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and, in turn, benefit from treatment. Since it is difficult to control this inherent 

biological variability, it is necessary to minimise MN application variability. 

Therefore, in preparation for clinical trials, it is necessary to consider how the 

force and speed of MN application will be controlled. One possibility is the 

development of a training tool or instruction leaflet that describes the optimal 

MN application method to the patient. Use of an instruction leaflet and 

counselling has been previously reported by Ripolin et al. (2017). Subjects were 

instructed to apply force as if they were “pressing an elevator button firmly” 

when applying a MN patch manufactured from Gantrez® S-97, and 

poly(ethylene glycol) 10,000 with 600µm long MNs (Ripolin et al. 2017). Skin 

puncture was successful but there was a wide inter-patient variability in forces 

applied (Ripolin et al. 2017) as this is still a subjective method of application. 

However, it was reported that the insertion depth was not dependent on the 

forces applied by the volunteers as the minimum insertion force required may 

have been lower than the forces the volunteers used to apply the MNs (Ripolin 

et al. 2017). Another possibility is to use the force gauge to apply the MNs 

although, again, the inter-individual variability is not eliminated and application 

velocity is not controlled. Alternatively, a MN applicator system could be 

developed which would apply MNs at a specific and consistent force and speed, 

eliminating/ minimising inter-individual variability in MN application (Singh et al. 

2011; Prausnitz 2017). MN applicators are discussed further in Chapter 6. 

 

MN application duration was investigated in order to identify the optimal MN 

application duration for sufficient peptide delivery to the skin. The durations of 

MN application tested in the range 2.5-10 minutes, did not affect the mass of 

peptide remaining on the MNs and, therefore, did not affect the inferred mass of 

peptide delivered into the skin. The inter-individual reproducibility in mass of 

peptide remaining on the MNs and, in turn, delivered to the skin at each 

duration tested, is promising as it indicates the potential for reproducible dosing 

between patients. Reproducible delivery is important for future regulatory 

approval and quality control, ensuring that all patients receive comparable 

doses of the peptide. It will ensure that all patients receive comparable 

therapeutic benefit with each dose. This is discussed further in Chapter 6. 

Application of the MNs for the least time, 2.5 minutes, would be more 

convenient than the longer times for the operator/ patient. However, a limitation 
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of this study is that a wider range of application durations was not investigated. 

It would be particularly interesting in future work, to establish if even shorter 

durations of MN application are feasible without affecting mass of peptide 

delivered. This would be more convenient for the operator/ patient. Coated MN 

application durations for the delivery of peptides, proteins, viruses and nucleic 

acids to human skin have been reported and include 1 minute (van der Maaden 

et al. 2014), 10 minutes (Pearton et al. 2012; Chong et al. 2013; Zhao et al. 

2017), 15 minutes (Zhao et al. 2016) and 30 minutes (Daddona et al. 2011; 

Palylyk-Colwell and Ford 2016). Compared to previously reported studies, an 

application duration of 2.5 minutes is short and potentially more convenient for 

the patient. However, optimal MN application duration depends on various 

factors such as the MNs used, the solubility of the coated API as well as the 

skin application site and this must be considered when comparing against 

previously reported studies. MN application duration is discussed further in 

Chapter 4. 

 

The images of the MNs before and after skin insertion (Figure 2-20) are a visual 

indication that the coated formulation has been removed from the MN surface 

following application to the skin, indicating that the coated dose of peptide has 

been delivered to the skin. This can only be confirmed by sectioning the MN-

treated skin to confirm MN penetration and observation of deposition of the 

TAMRA-conjugated peptide in the skin by fluorescence microscopy. Future 

work could involve these sectioning studies. It could also involve diffusion 

studies in which the MN-treated skin is placed between a donor compartment 

and a receptor compartment and the permeation of the peptide formulation from 

the donor compartment, through the microconduits in the skin to the receptor 

compartment is assessed (Verbaan et al. 2008). Some peptide remained on the 

lower portion of the shaft of some of the MNs. This may mean that the entire 

shaft did not protrude into the skin. It has been reported that when MNs are 

applied manually, in a vertical motion and at a slow speed, the skin deformation 

that occurs prior to MN penetration results in only a portion of the MN shaft 

penetrating the skin (Davis et al. 2004; Yan et al. 2010; Prausnitz 2017). This 

could be improved through the development of an applicator system, which 

would apply the MNs at a high velocity and set force. The peptide remaining on 

the MNs may also be a result of the fluid of the skin dissolving the dry-coating 
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on the MNs and causing the resulting solution to flow to the lower portion of the 

MN shaft. One of the limitations of this study is that the mass of peptide 

deposited on the skin surface was not assayed. This could be addressed in 

future work by swabbing the MN-treated skin surface and quantifying the mass 

of peptide on the swab (Cormier et al. 2004) in order to obtain a more accurate 

inferred mass of peptide delivered.  

 

The limitations of the studies in this chapter along with how these could be 

addressed through future work have been discussed throughout the discussion. 

A further limitation of the studies was that C19-A3, C19-A3-TAMRA and 

PVA2000 solutions were not prepared in volumetric flasks but instead prepared 

by adding a certain volume of solvent to powder. The concentrations reported 

are, therefore, approximate, as the displacement value is unknown. While the 

ideal method of preparation of the peptide formulation would have been to use 

volumetric flasks, the peptide was available in aliquots of 1mg, it was a costly 

resource and it was only required in microlitre quantities. However, this 

limitation has been addressed in the PI studies in Chapters 3 and 4. Where 

possible, solutions were prepared in volumetric flasks and when not possible, 

concentrations were retrospectively analysed by HPLC (discussed further in 

Chapter 3). 

 

 

2.6 Conclusion 

In conclusion, electropolishing MNs provides a smoother surface and sharper 

tips, allowing better coating and delivery (Gill and Prausnitz 2007a; Zhao et al. 

2016). Therefore, ready-electropolished MNs were used for all work in 

subsequent chapters. When electropolished, stainless steel MNs, 394.90µm in 

length, were coated in 0.4µl of a 25mg/ml C19-A3 coating formulation, a mean 

of approximately 9µg of C19-A3 was coated over a set of 30 needles. A MN 

application force of 15N and application duration of 2.5 minutes provided 

sufficient skin puncture and delivery of C19-A3-TAMRA to the skin. It will be 

important to consider standardising MN application force and duration, possibly 

by developing an applicator system that can apply the MNs at a certain, 

consistent force and speed for a certain duration. Alternatively, operators/ 

patients could be provided with detailed instructions on how to apply the MNs. 
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Chapter 3- Development and characterisation of a      

PI-coated MN system 
 

3.1 Introduction 

In the previous chapter, a coated MN system was investigated for delivery of a 

well-characterised peptide of PI, C19-A3. This allowed development of skills 

and knowledge of coated MN systems, permitting the subsequent investigation 

of a protein (proinsulin)- coated MN system. This chapter describes the method 

development conducted using the proinsulin (PI) protein kindly supplied by 

Biomm, S.A. (Brazil), which allowed a number of developments including 

development of a PI quantification method and development of a PI MN coating 

formulation. 

  

3.1.1  Biomm PI 

Human PI structure and synthesis has been introduced in chapter 1. Human PI 

consists of 86 amino acids and has a molecular weight (MW) of approximately 

9390Da (Cowley and Mackin 1997; SIB 2018b). The PI used in this project is a 

recombinant human PI (Biomm, S.A., Brazil). It has the same structure and 

amino acid sequence as that of the native human PI, but also consists of a 

histidine affinity tag (Figure 3-1). Based on the amino acid sequence, the MW of 

Biomm PI is approximately 12500Da (personal communication- Luciano Vilela).  

 

 
Figure 3-1: Amino acid sequence of recombinant human PI (Biomm S.A., Brazil). 

Black: 86 amino acid PI. Green: Histidine affinity tag. 

 

The recombinant human PI is an intermediate product of the production of 

recombinant human insulin by Biomm, S.A. The purity of the PI is approximately 

90% as measured by analytical Reversed-Phase High-Performance Liquid 

MAHHHHHHMGR FVNQHLCG SHLVEALYLV CGERGFFYTP  
 
KTRREAEDLQ VGQVELGGGP GAGSLQPLAL EGSLQKRGIV  
 
EQCCTSICSL YQLENYCN  
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Chromatography (RP-HPLC), with the remaining 10% consisting of PI 

degradation products and E.coli impurities (personal communication- Luciano 

Vilela). Biomm PI will be referred to as PI throughout the Thesis. 

 

3.1.2  MN coating formulations 

Various factors must be considered when developing a MN coating formulation. 

Firstly, an appropriate solvent must be identified for reconstitution of the active 

pharmaceutical ingredient (API). Secondly, the concentration of the API must 

be high enough to allow loading of an appropriate dose of the drug on to the 

MNs in a practically reasonable volume of formulation (Gill and Prausnitz 

2007b; Ameri et al. 2014). The third consideration of coating formulations is the 

excipients. The excipients used need to (Gill and Prausnitz 2007a,b): 

• modify the surface tension of the formulation (also true for the solvent) 

• modify the viscosity of the formulation (if required)  

• preferably be Generally Recognised as Safe (GRAS) excipients, 

allowing easier progression of the MN system into clinical studies 

• be required in a low mass in order to leave the majority of space in the 

formulation for the API 

• not have any known interactions with the API or other excipients 

 

Therefore, in addition to the therapeutic molecule and solvent, a coating 

formulation may include: 

• a surfactant to lower the surface tension of the formulation, allowing a 

uniform spread of the formulation over the MN (Gill and Prausnitz 

2007a,b; Kim et al. 2010; Chong et al. 2013). 

• a viscosity enhancer to increase the viscosity of the formulation, 

increasing the coating thickness and coated drug load, as well as 

ensuring the formulation is retained on the MN before drying (Gill and 

Prausnitz 2007a,b; Kim et al. 2010; Chong et al. 2013). 

• a protein stabiliser, if a protein or vaccine is coated onto the MNs, to 

prevent aggregation of the molecules and loss of biological activity 

(Ameri et al. 2014). 
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Gill and Prausnitz (2007b) compared combinations of different surfactants and 

viscosity enhancers in MN coating formulations of model drugs including insulin. 

In the absence of any excipient, a formulation consisting of model drug alone 

possessed a high surface tension leading to lack of wetting of MNs. On addition 

of a surfactant only, the surface tension was reduced but the film over the MNs 

was thin. On addition of a viscosity enhancer only, a thick coating was achieved 

but the high surface tension resulted in the formulation concentrating in the 

centre of the MN. Conversely, an appropriately thick, uniform coating was 

achieved when both surfactant (0.5% Lutrol® F68 (poloxamer 188)) and 

viscosity enhancer (1% carboxymethylcellulose (CMC)) were added to the 

formulation, emphasising the importance of low surface tension and appropriate 

viscosity in a coating formulation (Gill and Prausnitz 2007b). This combination 

of Lutrol® F68 and CMC has been used successfully when coating peptides 

(e.g. calcein), proteins (e.g. bovine serum albumin- BSA), DNA (e.g. gWiz™ 

luciferase plasmid DNA), viruses (e.g. modified vaccinia virus- Ankara) and 

microparticles (e.g. barium sulfate particles) (Gill and Prausnitz 2007a). 

Therefore, a coating formulation design consisting of an aqueous solution, drug, 

surfactant and viscosity enhancer was found to be appropriate for small 

molecules like sulforhodamine (MW 558.664Da (NCBI 2018)) and large proteins 

such as BSA (approximate MW 69000Da (Antonov and Wolf 2005)) (Gill and 

Prausnitz 2007a,b).  

 

In addition to surfactants and viscosity enhancers, stabilisers such as sucrose, 

trehalose and maltose are used in coating formulations (Kim et al. 2010; 

Pearton et al. 2012; Ameri et al. 2014). Sucrose was incorporated into a 

recombinant human growth hormone (rHGH) coating formulation at 20% (Ameri 

et al. 2014). However, the high percentage of sucrose in the formulation 

increased the solid matter, causing blunting of MN sharpness and, in turn, 

affecting skin penetration (Ameri et al. 2014). Trehalose was used in the coating 

formulation of an influenza vaccine to stabilise the vaccine (Kim et al. 2010). 

This was necessary because the drying process of the coating formulation on 

the MNs causes aggregation, resulting in reduced vaccine activity. However, 

the more trehalose present, the less virus was coated onto the MNs. When 0% 

trehalose was present, 0.94µg of virus was coated, while this decreased to 

0.37µg when 20% trehalose was present (Kim et al. 2010). The influenza 
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vaccine-coated MN system also consisted of the viscosity enhancer, CMC and 

the surfactant, Lutrol® F68. In the absence of CMC, the coated mass of virus 

was reduced by an order of magnitude, demonstrating the importance of a 

viscosity enhancer. However, the presence of CMC caused a reduction in 

biological activity of the virus, with just 0.5% CMC reducing virus biological 

activity to 71%. On the other hand, Lutrol® F68 did not affect the biological 

activity of the virus (Kim et al. 2010). These studies highlight the importance of 

balancing the optimisation of the coating properties with the therapeutic effect of 

the API. 

 

Since this is a method development chapter, some of the methods and results 

will be discussed concurrently. 

 

 

3.2 Aims and objectives 

This method development chapter contributed to addressing the broad aim of 

developing and characterising a coated MN system for the delivery of PI. The 

objectives were to: 

• Identify an appropriate solvent for reconstitution of PI. 

• Develop a quantification method for PI. 

• Develop a formulation that can provide reproducible and stable coating of 

MNs with PI.  

 

 

3.3 Materials and methods 

The details of equipment and reagents used are listed in the equipment and 

reagents tables. Solvent preparation information is listed in Table 3-1. Biomm PI 

(Biomm, S.A., Brazil) was used in all experiments. Statistical analyses for all 

studies were conducted using GraphPad Prism 6 (GraphPad Software Inc., 

USA). Image processing was conducted using ImageJ software (NIH, USA) and 

Microsoft Powerpoint for Mac version 14.4.8 (Microsoft Corporation, USA). 

 

 

!
!
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Table 3-1: Solvents and preparation information. 
A list of solvents that were prepared for these studies. 

Solvent Preparation 

0.2M acetic acid (AA), 

0.67M AA, 3.55M AA, 

6.36mM hydrochloric acid 

(HCl) 

Acids diluted in deionised water to required 

concentration. 

0.2M AA with red food 

colouring 

Glacial AA and red dye diluted to the desired 

concentrations in deionised water. 

0.2M AA/ 0.5% Tween® 80 Stock solution of 10%v/v Tween® 80 prepared in 

deionised water and heated for 30 minutes at 40°C 

with regular inversion. 0.2M AA/ 0.5% Tween® 80 

prepared by diluting glacial AA and 10% Tween® 80 in 

deionised water to give the required concentrations. 

10% Dimethylsulfoxide 

(DMSO) in 0.9% sodium 

chloride 

100% DMSO diluted in 0.9% sodium chloride to 

10%v/v. 

0.9% sodium chloride Sodium chloride powder reconstituted to 0.9%w/v in 

deionised water.  

50mM Tris-HCl buffer  0.5M HCl prepared in deionised water.  

Tris buffer (200mM) stock solution prepared by 

dissolving Tris base in deionised water to a 

concentration of 200mM and adding 0.5M HCl until 

desired pH 8.5 is reached. 

Tris buffer (50mM) prepared by diluting 200mM stock 

solution in deionised water. 

 

 

3.3.1  Microneedles 

MNs were manufactured from medical grade stainless steel by laser cutting and 

were ready-electropolished (Tech-Etch, Plymouth, MA, USA). The needle 

design and dimensions are illustrated in Figure 2-2. MN arrays consisting of 10 

needles, designed to be 500 ± 50µm long and 200µm wide (base) (Figure 3-2), 

were used in all experiments involving PI. MN lengths were measured as 

described in section 2.3.3. MNs used in these studies were measured at 508.84 

± 11.12µm in length and 242.55 ± 13.38µm in base width. 

!
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Figure 3-2: MNs used for PI studies. 

Light microscopy image of 500 ± 50µm long medical grade stainless steel MN array 
used for PI studies. Scale bar 1000µm. 

 

3.3.2  Testing pH of solvents and samples 
The pH meter was calibrated using the appropriate buffers. The pH/ATC 

Combination Electrode or pH micro electrode was submerged in the solvent or 

sample until a stable pH reading was obtained. Triplicate readings were 

obtained per sample, with the electrode washed in deionised water between 

readings. 

 

3.3.3  Visible solubility tests 
The solubility of PI was visibly assessed using a range of solvents with varying 

pH. These were 3.55M acetic acid (AA) (pH2.0); 6.36mM hydrochloric acid 

(HCl) (pH 2.32); 0.67M AA (pH 2.48); 0.2M AA (pH 2.57); 10% 

dimethylsulfoxide (DMSO) in 0.9% sodium chloride (pH 4.49); deionised water 

(pH 5.44); phosphate buffered saline (PBS) (pH 7.40); 0.9% sodium chloride 

(pH 6.57); and 50mM tris-HCl buffer (pH 8.42). All solvents were filtered through 

a 0.2µm surfactant-free cellulose acetate (SFCA) syringe filter or vacuum 

filtered through a 0.2µm nylon membrane filter prior to use and pH was 

measured as described in section 3.3.2. PI was reconstituted in the solvent to 

be tested and transferred to a glass vial. The samples were observed for clarity, 

colour and suspended particles using the Apollo II liquid viewer unit (black and 

white screen with a light source), both with and without the Schott fibre optic 

light system. The PI sample was directly compared against a glass vial 

containing just the solvent (control). Some PI samples were serially diluted by 

addition of solvent and visual tests were repeated at each concentration. All 

tests were conducted at room temperature.  
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3.3.4  Development of a PI HPLC quantification method 
In order to enable characterisation of the PI MN system, it was necessary to 

initially establish a quantification method for PI. UV-Vis spectroscopy was 

initially investigated as a PI quantification method as it is a high-throughput, 

low-cost, and readily available analysis method. However, UV-Vis spectroscopy 

alone was not able to detect the concentrations of PI involved in this Thesis. 

Therefore, a sensitive, high-throughput HPLC method was developed, as 

detailed below, and this method was used for all PI quantification in this Thesis.  

 

3.3.4.1   Developing a HPLC method  
A number of HPLC methods for PI have been reported in the literature (Table 

3-2). However, the extended run times of these methods mean they do not 

provide a high-throughput method for quantification of PI. 

 
Table 3-2: Examples of previously reported PI HPLC methods. 

Adapted from (Linde et al. 1993). ACN: acetonitrile. TFA: trifluoroacetic acid.  

Column Mobile phase Time to PI peak Reference 

Altex C18 

ultrasphere ion-pair 

column 

(4.6x250mm), 5µm 

particle size 

Tetraethylamine, 

phosphoric acid, 

sodium perchlorate-

ACN 

30 minutes (Given et al. 1985) 

Nucleosil 300-5 C4 

column (250x4mm), 

5µm particle size 

TFA-ACN 50 minutes (Linde et al. 1991) 

RP-HPLC Vydac 

C4 column 

(2.2x150mm) 

TFA-ACN 40-45 minutes (Cowley and 

Mackin 1997) 

  

Therefore, a PI HPLC method kindly shared by Dr Martina Duric (Midatech, UK) 

was optimised to provide a high-throughput method of PI quantification. The 

initial PI HPLC method development studies were conducted using the Agilent 

1100 Series HPLC instrument (Agilent Technologies) and the Thermo Finnigan 

Spectra System HPLC instrument (Thermo Electron Corporation) and using 

3.55M AA as a solvent for PI. Aliquots of PI powder were thawed and briefly 
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spun in a microcentrifuge at 5000G to collect all the PI powder from the sides of 

the tube to the bottom. A volume of 3.55M AA was added to the PI powder, the 

tube vortexed and the preparation was transferred to a volumetric flask. The PI 

was reconstituted to a concentration of 200µg/ml in 3.55M AA and the solution 

was mixed by inversion of the flask and gentle, brief vortexing. A sample of this 

200µg/ml stock solution was serially diluted (2-fold), resulting in solutions in the 

concentration range 3.125-200µg/ml and samples were loaded into 300µl HPLC 

vials. The Ascentis® Express Peptide ES-C18, 2.7 micron Reversed-Phase 

HPLC column (10cmx4.6mm) was used. HPLC grade reagents were used to 

prepare the mobile phases, acetonitrile/0.1%TFA (mobile phase A) and 

water/0.1%TFA (mobile phase B). PI samples and samples of 3.55M AA 

(control) were analysed using Dr Duric’s method (method A) (Table 3-3), at a 

wavelength of 212nm, a flow rate of 1ml/min, a 20µl injection volume, column 

temperature set at 35ºC and a run time of 11.2 minutes. Chromatograms were 

obtained and peaks were manually integrated. 

 
Table 3-3: PI HPLC method A. 

PI HPLC method shared by Dr Martina Duric (Midatech, UK) and used in preliminary 
HPLC studies. Wavelength 212nm, temperature 35ºC, injection volume 20µl, flow rate 

1ml/min, 11.2 minute run time. 

Time 

(minutes) 

% Mobile phase B 

(water/0.1% TFA) 

0 95% 

8 20% 

10 95% 

11.2 95% 

 

A distinct, sharp peak with a retention time of approximately 5 minutes was 

observed. However, at high magnifications, a tail or a small shoulder was 

witnessed (Figure 3-3). As the PI concentration decreased, the size of the 

shoulder decreased with that of the main peak and was eventually resolved 

from the main peak. This indicates that a co-eluting entity is present which may 

be impurities or an entity conjugated to the PI structure, such as the histidine 

affinity tag. The chromatogram for the 3.55M AA control sample is shown in the 

Appendix (Figure A-1), which demonstrates a flat baseline after the solvent 

front. 
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Figure 3-3: HPLC chromatogram of 200µg/ml PI in 3.55M AA (HPLC method A).  

X axis- time (minutes), Y axis- absorbance (mAU). 

 

In order to reduce the HPLC run time and optimise the method, the run time 

was reduced first to 9 minutes and, finally, to 8 minutes (method B) (Table 3-4). 

The gradient times were also reduced in accordance with the run time. Method 

B was comparable to method A, differing only in the mobile phase gradient and 

the stop time. 

 
Table 3-4: PI HPLC method B. 

Wavelength 212nm, temperature 35ºC, injection volume 20µl, flow rate 1ml/min, 8 
minute run time. 

Time 

(minutes) 

% Mobile phase B 

(water/0.1% TFA) 

0 95% 

6 20% 

7 95% 

8 95% 

 

Compared to method A, the chromatogram generated using method B (Figure 

3-4) demonstrated a peak with a retention time of approximately 4.6 minutes 

(0.4 minutes earlier than method A) and there was very little difference in peak 

area and peak height. However, the shoulder that was present when using 

method A was eliminated and replaced by a small tail when using method B. 
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This may be because the steeper gradient caused co-elution within the main 

peak. 

 

 
Figure 3-4: HPLC chromatogram of 200µg/ml PI in 3.55M AA (HPLC method B).  

X axis- time (minutes), Y axis- absorbance (mAU). 

 

Method B (Table 3-4) was chosen as the optimised method for future PI 

quantification. PI samples (3.125-200µg/ml) were analysed using method B. 

The peaks were manually integrated and the resulting standard curve was 

analysed by linear regression. The reproducibility of the chosen optimised 

HPLC method was confirmed by generating a robust PI standard curve (3.125-

200µg/ml) with a R2 value of 1.00 (Figure 3-5).  
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Figure 3-5: PI HPLC standard curve- PI in 3.55M AA (HPLC method B). 
PI standard curve of peak area at 212nm, measured by HPLC and analysed by linear 
regression (3.125-200µg/ml). Data points are mean ± standard deviation of peak area 

(n=3). 

 

3.3.4.2   Preparing PI samples for HPLC analysis  
Following the initial HPLC method development studies, all PI samples were 

analysed using method B. The PI samples used to generate a standard curve 

were prepared as described in section 3.3.4.1, with a slight variation. Briefly, 

aliquots of PI powder were thawed and briefly spun in a microcentrifuge at 

5000G. A volume of 1ml of 3.55M AA or 0.2M AA was added to the PI powder, 

the tube vortexed and the preparation was transferred to a volumetric flask. The 

PI was reconstituted to a concentration of 1mg/ml in 3.55M AA or 0.2M AA and 

the solution was mixed by inversion of the flask and gentle, brief vortexing. A 

sample of this 1mg/ml stock solution was serially diluted (2-fold), resulting in 

solutions in the concentration range 6.25-400µg/ml. A 300µl volume of each 

concentration was loaded into a 300µl HPLC vial and analysed using HPLC 

method B, with triplicate readings obtained for each sample. Peaks were 

manually integrated and all standard curves were analysed by linear regression.  
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All PI samples in this Thesis were analysed by HPLC using the method 

described. The concentration of samples was interpolated from the standard 

curve. 

 

3.3.4.3   Determining the influence of solvent concentration on 

HPLC analysis 
During MN coating formulation development (section 3.4.2), 0.2M AA was 

identified as the appropriate solvent for the PI MN coating formulation. In order 

to standardise the concentration of AA used in the studies, it was necessary to 

determine if the newly established HPLC method would generate comparable 

results when PI was reconstituted in 0.2M AA compared to 3.55M AA. PI was 

reconstituted to 1mg/ml in either 0.2M AA or 3.55M AA. Serial dilutions of PI 

were prepared (6.25-400µg/ml) in either 0.2M AA or 3.55M AA and these were 

analysed using the optimised HPLC method (method B).  

 

The standard curves (Figure 3-6) were compared using unpaired t tests at each 

concentration, which showed no significant difference between 0.2M AA and 

3.55M AA, except at 6.25µg/ml (p≤ 0.05). Therefore, 0.2M AA was used in all 

future work, including as the solvent for PI in the MN coating formulation, the 

solvent for preparing PI samples for HPLC quantification and the solvent used 

for de-coating (washing) of MNs for subsequent quantification, allowing a more 

consistent process with fewer variables.  

!
!
!



! 87!

 
Figure 3-6: HPLC standard curve- solvent comparison. 

PI standard curve of peak area at 212nm, measured by HPLC and analysed by linear 
regression (6.25-400µg/ml). Brown: samples prepared in 3.55M AA. Green: samples 
prepared in 0.2M AA. Data points are mean ± standard deviation of peak area (n=3). 

*p≤ 0.05, unpaired t test. 

 

3.3.4.4   Transferability of HPLC method between different HPLC 

systems 
Throughout the studies in this chapter, 3 different HPLC instruments were used. 

As previously mentioned, the Agilent 1100 Series HPLC instrument and the 

Thermo Finnigan Spectra System HPLC instrument were used in initial HPLC 

development studies. For later development and analytical work, the Thermo 

Scientific Dionex UltiMate 3000 UHPLC system was used. It was necessary to 

confirm the compatibility of the HPLC method with the Thermo Scientific Dionex 

UltiMate 3000 UHPLC system. PI samples were analysed using the established 

HPLC method on the Thermo Scientific Dionex UltiMate 3000 UHPLC system 

and the generated chromatograms were compared against those generated on 

the previously used Thermo Finnigan Spectra System HPLC instrument (Figure 

3-7).     

 

The chromatogram for a 400µg/ml PI sample generated using the Thermo 

Finnigan Spectra System HPLC instrument showed a single, resolved peak at 

approximately 5.1 minutes with a slight tail after the peak (Figure 3-7A). The 

chromatogram for a 400µg/ml PI sample generated using the Thermo Scientific 
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Dionex UltiMate 3000 UHPLC system showed a large, sharp peak at 

approximately 4.4 minutes, followed by a small shoulder (Figure 3-7B). As the 

PI concentration increased/ decreased, the size of the shoulder also increased/ 

decreased in line with the main peak. As previously discussed, this indicates a 

co-eluting entity such as an impurity or an entity conjugated to the PI structure. 

The presence of the shoulder in the chromatogram generated by the Thermo 

Scientific Dionex UltiMate 3000 UHPLC system may be a result of the 

increased sensitivity of this HPLC system. The peak integration method utilised 

in both cases is also shown (Figure 3-7). Since the identity of the shoulder is 

unknown, the shoulder was integrated out (excluded from the integration of the 

main peak) (Figure 3-7B). 

 

 
Figure 3-7: HPLC chromatograms of a 400µg/ml PI sample- HPLC system comparison. 

HPLC chromatograms of a 400µg/ml solution of PI in 0.2M AA generated by the 
Thermo Finnigan Spectra System HPLC instrument (A) and the Thermo Scientific 
Dionex UltiMate 3000 UHPLC system (B) using the established PI HPLC method 

(method B). X axis- time (minutes), Y axis- absorbance (mAU). 
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In an attempt to resolve the co-eluting peaks/ shoulders from the main peak, the 

established 8-minute method run time was extended at intervals up to 42 

minutes, in order to increase the gradient time. However, the peak areas for the 

PI samples were comparable for all run times tested. Therefore, the 

established, 8-minute HPLC method (HPLC method B) was used for all future 

studies on the Thermo Scientific Dionex UltiMate 3000 UHPLC system and the 

peak was manually integrated as demonstrated in (Figure 3-7B). A robust PI 

standard curve (6.25-400µg/ml) with a R2 value of 1.00 was generated, 

confirming the reproducibility of the HPLC method on the Thermo Scientific 

Dionex UltiMate 3000 UHPLC system (Figure 3-8). 

 

 
Figure 3-8: PI HPLC standard curve. 

PI standard curve of peak area at 212nm, measured by HPLC (method B) and 
analysed by linear regression (6.25-400µg/ml). Samples prepared in 0.2M AA. Data 

points are mean ± standard deviation of peak area (n=3). 

 

In further work (data not shown), a different HPLC method (using different 

mobile phases, wavelength, temperature, injection volume, gradient and run 

time) was utilised to attempt separation of the co-eluting peak. The presence of 

co-eluting peaks was confirmed. This was expected since 10% of Biomm PI 

consists of impurities and degradation products, as previously discussed 

(section 3.1.1). However, the aim of this project is not to separate or identify the 

components of Biomm PI. It is merely to coat the PI on to the MNs and deliver it 
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to the skin to investigate tolerogenic potential. Future work could involve 

analysis of the PI using high-performance liquid chromatography- mass 

spectrometry (HPLC-MS), which would allow separation and characterisation of 

the different components and quantification of PI itself.   

 

3.3.4.5   Identifying the limit of detection of PI using HPLC 
The upper and lower limits of detection of PI on the Thermo Scientific Dionex 

UltiMate 3000 UHPLC system were established. PI was reconstituted to 

100mg/ml in 0.2M AA in a volumetric flask and the formulation was mixed by 

inversion of the flask and gentle vortexing. The 100mg/ml formulation was 

serially diluted (2-fold) to give a concentration range of 0.00076-100mg/ml and 

the samples were analysed (some chromatograms shown in Appendix- Figure 

A-3 and A-4). The top of the PI peak was flat across the concentration range 

0.78-100mg/ml, indicating these concentrations of PI are above the HPLC limit 

of detection. The PI peak sharpened at concentrations from 0.39mg/ml and 

below. Therefore, the maximum limit of detection of PI on the Thermo Scientific 

Dionex UltiMate 3000 UHPLC system was between 0.39 and 0.78mg/ml. The 

minimum detection limit of a PI peak was approximately 3µg/ml. This confirms 

that the range of PI concentrations used in standard curves in the PI studies in 

this Thesis (6.25-400µg/ml) and the absorbance readings of samples were 

within the limits of detection of the HPLC system, signifying accurate results.  

 

3.3.5  Preparing the PI MN coating formulation 
Aliquots of PI powder were thawed and spun in a microcentrifuge at 5000G, as 

previously described and the solvent was added in a ratio of 100mg of powder 

to 1ml of solvent. The solvents investigated in this chapter were 0.2M AA, 0.2M 

AA/ 20% red dye and 0.2M AA/ 0.5% Tween® 80. The formulation was 

vortexed intermittently for 2-3 minutes, until clear of aggregates. In initial 

studies, the formulation was then sonicated for 20 - 40 minutes in an ultrasonic 

bath with a power of 600W. However, the sonication step was subsequently 

eliminated as there was a concern that sonication could potentially affect PI 

structure/ stability.  
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Whilst the ideal method to prepare a PI solution of known concentration would 

have been to use volumetric flasks, PI was in limited supply, the volumes 

required for practical use were in the microlitre range and the displacement 

value for PI was unknown. Therefore, for the purposes of preparing a PI coating 

formulation in this Thesis, the solvent was added to the PI in a ratio of 1ml to 

100mg, respectively. This is referred to throughout the Thesis as “PI coating 

formulation”. The concentration of the coating formulation was, therefore, 

calculated retrospectively using an accurate standard concentration curve 

produced using HPLC. The concentration of the coating formulation when 0.2M 

AA was used as the solvent was 81.74 ± 4.44mg/ml (n= 13). The concentration 

of the coating formulation when 0.2M AA/ 0.5% Tween® 80 was used as the 

solvent was 82.91 ± 7.98mg/ml (n= 58). 

 

3.3.6  MN coating 

The MN coating method described in detail in section 2.3.8 was used in all 

coating studies. A volume of 0.5µl of the PI coating formulation was coated over 

30 individual MNs, organised in a 3 x 10 arrangement. This is referred to as a 

set of MNs.  

 

3.3.7  Initial quantification of MN coating 

A set of MNs coated in 81.74mg/ml PI in 0.2M AA was placed in a well of a 24 

well plate to which 300µl of 0.2M AA was added. After a 30 minute incubation 

period at room temperature, the MNs were repeatedly rinsed with the contents 

of the well to recover the coated PI. The pipette tips used for the coating 

procedure were added to a 1.5ml microcentrifuge tube containing 80µl of 0.2M 

AA and the contents were removed by repeated rinsing. The submerged pipette 

tip was then incubated at room temperature for 30 minutes and removed. 

Washings from both the MNs and the pipette tips were then analysed using 

HPLC. Control solutions were prepared by adding 0.5µl of PI coating 

formulation to 299.5µl of 0.2M AA in order to ascertain the mass of PI present in 

0.5µl of the coating formulation. Control solutions were also analysed using 

HPLC. The mass of PI present in the samples was calculated from the 

interpolated PI concentrations using Equation 3-1. 

 

!
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Equation 3-1: Equation used to calculate the mass of PI from the interpolated 
concentration generated through HPLC analysis. 

Mass of PI (µg) = 

Interpolated PI concentration (µg/ml)  × 

(volume of solvent used to wash the MNs or pipette tips / volume of control 

solution (µl) ÷ 1000) 

 

3.3.8  In vitro MN de-coating for PI recovery 
The use of sonication was investigated as a tool for improvement of the in vitro 

MN de-coating process for PI recovery for quantification (MN washing). A drop 

of 0.5µl of the PI coating formulation (81.74mg/ml PI in 0.2M AA) was placed on 

the plate of 1 MN array. The array was placed in a well of a 24-well plate, to 

which 300µl of 0.2M AA was added. The pipette tips used to apply the 0.5µl 

drop were added to a 1.5ml microcentrifuge tube containing 100µl of 0.2M AA. 

The 24-well plate containing the MNs and the microcentrifuge tubes containing 

the pipette tips were sonicated for 5, 10 or 30 minutes in an ultrasonic bath with 

a power of 600W and washings were collected for analysis. Control solutions 

were prepared as previously described (section 3.3.7). All samples were 

analysed using HPLC and the mass of PI present in the samples was 

calculated using Equation 3-1. The MN arrays and pipette tips were re-washed 

by sonication for 5 or 10 minutes in 200µl and 100µl of 0.2M AA, respectively. 

Washings were collected and analysed using HPLC.  

 

3.3.9  Determining the effect of Tween® 80 and filtration 

on PI HPLC analysis 
In order to determine if Tween® 80 affects the HPLC analysis of PI, PI dilutions 

(6.25-400µg/ml) were prepared in 0.2M AA from a 1mg/ml stock solution, as 

described in section 3.3.4.2. The samples were spiked with 0.2M AA/ 0.5% 

Tween® 80 to give a final concentration of approximately 0.0005% Tween® 80. 

In a separate experiment, in order to determine if sample filtration affects the 

HPLC analysis of PI, PI dilutions (6.25-400µg/ml) were prepared and filtered 

using a 0.45µm polyvinylidene fluoride (PVDF) syringe filter. The samples were 

analysed using HPLC, generating standard curves and were compared against 

samples without Tween® 80 or unfiltered samples. 

!
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3.4 Results 

 

3.4.1  Visible solubility tests 

PI was reconstituted in a variety of different solvents (listed in section 3.3.3) with 

pHs ranging from 2.0 to 8.42, in order to identify an appropriate solvent for 

reconstitution of PI for HPLC analysis. The majority of solvents created a visibly 

transparent formulation when observed without fibre optic lights. However, fibre 

optic lights provided greater illumination of the samples and highlighted minor 

insoluble, suspended components, which were homogenously distributed and 

resulted in a slight white, translucent appearance of the formulation. This varied 

depending on PI concentration and solvent used. On close observation, minor 

suspended particles were also present in the control (solvent only) samples but 

this did not result in a white, translucent appearance. This indicates that the 

experimental methodology may have introduced particles such as dust into the 

vials. The lower pH solvents (AA in particular) were identified as the most 

appropriate for reconstitution of PI. PI appeared transparent when observed 

with and without fibre optic lights and, therefore, appeared to be in solution at a 

concentration of 1mg/ml in both 0.2M AA (pH2.57) and 3.55M AA (pH2.00). For 

this reason, 3.55M AA was preliminarily investigated as a solvent for PI during 

initial HPLC development. Subsequently, all further HPLC studies were 

conducted using 0.2M AA (as discussed in section 3.3.4.3).   

 

3.4.2  MN coating formulation development 

The PI suppliers, Biomm S.A., Brazil, indicated that the PI was soluble in the 

solvent, 0.2M AA, when the solvent was added in a ratio of 100mg of PI powder 

to 1ml of solvent. Therefore, PI was reconstituted in this manner in 0.2M AA (pH 

2.57), resulting in a concentration of 81.74mg/ml (as described in section 3.3.5) 

and a pH of 4.55. The formulation was sonicated for 20 minutes and visual tests 

were conducted to investigate solubility. The formulation appeared transparent 

against both a black and white background, without illumination using fibre optic 

lights. However, with fibre optic light illumination, the sample had a translucent, 

white appearance and appeared to be a homogenous suspension.  

!
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3.4.3  Evaluating the capacity of MNs for the coating 

formulation 

A PI coating formulation was prepared in 0.2M AA containing red dye, as 

previously described (section 3.3.5) and sonicated for 40 minutes. Sets of MNs 

were coated in a total volume of either 0.5µl or 1µl of formulation. The 

formulation wetted the MNs appropriately and was viscous enough to be 

retained on the MNs until dried. A 0.5µl volume of formulation was coated over 

a set of MNs in approximately 8 minutes and the MNs retained their triangular 

shape and sharpness (Figure 3-9A). However, a 1µl coating volume changed 

the MN shape and they appeared less sharp (Figure 3-9B).  

 

 
Figure 3-9: MNs coated in PI coating formulation containing red dye. 

Set of MNs coated in a total volume of 0.5µl (A) and 1µl (B) of formulation. Scale bar: 
1000µm. 

 

3.4.4  Preliminary quantification of MN coating  

Sets of MNs were coated in 0.5µl of a 81.74mg/ml PI in 0.2M AA coating 

formulation that had been sonicated. MNs and pipette tips were washed in 0.2M 

AA, as described in section 3.3.7, in order to recover the coated PI on the MNs 

and the PI remaining in the pipette tips, for quantification. As previously 

explained, the mass of PI recovered from the MNs and pipette tips 

demonstrates the mass of PI that can be coated on the MNs and the mass of PI 

remaining in the pipette tip after coating, respectively. The mass of PI coated on 

and recovered from the MNs was variable (15.52 ± 6.12µg; n=6), while the 

results for the control solutions (38.98 ± 1.50µg; n=6) and the mass remaining 

in the pipette tips (6.18 ± 0.91µg; n=6) were more reproducible (Figure 3-10). 

The coating procedure was challenging as the formulation was not wetting the 

A" B"
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MNs easily. In addition, the formulation was drying in the pipette tip prior to 

being coated. The coating duration also varied between 8 and 15 minutes, with 

the longer times causing fatigue for the operator. 

 

 
 

Figure 3-10: Preliminary quantification of MN coating. 
The mass of PI (as determined by HPLC) in the control solution, coated on and 

recovered from MNs (coated on MNs) and recovered from/ remaining on pipette tips 
used for coating (pipette tips). PI coating formulation used in this study was 

81.74mg/ml PI in 0.2M AA. The horizontal line is the mean ± standard deviation of the 
mass of PI (n=6). 

 

 

3.4.5  Optimising MN de-coating for PI recovery 
The effectiveness of the in vitro MN de-coating process for recovery of PI for 

quantification was investigated. This was done in order to ascertain if an 

inefficient method of recovery of PI was responsible for the low and variable PI 

coating (Figure 3-10). The in vitro MN de-coating process for PI recovery will 

also be referred to as “washing” throughout the Thesis. Sonication was 

investigated as a tool to potentially improve the washing process. For these 

studies, the MNs were not coated, but a drop of 0.5µl of PI coating formulation 

(81.74mg/ml PI in 0.2M AA) was placed on the MN plate and subsequently 

washed and sonicated for varying durations, in order to recover the PI 

(described in section 3.3.8). An increase in mass of PI recovered from the MNs 

was observed as sonication duration increased; 5 minutes (32.06 ± 2.95µg; 
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n=7), 10 minutes (35.58 ± 2.08µg; n=4), 30 minutes (37.00 ± 1.62µg; n=3) 

(Figure 3-11).  

 

 

 
Figure 3-11: In vitro MN de-coating for recovery of PI investigation. 

The mass of PI (as determined by HPLC) in the control solution, recovered from MN 
plate after applying a 0.5µl drop of coating formulation to the MN plate (MNs) and 

recovered from pipette tips used to apply the drop of coating formulation (pipette tips). 
MNs and pipette tips were washed in 0.2M AA by sonication for 5, 10 or 30 minutes. PI 
coating formulation used in this study was 81.74mg/ml PI in 0.2M AA. The horizontal 
line is the mean ± standard deviation of the mass of PI (n=7 for “5 mins”, n=4 for “10 

mins” and n=3 for “30 mins”). 

 

The MN arrays and pipette tips were re-washed and re-sonicated in 0.2M AA, 

24 hours later, in order to confirm that all the PI was washed off the MN plate 

and the pipette tips. All readings were below the HPLC limit of detection, 

indicating that minimal PI remained on the MN arrays and pipette tips after the 

first washing process.  

 

The chromatogram generated when a set of MNs was coated in 0.5µl of the 

formulation and washed in 0.2M AA without sonication is shown in Figure 3-
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12A. The chromatograms generated when a drop of 0.5µl of formulation was 

placed on the plate of a single MN array and washed in 0.2M AA by sonication 

for 5, 10 or 30 minutes is shown in Figure 3-12B, C and D, respectively. The 

blue lines in each chromatogram represent a MN/ set of MNs consisting of no PI 

formulation and washed in the same way. The shape of the chromatograms 

generated following sonication for 5 (Figure 3-12B) and 10 minutes (Figure 3-

12C) are comparable with no obvious extra peaks and a steady baseline.  The 

chromatograms for the 5 and 10 minute sonicated samples also had a 

comparable shape to the non-sonicated sample (Figure 3-12A). However, the 

sonicated samples generated larger tails on both sides of the PI peak. The peak 

height and area and, therefore, interpolated PI concentration were higher in the 

sonicated samples than the non-sonicated sample. However, when the MNs 

were washed by sonication for 30 minutes, extra peaks were generated, which 

were also present in the chromatogram of the negative control MN, that did not 

have PI formulation placed on the MN plate (blue line) (Figure 3-12D). Some 

difficulties were observed with the sonication process, such as loss of some 

samples through evaporation and an increase in ultrasonic bath temperature 

during the longer sonication duration.  

 

To this point, the PI coating formulation preparation process had included 20 

minutes of sonication. However, there was a concern that sonication of the PI 

coating formulation for 20 minutes may damage or denature the PI. Therefore, 

in all future work, the sonication step was omitted from the PI coating 

formulation preparation process. 
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Figure 3-12: HPLC chromatograms of PI recovered from MN arrays. 
A. Set of MNs coated in 0.5µl of 81.74mg/ml PI in 0.2M AA (PI coating formulation) and 
washed in 0.2M AA (without sonication). One 0.5µl drop of PI coating formulation was 

placed on the plate of one MN array and washed in 0.2M AA by sonication for 5 (B), 10 
(C) or 30 (D) minutes. Black: MNs with PI. Blue: MNs without PI (negative control). X 

axis: time (minutes), Y axis: absorbance (mAU). 
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3.4.6  Addition of an excipient to the PI coating 

formulation 
As previously mentioned (section 3.4.4), the manual coating procedure using 

the 81.74mg/ml PI in 0.2M AA coating formulation was technically challenging. 

This was possibly a result of a sub-optimal coating formulation, as the 

formulation was too viscous, the surface tension was too high and the 

formulation was drying in the pipette tip.   

 

When red dye was added to the formulation, the formulation was wetting the 

MNs more easily, the coating time was more consistent and the formulation was 

not drying in the pipette tip. The time taken to coat the MN arrays became more 

consistent between MN sets (7-8 minutes per MN set). It was suspected that 

the presence of the non-ionic surfactant, Tween® 80 (polysorbate 80), in the 

red dye was responsible for this improvement. Therefore, the solvent 0.2M 

AA/0.5% Tween® 80 (pH 2.71), was prepared and used to reconstitute the PI 

powder by adding the solvent in a ratio of 100mg of PI powder to 1ml of solvent. 

This generated an 82.91mg/ml formulation, with a pH of 4.50. When viewed 

without fibre optic light illumination, the PI formulation was transparent and 

exhibited a slight yellow colour compared to solvent alone. However, the 

illumination of fibre optic lights confirmed that the formulation was a 

homogenous suspension. Therefore, 82.91mg/ml PI in 0.2M AA/ 0.5% Tween® 

80 was identified as an appropriate PI MN coating formulation and was used in 

all future studies in chapters 4 and 5.  

 

3.4.7  Determining the effect of Tween® 80 on the HPLC 

analysis of PI 
Inclusion of Tween® 80 in the coating formulation necessitated determination of 

its compatibility with the established PI HPLC method. The maximum 

concentration of Tween® 80 that was likely to be present in any samples 

analysed by HPLC in this Thesis was 0.0005%. Therefore, dilutions of PI in 

0.2M AA were spiked with Tween® 80 (approximate final concentration 

0.0005%) and evaluated by HPLC. Unpaired t tests showed no significant 

difference between the standard curves produced for the PI samples without 

Tween® 80 and those spiked with Tween® 80 (Figure 3-13). At the lowest 
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concentration tested, 6.25µg/ml, there was a statistically significant difference 

but this is close to the limit of detection. The shape of the chromatograms also 

did not change on the addition of Tween® 80 as demonstrated in the overlaid 

chromatograms in the Appendix (Figure A-5). Therefore, the presence of 

Tween® 80 at concentrations used in this Thesis did not affect the HPLC 

analysis of PI. 

 

!
 

Figure 3-13: PI HPLC standard curve - effect of Tween® 80. 
PI standard curve of peak area at 212nm, measured by HPLC and analysed by linear 

regression (6.25-400µg/ml). Black: samples not spiked with Tween® 80.  Red: samples 
spiked with approximately 0.0005% Tween® 80. Data points are mean ± standard 

deviation of peak area (n=3). *p ≤ 0.05, unpaired t test. 

 

3.4.8  Determining the effect of sample filtration on HPLC 

analysis of PI 
Future experiments (chapter 4) will involve testing delivery of PI from coated 

MNs to mouse skin. This will require the washing of coated MNs that have been 

in mouse skin in order to recover and quantify any remaining PI. Since mouse 

skin consists of fur, it will be necessary to filter the samples of PI recovered 

from the MNs that have been applied to mouse skin, to avoid blockage of the 

HPLC system. Therefore, it was necessary to determine if filtration of PI 
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samples affected HPLC analysis using the established HPLC method. Dilutions 

of PI were prepared (6.25-400µg/ml) with or without filtration through a 0.45µm 

syringe filter and the samples were analysed. Unpaired t tests showed a 

significant difference between the standard curves produced for the filtered and 

unfiltered samples, except at 400µg/ml (Figure 3-14). Although no clear 

difference was observed in the chromatograms between the filtered and 

unfiltered samples (as demonstrated in the overlaid chromatograms in the 

Appendix- Figure A-6), filtration of samples does significantly affect HPLC 

analysis. Therefore, during mouse skin delivery studies (Chapter 4), the 

concentration of any filtered PI samples were interpolated from a standard 

curve generated from filtered PI samples. 

 

 
Figure 3-14: PI HPLC standard curve - effect of filtration. 

PI standard curve of peak area at 212nm, measured by HPLC and analysed by linear 
regression (6.25-400µg/ml). Black: unfiltered samples. Blue: samples filtered through a 
0.45µm syringe filter. Data points are mean ± standard deviation of peak area (n=10). 

****p<0.0001, * p≤ 0.05, unpaired t tests. 
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3.5 Discussion 

It was necessary to identify a solvent that could solubilise PI to enable 

quantification. PI and insulin have comparable solubility and isoelectric points 

(Steiner et al. 1973; Steiner et al. 2016); pH 5.2 for PI (Chan et al. 1987; SIB 

2018b) and pH 5.3 for insulin (Landreh et al. 2012). However, it has been 

reported that PI may be more soluble than insulin (Fullerton et al. 1970). PI 

solutions of 20-30mg/ml were prepared at neutral pH and solutions of 50mg/ml 

were achievable in acidic pH 2.0-3.0 (Fullerton et al. 1970). Previous studies 

have illustrated that different solvents can be used to solvate insulin and PI 

(Table 3-5). Recommended reconstitution instructions are also available in 

datasheets supplied with commercial PI and insulin.  
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Table 3-5: Examples of solvents used to reconstitute PI, PI peptides and insulin. 

 Solvent and concentration Use Reference 
PI 1mg/ml in Tris buffer (0.05M Tris, 

0.005M CaCl2, HCl to bring to pH 
7.5) 

Enzymatic conversion of 
proinsulin 

(Given et 
al. 1985) 

1mg/ml in Tris-HCl (pH 8.5)  Preparation and 
purification of PI for 
HPLC analysis 

(Huang et 
al. 2005) 

100µg/ml in PBS Subcutaneous injection 
in mice and preparation 
of standards for 
radioimmunoassay 

(Wang et 
al. 2014; 
R&D 2016)  

100µg/ml in 3M acetic acid with 
0.1% HSA (human serum 
albumin) 

Reversed-phase HPLC 
analysis 

(Linde et al. 
1991) 

PI 
peptides 

C13-32, C19-A3, C22-A5 at 10-
100µg/ml in PBS 

Intradermal injection in 
mice 

(Gibson et 
al. 2015) 

Insulin B9-23 in 1.25mg/ml PVA 
2000, 31.25% 2-methyl-2-
butanol, 12.5% acetic acid in 
water 

MN and ID injection in 
mice 

(Zhao et al. 
2016) 

Insulin 15mg/ml in HCl (pH3.0), then 
diluted further in PBS to 15µg/ml 

Subcutaneous injection 
in mice 

(Wang et 
al. 2014) 

Insulin glargine in water (pH4.0) 
containing zinc and glycerol 
 

Subcutaneous injection 
in mice 

(Brezar et 
al. 2012) 

100µg/ml in 3M acetic acid with 
0.1% HSA (human serum 
albumin) 

Reversed-phase HPLC 
analysis 

(Linde et al. 
1991) 

110µM in 20mM acetic acid 
(pH4.0) or ammonium acetate 
(pH 5.0, 6.0, 7.0 or 8.0 adjusted 
using HCl or ammonia) 

Turbidimetry 
measurements  

(Landreh et 
al. 2012) 

700µg/ml stock solution in 
acetate buffer (pH 4.7) 

HPLC analysis (Sarmento 
et al. 2006) 

200IU/ml insulin in PBS (pH7.4) Cotton piece soaked in 
formulation applied to 
MN- treated mouse skin 

(Zhou et al. 
2010) 

Insulin solutions and suspensions 
available for human use prepared 
in water for injections and 
excipients with/ without HCl or 
NaOH for pH adjustment 

Pharmaceutical 
preparations for type 1 
diabetes management 

(Datapharm 
2018) 

20mg/ml 0.01M HCl;        
10mg/ml in pH 2.0-2.5;                
1-10mg/ml in 1% AA or HCl (pH 
2-3) or 125mM NaHCO3 (but high 
pH not recommended because of 
increased deamidation and 
aggregation rate) 

Cell culture, in vitro and 
in vivo studies 

(Sigma-
Aldrich 
1999; 
SAFC-
Biosciences 
2006; 
Sigma-
Aldrich 
2018) 
 

!
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In this Thesis, a range of solvents and pH values were evaluated for PI 

reconstitution. The visual solubility tests indicated that PI can be reconstituted in 

different solvents of different pH, yielding solutions or homogenous 

suspensions. Since Biomm PI is not purified (approximate purity level 90%), the 

remaining 10% impurity are likely to be E.coli impurities or DNA fragments that 

would account for the minor suspended components observed (section 3.4.1). 

The solubility of PI/ insulin in acids has been previously reported (Table 3-5). 

The solvent used in the coating formulation was 0.2M AA, as advised by the PI 

suppliers. Therefore, 0.2M AA was subsequently also used to reconstitute PI for 

HPLC analysis and MN washing for recovery of coated PI (discussed further in 

section 3.3.4.3). This ensured that the solvent used in all aspects of the study 

was comparable. 

 

When developing the PI MN coating formulation, it was important to identify a 

solvent that would enable reconstitution of PI at a high concentration. A MN 

coating formulation should be a solution or a homogenous suspension to 

ensure that a known volume contains a reproducible dose of the active drug. As 

previously mentioned, Biomm, S.A. advised that PI was soluble in 0.2M AA at a 

high concentration when the solvent was added in a ratio of 100mg of PI 

powder to 1ml of solvent. The visual solubility tests conducted in this chapter 

confirmed that when PI was reconstituted in 0.2M AA to prepare the coating 

formulation, as previously described (section 3.3.5), a homogenous suspension 

was generated. AA has been used in the MN coating formulations of the 

pancreatic autoantigens WE14 (15% AA), BDC2.5 mimotope (11% AA) and B9-

23 (12.5% AA), as well as Epstein-Barr Virus peptide (59% AA) (Zhao et al. 

2016). At just 1.15% v/v the concentration of AA used in the PI coating 

formulation is lower than those previously reported. AA is used in 

pharmaceutical products mainly for pH adjustment (Chambliss 2017). It is 

generally non-toxic and non-irritant and has been used topically at 

concentrations of up to 10% (Chambliss 2017). AA is a GRAS substance (FDA 

2018a) and is listed by the U.S. Food and Drug Administration (FDA) (2018b) 

as an inactive ingredient in various approved drug products (more detail in 

Chapter 6). AA is, therefore, a clinically appropriate excipient in the PI coating 

formulation, at the concentration used. The high concentration of the PI 

formulation means that a potentially, therapeutically relevant dose will be 
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present in a small volume of the formulation. This ensures that the coating on 

each MN is not too thick. Coatings that are too thick are more likely to be wiped 

onto the skin surface upon insertion instead of being deposited in the skin (Gill 

and Prausnitz 2007b). In addition, increasing the volume of the coating is more 

likely to change the geometry of the needle, as observed when a volume of 1µl 

of PI coating formulation was coated over a set of MNs (Figure 3-9B). This may 

change the puncturing ability of the MNs as the MN tip may be blunted (Ameri 

et al. 2014). In addition, a high concentration of solute inherently increases the 

viscosity of a formulation. This was reported by Ameri et al. (2014) and Cormier 

et al. (2004) who found that viscosity enhancers were not required in the 

200mg/ml recombinant Human Growth Hormone (rHGH) and 24-40% 

desmopressin coating formulations, respectively. This may also explain why a 

viscosity enhancer was not required in the PI coating formulation. Therefore, an 

81.74mg/ml PI in 0.2M AA formulation was investigated initially as a coating 

formulation and the pH of the resulting formulation was 4.55, demonstrating that 

PI raises the pH of 0.2M AA (pH 2.57).  

 

In initial studies, a sonication time of 20 minutes was used to potentially 

improve solubility of the coating formulation. Sonication is used widely in the 

medical and scientific industries. Briefly, an ultrasonication instrument will have 

an ultrasonic generator which transforms electrical energy into ultrasonic waves 

(Nascentes et al. 2001). These ultrasonic waves cause cavitation, which is the 

development, expansion and implosive collapse of gas bubbles, generating 

high temperatures and pressures (Nascentes et al. 2001; Soquetta et al. 2017; 

Zhu et al. 2018). Sonication has been found to improve the solubility of proteins, 

DNA and small molecule drugs including soy protein isolates (Jambrak et al. 

2009), black bean protein isolates (Jiang et al. 2014), walnut protein isolate 

(Zhu et al. 2018) and piroxicam (Pereira et al. 2016). These studies used 

sonication powers of 100-600W and durations ranging from 2-30 minutes. In 

these cases, sonication is thought to work by the implosion of the cavitation 

bubbles disturbing the forces holding the protein together, resulting in protein 

unfolding and release of small, soluble proteins/ peptides (Jambrak et al. 2009; 

Jiang et al. 2014). Protein unfolding increases protein and solvent molecule 

interaction (Jiang et al. 2014). The smaller protein/ peptide size generated by 

sonication increases the surface area of the protein/ peptide, increasing its 
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solubility and the same is true for small molecule drugs (Pereira et al. 2016). 

Therefore, sonication has been found to increase the speed and extent of 

solubility and since the PI coating formulation was highly concentrated, it was 

sonicated in initial studies. However, as previously mentioned, there was a 

concern that sonication of the PI coating formulation for 20 minutes may affect 

the stability/ cause degradation of PI. Therefore, the sonication step was 

subsequently eliminated from the coating formulation preparation process.   

 

Red dye was added to the coating formulation in order to visualise the coating 

on MNs. The aim was to confirm coating volumes that were localised 

exclusively to the MN tips and shaft, and this was achieved. This indicates that 

the viscosity of the formulation was appropriate, possibly resulting from the high 

PI concentration, since viscosity increases with protein concentration. The 

change in shape and reduction in tip sharpness when coated in 1µl of coating 

formulation is not desirable as this may affect the puncture of the skin (Ameri et 

al. 2014), as previously mentioned, which may in turn affect delivery. An 

example of MN loading dose affecting delivery has been reported by Cormier et 

al. (2004) who studied the delivery of desmopressin from coated titanium MNs 

to hairless guinea pig skin. The authors found that coating MNs significantly 

reduced MN penetration depth compared to uncoated MNs. The lowest loading 

dose of 23µg resulted in a delivery efficiency of 79%, while a loading dose of 

80µg resulted in a delivery efficiency of 37%. As the loading dose increased, 

the mass of desmopressin recovered from the skin surface and remaining on 

the MNs upon removal from the skin increased. The increased dose and thicker 

coating meant that there was not enough interstitial fluid to completely remove 

the high mass of desmopressin from the MNs (Cormier et al. 2004). In addition 

to effect on skin puncture and delivery, the longer duration taken to coat 1µl of 

the PI coating formulation on to the MNs, as opposed to 0.5µl, increased 

operator fatigue in a manual process and increased the chance of the 

formulation drying in the pipette tip before it was coated. Therefore, a coating 

volume of 0.5µl was deemed most appropriate. However, a limitation of the 

studies in this chapter is that only 2 volumes of formulation were tested (0.5µl 

and 1µl) and no comparison was made between the coated volumes with 

regard to skin puncture or delivery. If required, future work could involve 
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comparing the puncture and delivery achieved when a range of volumes of 

coating formulation is coated on the MNs. 

 

The variability observed in the initial coating quantification tests may have been 

a result of the in vitro MN de-coating process (MN washing process), the mass 

coated on the MNs or a combination of both. The manual MN washing process 

may not have been vigorous enough to remove the coating. Additionally, 300µl 

of AA may not have been a sufficient volume to cover the MNs during washing 

and to mechanically remove and/ or solubilise the coated PI. Therefore, the MN 

washing process for PI recovery was investigated. In vitro de-coating of MNs for 

subsequent quantification of the coated material has been performed in 

previous studies (Table 3-6).  

 
Table 3-6: In vitro MN de-coating (MN washing) techniques for recovery of coated 

material. 

MN system MN washing method Reference 

Stainless steel MNs coated 

in siRNA formulation 

MNs washed in 150µl of siRNA buffer 

for 5 minutes and siRNA concentration 

determined using Nanodrop 

spectrophotometer 

(Chong et al. 

2013) 

Stainless steel MNs coated 

in H5N1 influenza virus-like 

particles (VLPs) 

Coating eluted in PBS for 

quantification using protein assay kit 

(Song et al. 

2010) 

Titanium MNs coated in a 

desmopressin formulation 

MNs washed in 1ml of water for 10 

minutes and UV absorbance 

measured at 275nm 

(Cormier et al. 

2004) 

Stainless steel MNs coated 

in inactivated influenza 

virus 

MNs incubated at 4°C in PBS for 12 

hours and mass of virus vaccine 

determined using BCA protein assay 

(Kim et al. 

2010) 

Stainless steel MNs coated 

in riboflavin 

MNs immersed in deionised water and 

vortexed for 1 minute. Concentration 

of riboflavin measured by calibration 

fluorescence spectroscopy 

(Gill and 

Prausnitz 

2007b) 
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The MN washing method for recovery of PI for quantification used in this 

chapter was similar to the previously reported studies. The MNs were washed in 

a set volume (300µl) of 0.2M AA and the recovered PI was analysed by HPLC 

to give a concentration, which was then converted into a mass based on the 

volume of AA used to wash the MNs. 

 

Sonication has been used for many applications, including cleaning of jewellery 

and of dental and medical equipment (Stathopulos et al. 2004; Mason 2016). 

This works as the implosion of the cavitation bubbles forms a powerful jet 

against the surface of the item causing dislodging and removal of dirt and 

microbiological material from the surface (Mason 2016). Cleaning by sonication 

is efficient as it ensures the small crevices and hard to reach parts of an item 

are cleaned (Mason 2016), which is very useful for MNs. Sonication was, 

therefore, investigated as a means to enhance the MN washing process prior to 

quantification of the coated material. In these studies, a 0.5µl drop of coating 

formulation was placed on the base plate of the array to simply test if sonication 

could enhance removal of the coating formulation from the steel surface of the 

MNs. Sonication increased the removal of PI from MNs and improved the 

consistency of this removal. The longer the sonication process, the more PI was 

removed from the MNs and with higher reproducibility. The increased 

reproducibility in PI recovery from the MNs, in turn, permits accurate inference 

of mass of coated PI. These sonication tests demonstrated that sonication for 5 

or 10 minutes is beneficial in recovery of coated PI from MNs but 30 minutes is 

too long. The chromatograms generated from sonication for 30 minutes (Figure 

3-12D) indicated that the sonication process may have removed debris from the 

MN array itself, which in turn affected the PI peak. As previously mentioned, 

sonication can change the structure of proteins, including protein unfolding and 

reducing the particle size (Jambrak et al. 2009; Jiang et al. 2014; Zhu et al. 

2018). Zhu et al. (2018) found that sonication of walnut protein isolates did not 

cause peptide bond breakage indicating that the primary structure of the protein 

was not broken. However, the secondary structure of the protein was affected 

by sonication with fewer α- helices and more β-sheets present as a result of a 

disruption in hydrogen bonds (Zhu et al. 2018). Furthermore, the free radicals 

generated by sonication cause generation of protein radicals which undergo 

various reactions including oxidation and cleavage reactions, reducing the 
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stability of the protein and leading to aggregate formation. This, in turn, reduces 

the solubility of the protein (Stathopulos et al. 2004). Therefore, sonication can 

cause disruption or denaturation of the protein and the wide PI peak and extra 

peaks generated in the chromatogram (Figure 3-12D) may demonstrate the 

denaturation of PI. Additionally, the long sonication duration increased the 

temperature in the ultrasonic bath, as previously reported (Pereira et al. 2016). 

The increase in temperature may cause denaturation or a change in the 

solubility of PI. However, sonication for 5 or 10 minutes does not provide 

sufficient time to cause a large increase in temperature, further demonstrating 

the appropriateness of sonication for not more than 10 minutes. A limitation of 

this test is that the non-sonicated control used was a set of coated MNs instead 

of a MN array with a 0.5µl drop of coating formulation on the base plate. In case 

this impacted on results, more appropriate controls were used in future MN 

washing studies (chapter 4). The difficulties faced during these studies (e.g. 

evaporation of samples) indicated that further studies were required to optimise 

the MN washing process for recovery of PI. 

 

The coating formulation may also have been a major contributing factor to the 

variability observed in the initial quantification of coating. The coating procedure 

was technically challenging as the formulation did not leave the pipette tip easily 

or wet the MNs uniformly, indicating a sub-optimal surface tension. The coating 

duration was variable, possibly contributing to the variability in results. 

Therefore, the non-ionic surfactant Tween® 80 (polysorbate 80) (Strickley 

2004) was added to the formulation to reduce the surface tension, resulting in 

an immediate improvement in the coating procedure and more uniform coating. 

Further advantages of the use of Tween® 80 include its low toxicity and its 

efficacy at low concentrations (Agarkhed et al. 2013). Tween® 80 is listed as an 

inactive ingredient in approved pharmaceutical products by the U.S. FDA 

(2018b) (more detail in Chapter 6). It has been used as a solubilising excipient 

in oral and injectable pharmaceutical formulations (Strickley 2004). For 

example, Tween® 80 is an excipient in Rapamune oral solution (Strickley 

2004). In marketed, injectable formulations (intramuscular, intravenous bolus/ 

infusion), Tween® 80 is present at a range of 0.075-100% (Strickley 2004), but 

formulations can be diluted prior to administration. For example, 100% 

polysorbate 80 is used as the solvent for Docetaxel IV infusion, but this is 
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diluted 50- to 100- fold prior to infusion (Strickley 2004). Tween® 80 is also 

used as a stabiliser in protein formulations, preventing aggregation (Agarkhed 

et al. 2013). A dissolving MN array for the delivery of vitamin K has been 

developed consisting of Tween® 80 to improve solubility of the hydrophobic 

vitamin K in water (Hutton et al. 2018). A study investigating the MN spray-

coating technique found that the addition of 1% Tween® 80 to a spray-coating 

solution of carboxymethylcellulose (CMC) caused a reduction in surface tension 

allowing coalescence of the film coat and a uniform coating on the silicon MN 

arrays (McGrath et al. 2011). Tween® 80 has also been included at a 

concentration of 0.5% in a spray-coating formulation of a purified influenza X31 

virus, as well as in adenovirus (Adv) and modified vaccinia virus Ankara (MVA) 

formulations (Vrdoljak et al. 2012). The surfactant Tween® 20 (polysorbate 20), 

has been used for its surfactant properties and as a stabiliser in rHGH (Ameri et 

al. 2014) and desmopressin (Cormier et al. 2004) coating formulations. The final 

PI coating formulation used for all further studies in this Thesis was, therefore, 

identified as 82.91mg/ml PI in 0.2M AA/ 0.5% Tween® 80. 

 

 

3.6 Conclusion 

A high-throughput PI HPLC quantification method has been developed which is 

able to detect the PI concentrations used in MN coating and delivery studies 

(6.25-400µg/ml). An appropriate solvent, 0.2M AA, has been identified for 

reconstitution of PI in the coating formulation, reconstitution of PI samples for 

HPLC analysis (e.g. preparation of standards) and for in vitro de-coating of MNs 

for PI recovery for quantification. A highly concentrated PI MN coating 

formulation has been developed and includes Tween® 80 to optimise surface 

tension, thus enabling uniform coating over the MNs and a consistent coating 

time. To characterise coating, a 5-10 minute sonication time can be used to aid 

removal of PI from the MN arrays when evaluating the coated dose. However, 

further work is required to optimise the in vitro MN de-coating process for 

recovery of PI. Once this is achieved, MN coating and skin delivery can be 

investigated.  

!
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Chapter 4- MN coating and delivery of PI 
 

4.1 Introduction 

In the previous chapter, a PI MN coating formulation and a sensitive, high- 

throughput HPLC system for quantification of PI were developed. This chapter 

demonstrates the use of the newly developed coating formulation and HPLC 

method to investigate and quantify the coating of PI on to MNs and the delivery 

of the coated PI into the skin in preparation for subsequent in vivo, 

immunological studies. 

 

As introduced in Chapter 1, coated MN systems have been studied for the 

delivery of a range of therapeutics. The coating and delivery achieved in some 

previous studies as well as details about coating formulations and MNs used 

have been summarised in Table 4-1 and will be compared against the findings 

from the results of this chapter in section 4.5. 
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Table 4-1: Examples of coating and delivery efficiency of coated MNs reported in the 
literature. 

Coating 
formulation 

Microneedles Coating Delivery Reference 

24 or 40% 
desmopressin 

Titanium, 321 
MNs/ cm2 
(642 MNs 
total), 200µm 
length 

23- 
82µg 

Guinea pig skin: 
17-34µg delivered (overall 
average 25µg), 37-79% 
coated dose; 5 -15 min 
application 

(Cormier et 
al. 2004) 

200mg/ml 
recombinant 
human 
growth 
hormone 
(rHGH) 

Titanium, 580 
MNs/ cm2 
(1740 MNs 
total), 340µm 
length 

500µg Guinea pig skin: 
334µg delivered 
(approximately 70% coated 
dose); 1 hour application 

(Ameri et 
al. 2014) 

Parathyroid 
hormone 

Titanium, 
1300 MNs 
total, 190µm 
length 

30µg Human skin: 
≥ 80% delivery efficiency; 
30 min application 

(Daddona 
et al. 2011) 

70mg/ml 
siRNA 

Stainless 
steel, 10 
needles total, 
700µm length 

35µg Mouse paw:  
20-30µg delivered (50-85% 
coated dose);  
20 min application 

(Chong et 
al. 2013) 

1mg/ml 
inactivated 
influenza 
virus 

Stainless 
steel,  
5 needles 
total, 700µm 
length   

0.4µg Mouse skin:  
70% of coated dose 
delivered;  
10 min application  

(Kim et al. 
2010) 

3% vitamin B Stainless 
steel, 5 
needles total, 
750µm length 

7.86µg Porcine cadaver skin:  
7.18µg delivered (90% 
coated dose);  
5 min application 

(Gill and 
Prausnitz 
2007a) 

Plasmid DNA 
cocktail 

Stainless 
steel, 30 
needles total, 
400µm length 

60µg Mouse skin:  
55µg delivered (>90% coated 
dose);  
10 min application 

(Moreno et 
al. 2017) 

50mg/ml 
FITC-
conjugated 
ovalbumin 

Stainless 
steel, 57 
needles total 

25µg Mouse skin:  
19µg delivered (77% coated 
dose);  
up to 3 min application 

(Shakya et 
al. 2017) 

25mg/ml 
WE14-
5TAMRA 

Stainless 
steel, 30 
needles total, 
500µm length 

10µg Human skin: 9µg delivered 
(90.4% coated dose)  
Mouse skin: 6µg delivered 
(60% coated dose);  
10 min application 

(Zhao et al. 
2017) 

1%  
L-
asparaginase 
II 

Stainless 
steel, 56 
needles total, 
300µm length 

11.7µg Human reconstructed skin: 
8µg delivered (68% coated 
dose);  
5 min application 

(Witting et 
al. 2015) 

10µg/ml 
Ovalbumin 

Silicon, 102 
needles total, 
300µm length 

5.27µg Ex vivo human skin: 4.27µg 
delivered (75% coated dose); 
1 min application 

(van der 
Maaden et 
al. 2014) 

10% 
Doxorubicin-
PLGA 
nanoparticles 

Stainless 
steel, 30 
needles total, 
700µm length 

3.6µg  Porcine cadaver buccal 
tissue: 3µg delivered (85.6% 
coated dose);  
5 min application 

(Ma et al. 
2015) 
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4.2 Aims and objectives 

This chapter addressed the aim of developing and characterising a coated MN 

system for the delivery of PI.  

The objectives were to: 

• Optimise the in vitro de-coating of MNs (MN washing) process for recovery 

of PI for quantification.  

• Quantify the mass of PI coated on MNs. 

• Determine the optimal MN application method and duration for optimal 

delivery of PI to mouse skin.   

• Quantify the mass of PI delivered to mouse skin. 

• Visualise PI-coated MNs before and after insertion into skin to confirm de-

coating of the MNs. 

 

 

4.3 Materials and methods 

The details of equipment and reagents used are listed in the equipment and 

reagents tables. Solvent preparation information is listed in Chapter 3 (Table 3-

1). Biomm PI (Biomm, S.A., Brazil) was used in all experiments. Statistical 

analyses for all studies were conducted using GraphPad Prism 6 (GraphPad 

Software Inc., USA). Image processing was conducted using ImageJ software 

(NIH, USA) and Microsoft Powerpoint for Mac version 14.4.8 (Microsoft 

Corporation, USA). 

 

4.3.1  Microneedles  

The MNs used in these studies have been described in Chapter 3 (section 

3.3.1). Briefly, the MNs were manufactured from medical grade stainless steel, 

designed to be 500 ± 50µm long and 200µm wide (base). The MNs used in 

these studies were measured at 508.84 ± 11.12µm in length and 242.55 ± 

13.38µm in base width.    

 

4.3.2  MN coating formulation and coating method 

The MN coating formulation used throughout the studies was 82.91mg/ml PI in 

0.2M AA/0.5% Tween® 80 (prepared as described in section 3.3.5). Briefly, 

aliquots of PI powder were thawed and briefly spun in a microcentrifuge at 
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5000G and the solvent (0.2M AA/0.5% Tween® 80) was added in a ratio of 

100mg of powder to 1ml of solvent. The formulation was vortexed intermittently 

for 2-3 minutes, until clear of aggregates. The MN coating method has been 

described in section 2.3.8 and section 3.3.6.  

 

4.3.3  Preparing PI samples for HPLC analysis  
PI samples used to generate standard curves were prepared (in 0.2M AA) as 

described in section 3.3.4.2. All PI samples of unknown concentrations were 

also analysed by HPLC as described in section 3.3.4.2. The concentration of 

any samples that had been filtered through a 0.45µm PVDF syringe filter were 

interpolated from a standard curve generated from filtered samples. The HPLC 

method (method B) used to analyse the PI samples has been described in 

Chapter 3. Briefly, the method uses a wavelength of 212nm, a flow rate of 

1ml/min, a 20µl injection volume, column temperature set at 35°C, a run time of 

8 minutes and mobile phases ACN/ 0.1% TFA and water/ 0.1% TFA. The HPLC 

method is detailed in Table 3-4.  

 

4.3.4  In vitro MN de-coating (MN washing) for recovery 

of PI 
Sets of PI-coated MNs were placed in a 3ml glass vial to which 500µl of 0.2M 

AA was added and the vial was sealed with a snap cap. The pipette tips used 

for the coating procedure were added to a 1.5ml microcentrifuge tube 

containing 200µl of 0.2M AA. The MNs and pipette tips were incubated for 10 

minutes either with sonication in an ultrasonic bath with a power of 600W or 

without sonication. The MNs were then repeatedly rinsed with the contents of 

the vial. The microcentrifuge tube containing the pipette tip was briefly vortexed 

and the contents of the pipette tip were removed by repeated rinsing. Washings 

from both the MNs and pipette tips were analysed using HPLC, as described in 

section 4.3.3. Control solutions were prepared by adding 0.5µl of the PI coating 

formulation to 499.5µl of 0.2M AA in order to ascertain the mass of PI present in 

0.5µl of the coating formulation. Control solutions were also analysed using 

HPLC. MNs and pipette tips were stored at room temperature for 24-72 hours 

and then re-washed and analysed to test if all PI had been removed in the first 

wash process. MNs were washed in 200-300µl of 0.2M AA and pipette tips 
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were washed in 80µl of 0.2M AA with or without sonication, as described. 

Washings were analysed using HPLC.  

 

4.3.5  Preparing excised human skin samples for MN 

delivery studies 

Preparation of excised human skin samples has been described in Chapter 2 

(section 2.3.5). Skin samples from donors of different ages were used. 

 

4.3.6  MN application to human skin 

Sets of PI-coated MNs were arranged in the bespoke MN holder device (Figure 

2-3). An excised human breast skin sample was defrosted and prepared, as 

previously described. For delivery tests using a force gauge, the set of MNs was 

placed on the skin first and the force gauge was then used to push the MNs into 

the skin and maintain the force of application at 15N ± 0.5N for 2.5 minutes. For 

delivery tests without the use of a force gauge, the set of MNs was applied to 

an excised human skin sample using finger pressure for 10 minutes. MNs were 

washed in 0.2M AA with sonication for 10 minutes for recovery of PI, as 

described in section 4.3.4. Some sets of coated MNs were not applied to the 

human skin sample but were washed as previously described. The washings 

from these MNs were the coated MNs controls, which were used to ascertain 

the mass of PI that is coated on the MNs. The mass of PI delivered to the skin 

was inferred by subtracting the mass of PI remaining on the MNs post-skin 

application from the mass of PI on the coated MNs controls. 

 

4.3.7  Preparing defrosted mice for delivery studies 

Mice used in these studies were of different strains but were all of a NOD 

background. Mice were defrosted by allowing to come to room temperature for 

at least 2 hours prior to use. The fur on the area of skin to which the MNs were 

to be applied was shaved using electric hair trimmers (WAHL U.S.A. Series 

8900 cordless rechargeable animal trimmer). 

 

4.3.8  Preliminary mouse skin puncture studies 

Preliminary studies in the skin of defrosted mice showed that 1% methylene 

blue provided sufficient staining of skin punctures by MNs, allowing 
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quantification of skin puncture. Studies by previous lab members identified that 

mouse skin should be pinched for MN application. Preliminary studies also 

showed that it was necessary to have a supportive surface behind the pinched 

skin for the MNs to be pushed against. Defrosted mice were prepared (section 

4.3.7), the skin was pinched and a set of uncoated MNs was applied to the skin 

using a small piece of plastic (2.2cm (L) x 1.5cm (W) x 0.1cm (D)) behind the 

pinched skin as a supportive material. In subsequent studies, a small piece of 

foam was attached to the plastic square in order to provide a softer, solid 

surface for the MNs to be pushed against, preventing MN bending (total 

dimensions: 2.2cm (L) x 1.5cm (W) cm x 0.5cm (D)) (Figure 4-1). The MNs 

were applied for 30 seconds with significant force using both hands. Pressure 

was applied across the full MN array surface by moving the array gently from 

side to side for the duration of the application. MN applications were not 

restricted to one area of the body for these studies. On removal of the MNs, 1% 

methylene blue was applied to the MN-treated skin for 30 seconds to 1 minute 

and then wiped off with 70% ethanol and the puncture holes were counted. 

Images of the MN-treated skin were acquired using the Nikon D5000 12.3MP 

Digital SLR Camera. 

 

 
Figure 4-1: Plastic/foam supportive material for MN application to mouse skin. 

Length 2.2cm, width 1.5cm, depth of foam 0.4cm, depth of plastic 0.1cm. 

 

4.3.9  MN application to mouse skin for optimisation of 

mouse skin puncture and MN application duration 

studies 

Defrosted mice were prepared as described (section 4.3.7), the skin was 

pinched and sets of PI-coated/ uncoated MNs were applied using the 

2.2cm%

1.5cm%

plas,c%foam%

0.4%cm% 0.1%cm%
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plastic/foam supportive material. In the optimisation of mouse skin puncture 

studies, the MNs were applied for a total of 2.5 or 10 minutes. In the MN 

application duration studies, the MNs were applied for a total of 2.5, 5 or 10 

minutes. For the first 30 seconds, the MNs were applied to the skin with 

significant force, as previously described, using both hands and applying 

pressure across the full MN array surface by moving the array gently from side 

to side. For the remainder of the application duration, the MNs were held in 

place using one hand and light finger pressure was applied, without moving the 

array. For the optimisation of mouse skin puncture studies, on removal of the 

MNs, the punctures were stained with methylene blue, as described (section 

4.3.8). 

 

4.3.10  Quantifying PI delivery to defrosted mouse skin 

PI-coated sets of MNs were applied to the skin of defrosted mice for varying 

durations as described in section 4.3.9. In initial studies, the location of MN 

applications varied and included the back of the neck, mid back and lower back 

(i.e. more than one MN application to each mouse). In a subsequent study, the 

MN applications were restricted only to the back of the neck. MNs were washed 

to recover the PI, as described (section 4.3.4). All washings from MNs that had 

been applied to mouse skin were filtered through a 0.45µm syringe filter prior to 

analysis to remove fur. Coated MNs controls were prepared and all samples 

were analysed using HPLC and the mass of PI delivered was inferred, as 

described (section 4.3.6). 

 

4.3.11  Quantifying PI delivery to live mouse skin 

G9Cα -/- and A22 Cα -/- Ins2 -/- mice (strains on a NOD background) were 

used for live mouse delivery studies. The mice were in the age range 6.5 - 9 

weeks old and both male and female mice were used. Mice were anaesthetised 

using isoflurane gas and the fur at the back of the neck was shaved with hair 

trimmers. Sets of PI-coated MNs were applied to the skin on the back of the 

neck of the anaesthetised mice for 1, 2.5 or 10 minutes, as described (section 

4.3.9) and MN washing and analysis was conducted as described (section 

4.3.10).  

 

!
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4.3.12  SEM imaging of MNs 

The SEM imaging of MNs has been described in chapter 2 (section 2.3.4). SEM 

images were acquired of uncoated MNs, MNs coated in PI pre and post 

defrosted mouse skin application for 2.5 minutes and uncoated MNs applied to 

defrosted mouse skin for 2.5 minutes. Images were taken at magnifications of 

x76, x150 and x250. 

 

4.3.13  Light microscopy imaging of MNs 

Images of MNs were captured using the AmScope stereo microscope at various 

magnifications. The images were processed using ImageJ software and 

Microsoft Powerpoint, as previously stated.  

 

 

4.4 Results 

 

4.4.1  MN coating quantification and optimisation of the 

in vitro MN de-coating (MN washing) process for PI 

recovery 

Sets of PI-coated MNs and pipette tips used for coating were washed in 0.2M 

AA for 10 minutes with and without sonication, as described (section 4.3.4) and 

washings were analysed by HPLC. The expected mass of PI in the control 

solution was 41.46µg, based on a concentration of 82.91mg/ml and the actual 

mass was found to be close to this at 44.55 ± 4.31µg (n=16) (Figure 4-2). 

However, there was one high outlier at 56.83µg. There was no difference in the 

average mass of PI recovered from coated MNs with sonication (31.45 ± 

2.89µg; n=12) and without sonication (32.21 ± 3.62µg; n=6) during the washing 

process (unpaired t test; p=0.6350). The standard deviation in the MN washing 

results was low for both sonicated and unsonicated samples. The pipette tip 

washings also showed no difference in mass of PI recovered with sonication 

(5.16 ± 3.29µg; n=12) and without sonication (4.29 ± 3.86µg; n=6) (unpaired t 

test; p=0.6211). Sonication resulted in lower variability from the mean in the 

pipette tip samples (63.8% variability) compared to the unsonicated pipette tips 

(90% variability). An average of 70.6% (sonicated) - 72.3% (unsonicated) of the 

mass of PI loaded into the pipette tip for coating was recovered from coated 



! 119!

MNs. Interestingly, the mass of PI recovered from the coated MNs and the 

pipette tips did not add up to the mass of PI in the control solution (i.e. mass 

balance was not achieved). The MNs and pipette tips were re-washed in 0.2M 

AA and analysed but the majority of the readings were below the HPLC limit of 

detection. The mass of PI recovered demonstrates the mass of PI that can be 

coated on MNs and the mass of PI remaining in the pipette tip after coating, as 

demonstrated in Figure 4-2. 

 

 
Figure 4-2: MN coating quantification and optimisation of MN washing process for PI 

recovery- effect of sonication. 
The mass of PI (as determined by HPLC) in the control solution (control solution); 

coated on and recovered from MNs when washed for 10 minutes ± sonication (coated 
on MNs); recovered from/ remaining in pipette tips used for coating when washed for 

10 minutes ± sonication (pipette tips). The horizontal line is the mean ± standard 
deviation of the mass of PI (n=16 for “control solutions”, n=12 for sonicated MNs and 

pipette tips, n=6 for unsonicated MNs and pipette tips). 

 

A light microscopy image was acquired of a MN array after washing off the PI 

coating with 0.2M AA with sonication for 10 minutes (Figure 4-3). The MNs and 

base plate appear to be clear of PI coating formulation.  
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!
Figure 4-3: Light microscopy image of MN array after de-coating of PI by washing in 

0.2M AA with sonication for 10 minutes. Scale bar: 500µm. 

 

No clear differences were observed in the chromatograms generated for the MN 

washings (Figure 4-4) between the sonicated (black line) and non-sonicated 

samples (blue line). This was the same for the pipette tip washings. There was 

no clear destruction of the PI protein. 

!
!
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!
Figure 4-4: HPLC chromatograms- Coated MNs washings- effect of sonication. 

Sets of PI-coated MNs were washed in 0.2M AA with or without sonication for 10 
minutes and samples analysed by HPLC. Black: sonicated. Blue: non-sonicated. A- full 

chromatogram. B- PI peak magnified. X axis: time (minutes), Y axis: absorbance 
(mAU).  

!
In consideration of these results and for consistency, all future MN and pipette 

tip washing for PI recovery involved sonication for 10 minutes. Therefore, 

considering the results for the sonicated MNs (Figure 4-2), a mass of 31.45 ± 

2.89µg of PI was coated onto a set of 30 MNs with a coating efficiency of 70.6% 

(i.e. 70.6% of the maximum mass of PI available for coating was coated on to 

the MNs). 

 

4.4.2  PI delivery to human skin 

4.4.2.1  MN application using force gauge 

PI-coated MNs were applied to a defrosted human skin sample for 2.5 minutes 

and application force was controlled at 15N using the Sauter digital force 
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gauge. MNs were washed as previously described (section 4.3.4) for recovery 

of PI and samples were analysed by HPLC (Figure 4-5). The average mass of 

PI recovered from and, thus, coated on the coated MNs controls (31.08 ± 

4.95µg, n=3) was comparable to that in the previous experiment (Figure 4-2). 

However, the standard deviation in this delivery experiment was wider, possibly 

explained by the lower n number. The mass of PI recovered from the MNs 

following skin application demonstrates the mass of PI remaining on the MNs 

(i.e. undelivered PI) following skin application. This is used to infer the mass of 

PI that is delivered into the skin. The mass of PI remaining on the MNs following 

skin application for 2.5 minutes was 13.52 ± 7.32µg (n=3). Therefore, the 

inferred mass of PI delivered to the skin was 17.55 ± 7.32µg (n=3), which was 

56.5% of the coated dose. There was also a wide standard deviation in mass of 

PI remaining on the MNs. All MNs were re-washed and analysed but all 

readings were below the HPLC limit of detection.  

 

!

!
 

Figure 4-5: PI delivery to human skin using force gauge. 
The mass of PI (as determined by HPLC) coated on and recovered from coated MNs 

controls (coated MNs control); recovered from coated MNs following application to 
defrosted human skin sample for 2.5 minutes (remaining on MNs); inferred mass of PI 
delivered to the skin (delivered). The horizontal line is the mean ± standard deviation of 

the mass of PI (n=3 samples, n=1 skin sample). Age of skin sample donor: 71 years 
old. 
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4.4.2.2  MN application using finger pressure 

Human skin samples were subsequently treated with sets of PI-coated MNs, 

applied for 10 minutes using finger pressure. The MNs were washed and the 

samples analysed by HPLC (Figure 4-6). The mass of PI recovered from and 

thus coated on the coated MNs controls was 28.49 ± 3.26µg (n=9). The mass of 

PI recovered from the MNs (i.e. remaining on the MNs) following skin 

application for 10 minutes using finger pressure (4.77 ± 1.74µg; n=9) was lower 

than when applied for 2.5 minutes at 15N using the force gauge (Figure 4-5) 

and the standard deviation was narrower. This, in turn, inferred that a higher 

mass of PI was delivered to the skin (23.72 ± 1.95µg; n=9), with a delivery 

efficiency of 83.3% of the coated dose. 

 

!
 

Figure 4-6: PI delivery to human skin using finger pressure. 
The mass of PI (as determined by HPLC) coated on and recovered from coated MNs 

controls (coated MNs control); recovered from coated MNs following application to 
defrosted human skin sample for 10 minutes (remaining on MNs); inferred mass of PI 

delivered to the skin (delivered). The horizontal line is the mean ± standard deviation of 
the mass of PI (n=9 samples, n=3 skin samples). Age of skin sample donors: 59, 63 

and 71 years old. 

 

Images of PI-coated MNs were acquired before and after application into 

excised human skin for 10 minutes using finger pressure (Figure 4-7). After 
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application into excised human skin, the MNs appeared to be clear of PI coating 

formulation (Figure 4-7B).  

 

!
Figure 4-7: De-coating of MNs following application to excised human skin sample. 
Light microscopy images of PI-coated MNs prior to (A) and post (B) excised human 

skin application for 10 minutes using finger pressure. Scale bar: 500µm. 

 

The overlaid chromatograms of the following samples were compared (Figure 

4-8): 

• washings from a set of PI-coated MNs applied to the excised human skin 

sample for 10 minutes (black line) 

• washings from a set of uncoated MNs applied to the excised human skin 

sample for 10 minutes (blue line) 

• 12.5µg/ml solution of PI in 0.2M AA- control (with equivalent peak) that had 

not been in human skin (pink line) 

 

As expected, the uncoated MN chromatogram (blue) showed no PI peak at 4.4 

minutes. A wide, extra peak was present at 4.8 - 5.0 minutes in the 

chromatograms of both the PI-coated (black) and uncoated (blue) MN 

washings. This extra peak was not present in the 12.5µg/ml solution (pink), 

which was used as a control that had not been in human skin.  

!
!
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!
Figure 4-8: HPLC chromatograms of human skin delivery samples. 

Black line: Chromatogram of washings from a set of PI-coated MNs applied to an 
excised human skin sample for 10 minutes. Blue line: Chromatogram of washings from 
an uncoated set of MNs applied to an excised human skin sample for 10 minutes. Pink 

line: Chromatogram of a 12.5µg/ml PI in 0.2M AA solution. X axis: time (minutes), Y 
axis: absorbance (mAU). 

 

 

4.4.3  Optimisation of MN application technique in mouse 

skin 
Sets of uncoated MNs were applied to the shaved skin of defrosted mice (as 

described in section 4.3.8) using a plastic support for 30 seconds and MN-

treated areas included the back of the neck, middle of the back, lower back, 

flanks and front of the neck. The puncture holes were stained with 1% 

methylene blue and counted. The bottom three rows of punctures signify the 

MN application site, while the upper 3 rows signify the overlapping skin on the 

underside of the pinch (Figure 4-9). The number of punctures at the MN 

application site ranged from 9-30 out of 30 (mean 82.67 ± 24.08% puncture) 

with the majority of applications resulting in 25-30 out of 30 punctures. The 

number of punctures in the overlapping skin area ranged from 14-29 out of 30 

(mean 79.33 ± 15.38% puncture) (n=10).  
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!
Figure 4-9: Defrosted mouse skin puncture studies- plastic supportive material, 30 

second application duration. 
Sets of uncoated MNs were applied to shaved skin of defrosted mice on different areas 
of the body, using a plastic supportive material for 30 seconds. Image shows puncture 
holes stained with 1% methylene blue and location of the MN application was the back 

of the neck. 

 

However, the pushing of the MNs against the hard plastic supportive material 

caused bending of the MNs. Therefore, in order to avoid bending of the MNs, 

foam was attached to the plastic surface and the puncture studies were 

repeated using this plastic/foam supportive material. The mean frequency of 

successful puncture at the application site was 96.67 ± 6.67% (n=4), with three 

applications resulting in 30 out of 30 punctures and one application resulting in 

26 out of 30 punctures. The mean frequency of puncture of the overlapping skin 

on the underside of the pinch was lower than the previous study at 25.00 ± 

22.69% and the number of punctures ranged from 1-17 out of 30. No bending of 

the MNs was observed. Therefore, the plastic/foam support was used as the 

supportive material in all subsequent experiments. 

 

In a subsequent study, uncoated MNs were again applied to defrosted mouse 

skin, but this time the application duration was 10 minutes and MN applications 

were restricted to the back of the neck only. The frequency of successful 

puncture at the application site ranged from 27-30 out of 30 (mean 94.44 ± 

5.09%), while the frequency of puncture of the overlapping skin on the 

underside of the pinch ranged from 26-29 out of 30 (mean 90.00 ± 5.77%) (n=3) 

(Figure 4-10).  

!
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Figure 4-10: Defrosted mouse skin puncture studies- plastic/foam supportive material, 

10 minutes application time. 
Sets of uncoated MNs were applied to shaved skin at the back of the neck of defrosted 
mice using a plastic/foam support for 10 minutes. Image shows puncture holes stained 

with 1% methylene blue. 

 

The presence of the methylene blue-stained punctures on the overlapping skin 

on the underside of the pinch demonstrates that the MNs puncture through two 

layers of skin when the skin is pinched. The frequency of puncture at the MN 

application site was reproducible, while that in the overlapping skin was 

generally more variable. This variability is confirmed by Figure 4-11, where the 

MNs cannot be seen puncturing through the skin in (A) but can be seen in (B). 

 

 
Figure 4-11: MN array puncture through mouse skin 

Sets of uncoated MNs were applied to the shaved skin of defrosted mice using the 
plastic/foam support for 10 minutes. Puncture of MNs through overlapping skin on the 

underside of the pinch was not present in A, but was present in B.  
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To determine the effect of the PI coating on MN skin puncture, sets of PI-coated 

MNs were applied to the shaved skin at the back of the neck of defrosted mice 

for 2.5 minutes (as described in section 4.3.9). The frequency of successful 

puncture at the application site ranged from 29-30 out of 30 (mean 99.17 ± 

1.67% puncture). The frequency of puncture of the overlapping skin on the 

underside of the pinch ranged from 19-30 out of 30 (mean 85.83 ± 16.64% 

puncture) (n=4) (Figure 4-12). 

 

!
Figure 4-12: Defrosted mouse skin puncture studies- plastic/foam supportive material, 

2.5 minute application time. 
PI-coated MNs were applied to shaved skin at the back of the neck of defrosted mice 
using a plastic/ foam support for 2.5 minutes (as described in section 4.3.9). Image 

shows puncture holes stained with 1% methylene blue. 

 

4.4.4  Optimisation of MN application duration and 

quantification of delivery in defrosted mouse skin 
PI-coated MNs were applied to the skin of defrosted mice for 5 or 10 minutes, 

as described in section 4.3.9. The MNs were applied to various locations 

including the back of the neck, mid back and lower back. MNs were washed (as 

described in section 4.3.4) and samples were analysed by HPLC. The inferred 

mass of PI delivered to skin from MNs applied for 5 minutes was 27.12 ± 

1.26µg (n=9) and from MNs applied for 10 minutes was 27.74 ± 0.86µg (n=12) 

(Appendix- Figure A-7). Unpaired t tests showed no statistically significant 

difference in mass of PI remaining on MNs and delivered to the skin between 

application for 5 minutes and 10 minutes (p=0.1925).  
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As in vivo experiments would require application of MNs to the skin at the back 

of the neck only, the study was repeated but MNs were applied for 2.5, 5 or 10 

minutes to the back of the neck only of defrosted mice. The mass of PI coated 

on and recovered from the coated MNs controls was 32.85 ± 3.18µg (n=15). 

The mass of PI remaining on the MNs following skin application for 2.5 minutes 

was 5.05 ± 1.54µg (n=3), for 5 minutes was 6.43 ± 1.54µg (n=3) and for 10 

minutes was 5.27 ± 0.98µg (n=8). The inferred mass of PI delivered to skin 

following application for 2.5 minutes was 27.80 ± 1.54µg (n=3), for 5 minutes 

was 26.41 ± 1.54µg (n=3) and for 10 minutes was 27.57 ± 0.98µg (n=8). One-

way ANOVA with Tukey’s multiple comparisons tests showed no significant 

difference in PI remaining on MNs and inferred mass of PI delivered to the skin 

between the application durations (p=0.3279) (Figure 4-13). 

!
!

 
Figure 4-13: PI delivery to defrosted mouse skin- back of the neck. 

The mass of PI (as determined by HPLC) coated on and recovered from coated MNs 
controls (coated MNs control); recovered from coated MNs following application to 

defrosted mouse skin (back of the neck) for 2.5, 5 or 10 minutes (remaining on MNs- 
2.5 min, 5 min, 10 min); inferred mass of PI delivered to the skin when MNs were 
applied for 2.5, 5 or 10 minutes (delivered to skin- 2.5 min, 5 min, 10 min). The 

horizontal line is the mean ± standard deviation of the mass of PI (n=15 for “coated 
MNs control”, n=3 for 2.5 minutes and 5 minutes application times, n=8 for 10 minutes 

application time). 
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4.4.5  Optimisation of MN application duration and 

quantification of delivery in live mouse skin 
Sets of PI-coated MNs were applied to the shaved skin at the back of the neck 

of live, anaesthetised mice for 1, 2.5 or 10 minutes, as described in section 

4.3.9). MNs were washed to recover PI and samples were analysed by HPLC. 

The mass of PI coated on and recovered from the coated MNs controls was 

33.56 ± 1.97µg (n=15). The mass of PI remaining on MNs following skin 

application for 1 minute was 7.54 ± 6.14µg (n=5), for 2.5 minutes was 4.66 ± 

1.81µg (n=5) and for 10 minutes was 8.33 ± 8.54µg (n=5). The inferred mass of 

PI delivered to skin from MNs applied for 1 minute was 26.01 ± 5.79µg (n=5), 

for 2.5 minutes was 28.90 ± 1.48µg (n=5) and for 10 minutes was 25.22 ± 

8.29µg (n=5). One-way ANOVA with Tukey’s multiple comparisons tests 

showed no statistically significant difference in PI remaining on MNs (p=0.6231) 

or inferred mass of PI delivered to the skin (p=0.5980) between application 

durations. An application time of 2.5 minutes resulted in the highest mean 

inferred mass of PI delivered, as well as a more reproducible delivery compared 

to 1 minute and 10 minutes (Figure 4-14).  

 

!
!
!
!
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Figure 4-14: PI delivery to live mouse skin- back of the neck. 

The mass of PI (as determined by HPLC) coated on and recovered from coated MNs 
controls (coated MNs control); recovered from coated MNs following application to live 
mouse skin (back of the neck) for 1, 2.5 or 10 minutes (remaining on MNs- 1 min, 2.5 
min, 10 min); inferred mass of PI delivered to the skin when MNs were applied for 1, 

2.5 or 10 minutes (delivered to skin- 1 min, 2.5 min, 10 min). The horizontal line is the 
mean ± standard deviation of the mass of PI (n=15 for “coated MNs control”, n=5 for 1 
minute, n=5 for 2.5 minutes, n=5 for 10 minutes). Each point on the graph relates to 

one mouse; total of 15 mice used. 

 

To determine if application of MNs to live mouse skin affects the HPLC analysis 

of PI, chromatograms were analysed.  

 

The overlaid chromatograms of the following samples were compared (Figure 

4-15): 

• washings from a set of PI-coated MNs applied to live mouse skin for 2.5 

minutes (black line) 

• washings from a set of uncoated MNs applied to live mouse skin for 2.5 

minutes (blue line) 

• 12.5µg/ml solution of PI in 0.2M AA- control (with equivalent peak) that had 

not been in mouse skin (pink line) 
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As expected, the uncoated MN chromatogram (blue line) was flat, with no 

peaks present. Application of PI-coated MNs to mouse skin (black line) did not 

cause a shift or any change to the PI peak. 

 

 
Figure 4-15: HPLC chromatograms of live mouse skin delivery. 

Black line: Chromatogram of washings from a set of PI-coated MNs applied to live 
mouse skin for 2.5 minutes. Blue line: Chromatogram of washings from an uncoated 
set of MNs applied to live mouse skin for 2.5 minutes. Pink line: Chromatogram of a 
12.5µg/ml PI in 0.2M AA solution. X axis: time (minutes), Y axis: absorbance (mAU). 

 

 

4.4.6  Visualisation of PI de-coating from MNs following 

skin application 

SEM images (Figure 4-16) were acquired of uncoated MNs (A, B, C), MNs 

coated in PI pre- (D, E, F) and post- (G, H, I) defrosted mouse skin application 

for 2.5 minutes and uncoated MNs after application in defrosted mouse skin for 

2.5 minutes (J, K, L). The uncoated MNs have a smooth surface and sharp tip 

and are free of debris and jagged edges (A, B, C). The PI coating on the coated 

MNs prior to mouse skin application is distributed evenly over the MN tips and 

the base plate is free of any coating formulation (D, E, F). Although the coated 

MNs post-skin application (G, H, I) were not as ‘clean’ as control uncoated MNs, 

the tips and base plate looked very similar to those present on the uncoated 

MNs that had been applied to mouse skin (control) (J, K, L). It is also evident 

from the images of MNs that had been in the skin that MN arrays pick up the fur 

present on the skin surface as well as biological debris from the skin.  
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Figure 4-16: SEM images of stainless steel MNs ± PI coating, pre and post- defrosted 

mouse skin application. 
Secondary electron images of MNs at magnifications of x76 (A, D, G, J), x150 (B, E, H, 

K) and x250 (C, F, I, L). A, B, C: Uncoated MNs. D,E,F: PI-coated MNs prior to skin 
application. G, H, I: PI-coated MNs after defrosted mouse skin application for 2.5 

minutes. J, K, L: uncoated MNs after defrosted mouse skin application for 2.5 minutes. 

 

Light microscopy images of PI-coated/ uncoated MNs were acquired before and 

after live mouse skin application for 2.5 minutes (Figure 4-17). The PI-coated 

MNs, before application to skin, demonstrated a uniform coating over the MNs 

and the base plate was clear of formulation (Figure 4-17A). The PI coating was 

absent from the majority of the PI-coated MNs after skin application and 

biological debris and hair shafts were visible on the MNs and base plate (Figure 

4-17B). The observations from Figure 4-17B were comparable to the 

observations for the set of uncoated MNs that had been applied to the skin 

(Figure 4-17C). These results mirror the SEM findings in defrosted mouse skin 

(Figure 4-16). 
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Figure 4-17: Sets of PI-coated/ uncoated MNs before and after live mouse skin 

application for 2.5 minutes. 
A. Set of PI-coated MNs. B. Set of PI-coated MNs after application to live mouse skin 

for 2.5 minutes. C. Set of uncoated MNs after application to live mouse skin for 2.5 
minutes. Scale bar: 500 µm. 

 

 

4.5 Discussion 

As the PI coating formulation had been finalised in chapter 3, it was necessary 

to quantify coating of PI on the MNs and delivery of PI into the skin. To enable 

this, an in vitro MN de-coating process (MN washing process) needed to be 

optimised in order to recover PI from the MNs for quantification. Preliminary 

studies in chapter 3 demonstrated the potential benefit of sonication for this 

purpose and a sonication time of 10 minutes was regarded as potentially 

appropriate and was studied further in this chapter.  

 

Sonication makes no significant difference to the mean mass of PI that can be 

recovered from coated MNs or pipette tips but it does reduce variability in 

recovery of PI from pipette tips. However, as discussed in Chapter 3, sonication 

is a widely used, effective method for cleaning various materials and is, 

therefore, potentially a more robust method of coating recovery in the long-term. 

A B 
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Additionally, it does not appear to damage PI or affect HPLC quantification of PI 

(Figure 4-4). Therefore, the finalised MN washing process involved washing in 

0.2M AA by sonication for 10 minutes. The difficulties faced with evaporation of 

samples during sonication in the in vitro MN de-coating studies in Chapter 3 

(section 3.4.5) were eliminated through the use of glass vials for sonication of 

the MNs in this chapter. 

 

Since the coating method used was an operator-dependent, manual process, 

coated MNs controls were included in all experiments in order to quantify the 

mass of PI coated on the MNs. The results for mass of coated PI varied slightly 

throughout the studies and were 31.45 ± 2.89µg (n=12), 31.08 ± 4.95µg (n=3), 

28.49 ± 3.26µg (n=9), 32.85 ± 3.18µg (n=15) and 33.56 ± 1.97µg (n=15). This 

gave an overall mean mass of coated PI of 31.91 ± 3.32µg (n=54). This small 

variability between studies is expected as manual processes possess an 

inherent source of variability. At this early stage of development this small 

variability is not a problem. However, during large-scale manufacture, other 

coating methods, which are not operator-dependent, may be considered 

(discussed further in Chapter 6). Therefore, the studies showed that a mean 

mass of 31.91µg of PI can be reproducibly coated on a set of 30 MNs. Details 

of examples of previously reported coated MN systems are listed in Table 4-1 

and the range of coated mass of active pharmaceutical ingredient (API) is 0.4-

500µg, in these examples. The mass of PI coating achieved is similar to the 

coated mass of the peptide, desmopressin (Cormier et al. 2004), a gene 

silencing siRNA (Chong et al. 2013) and the proteins, ovalbumin (Shakya et al. 

2017) and parathyroid hormone (Daddona et al. 2011). However, the coating of 

PI achieved is relatively high compared to the other listed examples, such as 

the peptide, salmon calcitonin (Tas et al. 2012), pancreatic autoantigenic 

peptides (Zhao et al. 2016; Zhao et al. 2017) and the influenza virus (Kim et al. 

2010). Higher doses of APIs have been successfully coated on MNs, such as 

recombinant human growth hormone (Ameri et al. 2014) and a plasmid DNA 

cocktail (Moreno et al. 2017). However, the coating of PI achieved is generally 

either comparable or higher than the previously reported studies. Nonetheless, 

when comparing study results, it is important to consider the differences in API, 

coating formulations, coating methods, MN material and MN length and density 

used in the studies as these factors may impact on coating. Since the optimal 
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dose of PI for immunotherapy by MNs is unknown, the aim was to achieve as 

high of a coated dose as was feasible and this dose could then be reduced or 

increased if this was found to be necessary during the in vivo studies. The 

potential requirement for a higher coated dose of PI protein compared to PI 

peptides such as C19-A3 studied in Chapter 2 (10µg ID injection dose) 

(Thrower et al. 2009; Alhadj Ali et al. 2017) and B9-23 (10µg MN-coated dose) 

(Zhao et al. 2016), may be because of the higher molecular weight of PI 

compared to these peptides. Although the benefit of the use of the full PI protein 

is the range of autoantigenic peptides available to induce tolerance to, there are 

fewer of each autoantigenic peptide in a specific mass of PI as there would be 

in the same mass of the peptide alone. This is further explained along with 

other reasons for using a higher dose of protein in Chapter 5 (section 5.5).  

 

The mass of PI coated (and subsequently recovered) was higher and more 

reproducible than in the preliminary coating quantification studies in Chapter 3 

(section 3.4.4). This is likely to be a combined result of an improved MN coating 

formulation and MN washing process. 

 

From the results in Figure 4-2, approximately 70% of the mass of PI present in 

the coating volume was coated on to (and recovered from) the MNs (sonicated 

sample), indicating an appropriate formulation and efficient coating method as 

well as low wastage. It would be expected that the 30% of the formulation would 

remain in the pipette tip. However, mass balance was not achieved. This 

indicates that some PI may be lost during the coating process. It is unlikely that 

the formulation drips off the MNs before drying as the formulation can be seen 

drying instantly while coating and the SEM images (Figure 4-16) show a uniform 

coating on the MNs. Another likely explanation is that some PI may remain on 

the MNs following the washing process. However, when the MNs were re-

washed, all the readings were either zero or below the HPLC limit of detection, 

indicating the initial washing process had recovered most of the formulation 

from the MNs and pipette tips. This was supported by the image of the MN 

array following the first wash by sonication for 10 minutes, which appeared to 

be clear of formulation (Figure 4-3), demonstrating the effectiveness of the 

developed washing process. However, PI may be present on the MNs and 

pipette tips in such low quantities that cannot be detected by HPLC or visually 
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using a microscope. For the purposes of this Thesis, this minor loss of PI does 

not warrant further investigation. However, minimising loss of PI will be an 

important consideration during mass production and further work will be 

required to identify at what point PI is being lost in order to minimise this. 

 

Initial delivery tests were conducted in excised human skin samples and dead 

mice in order to confirm that MNs can be de-coated of PI when applied to skin. 

This allowed exploration of different delivery parameters discussed below, 

without the practical difficulties of using live mice. Use of human skin samples 

and dead mice also served the 3R’s (replacement, reduction and refinement). 

MN application technique, force and duration are important parameters to 

consider when using MNs in tissues. The optimal force and duration of 

application to human skin samples identified in Chapter 2 for the C19-A3 MN 

system (2.5 minutes at 15N using a force gauge) was initially investigated as it 

had been found to be effective. However, it was evident that this application 

method was not appropriate for the PI MN system. The low, variable mass of PI 

delivered to the human skin sample may have been a result of insufficient force 

to puncture the skin. However, it is acknowledged that a limitation in this study 

was the low n number in each group of samples (n=3), as well as the use of 

only one skin sample. Nevertheless, the general aim of this project is to 

investigate PI delivery and tolerance induction in mouse models, whereby, for 

practical reasons, the PI-coated MNs will be applied in mice manually using 

finger pressure, not a force gauge. Therefore, delivery tests were repeated in 

human skin using finger pressure to apply the MNs. The application duration of 

10 minutes was investigated as this is the maximum duration that mice can be 

anaesthetised. The higher and more consistent mass of PI delivered to the 

human skin sample using this method indicates that duration and/ or force of 

application had an impact on PI delivery. It is, also, evident from the image of 

the MNs post-skin application (Figure 4-7) that PI is successfully de-coated from 

the MNs during skin application, generally supporting the HPLC data (Figure 

4-6). The chromatogram (Figure 4-8) generated from washings of the uncoated 

MNs that had been applied to the excised human skin indicated that MNs 

become contaminated with material from the skin. However, this material results 

in a peak that is well-resolved from the main PI peak and has no effect on its 

area. 
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Defrosted, intact mice were used in preliminary skin delivery studies, in order to 

optimise puncture of mouse skin by MNs and investigate application duration. In 

all mouse delivery studies, the fur was shaved using animal hair clippers. 

Removing the fur is important as fur could, potentially, affect puncture. In 

addition, fur removal enables visualisation of MN skin puncture. Furthermore, 

removing the fur ensures that the MN coating is delivered to the skin and is not 

de-coated from the MNs by rubbing off on to the fur.  

 

Prior to testing PI delivery in mouse skin, it was necessary to confirm that the 

MNs actually punctured the skin, as this will indicate that the PI is being 

delivered into the skin rather than rubbing off on to the skin surface. Methylene 

blue was used to stain the punctures on removal of the MN arrays from the skin. 

Methylene blue is a hydrophilic dye with a low molecular weight, which cannot 

be taken up by the hydrophobic stratum corneum of intact skin (Li et al. 2009). 

However, when MNs breach the skin, the methylene blue diffuses through the 

microchannels created, causing staining (Li et al. 2009). The use of methylene 

blue and other stains for visualisation and quantification of MN skin punctures 

has been reported in guinea pig skin (Cormier et al. 2004), rat skin (Li et al. 

2009), mouse skin (Moreno et al. 2017) and porcine skin (Moronkeji et al. 

2017).   

 

Preliminary studies (data not shown) showed that in order for the MNs to 

puncture the mouse skin, the skin must be pinched and an initial pressure must 

be applied to the MNs along with subtle side to side movement for 30 seconds. 

Following the initial 30 seconds, the pressure can be reduced and the MNs can 

be held in place with minimal pressure for the rest of the application duration. It 

was necessary to have a supportive surface behind the folded skin to push the 

MNs against. However, the use of a piece of hard plastic as a solid supportive 

material caused MNs to bend and become unusable. Therefore, a piece of 

foam was attached to the plastic surface to provide a softer surface. With this 

adaptation, the MNs did not bend and there was an improvement in mean 

percentage puncture and puncture reproducibility at the site of MN application, 

possibly caused by the MNs retaining their shape and integrity. The 

requirement of a solid surface has been reported previously. Yan et al. (2010) 

applied silicon MNs to the skin of hairless rats by pulling the skin to the side and 
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laying it down onto a solid surface ready for MN application. Ding et al. (2009) 

used Styrofoam to support the folded skin of a mouse in order to pierce it with 

MNs. 

 

The presence of methylene blue-stained dots on the MN-treated skin, which 

mirror the pattern of the MN arrays indicates that the MNs punctured the skin. 

The presence of MN punctures in the overlapping skin on the underside of the 

pinch indicates that the MNs punctured through two layers of skin, 

demonstrating how thin mouse skin is in comparison to the MN dimensions. The 

possible advantages of this are that PI is being delivered to all the layers of the 

skin and over a larger area. This may mean that more PI is de-coated from the 

MNs. It may also mean that more PI will encounter more APCs in the skin, 

potentially improving the biological effect. However, a possible argument is that 

some of the PI may be lost in the foam of the plastic/foam support as it 

punctures through the second skin layer. One possible method of investigating 

this is to use the optimised MN washing process to wash the plastic/foam 

support in order to elute any PI stuck on the foam. The washings could then be 

quantified by HPLC.  

 

It may be argued that the presence of MN punctures in the overlapping skin on 

the underside of the pinch means that a shorter MN length (<500µm) should be 

used in mouse skin. In fact, a limitation of this study is that only one length of 

MNs was used in all studies and the effect of MN length on coating, puncture 

and delivery was not determined. However, successful use of ≥500µm long 

MNs in mouse skin and other similar skin models has been previously reported 

(Li et al. 2009; Kim et al. 2010; Song et al. 2010; Yan et al. 2010; Naguib et al. 

2014; Zhao et al. 2016; Jung et al. 2017; Zhao et al. 2017). As in the studies in 

this chapter, Kim et al. (2010), Yan et al. (2010) and Zhao et al. (2016; 2017) 

also used the same MN lengths in both human and mouse skin. Zhao et al. 

(2017) reported a significantly lower delivery efficiency of the peptides, WE14 

and m31 in mouse skin compared to human skin. This difference was explained 

by the difference in human and mouse tissue properties rather than MN length. 

More specifically, the difference in structure, thickness and hydration of human 

and mouse skin, with less fluid available for dissolution of coating formulation in 

the mouse skin (Zhao et al. 2017). As previously described, when MNs are 
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applied to skin, there is an initial indentation of the skin as a result of the skin’s 

elasticity and once a certain force is applied, the needles penetrate the skin (Li 

et al. 2009). Thus, only part of the MN penetrates through the stratum corneum 

and into the skin (Li et al. 2009) and this may support the use of a longer MN, 

as in this project. Future work could involve sectioning MN-treated skin in order 

to identify the depth of MN penetration. Future work could also involve 

investigation of different MN lengths. 

 

After preliminary tests in which MNs were applied to mouse skin at different 

parts of the body, all further puncture tests were conducted in the skin at the 

back of the neck. This is because, for practical reasons, all subsequent in vivo 

experiments involved application of the PI-coated MNs to this location. Coating 

of the MNs did not appear to cause a reduction in skin puncture at the MN 

application site compared to uncoated MNs, indicating that the coating 

thickness is appropriate and does not affect the sharpness of the MN. This also 

indicates that the MN application method is appropriate. Application of PI-

coated MNs to the back of the neck of defrosted mice for 2.5 minutes using the 

optimised application method resulted in high and reproducible puncture (99.17 

± 1.67%) at the MN application site. This infers that coated PI may be 

successfully delivered into the skin. Although, puncture in the overlapping skin 

area was not as reproducible as at the MN application site and the mean 

puncture was lower when the MNs were coated, it is the main puncture that is 

crucial and has been optimised. Any effect of the variability in puncture in the 

overlapping skin on the biological function of the MN system may become 

evident in the immunological studies in Chapter 5. 

 

It was subsequently necessary to optimise the MN application duration for 

delivery of a sufficient and reproducible mass of PI to mouse skin. As for the 

puncture studies, initial studies in defrosted mice investigated application of PI-

coated MNs to the skin at different locations on the body, in order to reduce the 

number of mice used. In subsequent delivery studies in defrosted mice as well 

as live mice, all applications were conducted at the back of the neck, with one 

set of MNs applied per mouse. It is evident from all the delivery data (defrosted 

and live mouse) that application duration has no significant effect on mass of PI 

delivered to the skin in the range of durations tested. However, from the live 
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mouse delivery data, MN application for 2.5 minutes resulted in the delivery of 

28.90 ± 1.48µg of PI with greater reproducibility of delivery compared to 1 

minute and 10 minutes. A duration of 1 minute may be too short for the PI to 

dissolve in the skin’s fluid, resulting in wide variability. On the other hand, a 

duration of 10 minutes may be too long for the operator to hold the MNs in 

place without slight, inadvertent adjustments, which may have caused the 

variability. A duration of 2.5 minutes allows sufficient time for PI to be dissolved 

off the MNs and into the skin and is not long enough to cause the operator 

fatigue. Mice can be anaesthetised for up to 10 minutes but the lower the 

duration of anaesthesia, the safer for the mouse. Furthermore, if this MN 

system progresses into clinical use, the shorter application duration of 2.5 

minutes is more convenient for the patient than 10 minutes. However, we 

acknowledge that application duration will need to be studied and optimised in 

human skin to determine the appropriate application duration. A range of MN 

application durations (<3 minutes – 1 hour) for the delivery of various coated 

APIs into murine, guinea pig and rat skin have been previously reported (Table 

4-1). Similarly to the findings in this chapter, Cormier et al. (2004) found that MN 

application time did not significantly affect the delivery of desmopressin from a 

coated MN applied for 5 minutes or 15 minutes. Conversely, Moreno et al. 

(2017) reported a higher and more reproducible delivery efficiency of plasmid 

DNA to murine skin when MNs were applied for 10 minutes (82% delivery 

efficiency) compared to 5 minutes (65% delivery efficiency). This emphasises 

that different APIs and coating formulations will require different application 

durations. However, it is clear that the PI MN system developed possesses an 

advantage over reported studies as the application duration is considerably 

shorter but still delivers a high percentage of the coated dose. 

 

The delivery quantification method used in the current study involved applying 

the coated MNs to skin, washing the MNs using the optimised washing process 

and analysing the washings to quantify the undelivered PI. The mass of 

delivered PI was then inferred from this. Similar delivery quantification methods 

have been reported (Cormier et al. 2004; Kim et al. 2010; Ma et al. 2015; 

Moreno et al. 2017; Zhao et al. 2017). As previously stated, our studies have 

shown that 86% of the coated dose of PI can be reproducibly delivered to the 

skin of live mice. The delivery efficiencies of coated MN systems that have been 
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previously reported are detailed in Table 4-1. It is evident that the delivery 

efficiencies that have been previously reported vary considerably and this may 

be because of the coated API, the coating formulation properties, the lengths 

and densities of MNs, the tissue being treated, the method of MN application or 

the MN application duration. The delivery efficiency range from the examples 

listed in Table 4-1 is 37-90% of the coated dose, with the majority reported as ≥ 

70%. Therefore, the delivery efficiency achieved in this PI study is in line with 

the previously reported literature. 

 

To further confirm the nature of the coating of PI on the MNs and its de-coating 

following application to skin, SEM and light microscopy imaging were 

performed. The SEM (Figure 4-16) and light microscopy images (Figure 4-17) 

demonstrated a uniform coating of the formulation over the entire needle 

surface and a clear base plate. This further confirms that the coating formulation 

possesses optimal surface tension and viscosity and it indicates that the 

operator is proficient at MN coating. It is important for the base plate to be clear 

of formulation. If formulation was present on the base plate and the MNs were 

washed to quantify the coating, the mass of PI coated on the MNs would be 

overestimated. It would also mean that the PI on the base plate would not be 

delivered to the skin but would still be quantifiable when analysed (Chong et al. 

2013). Both sets of images also demonstrate that the PI is de-coated 

effectively. Fur and other biological debris from the skin is evidently transferred 

to the stainless steel surface. However, whatever is picked up is filtered out as 

the HPLC chromatogram is not affected. It is evident that some fur remains on 

the skin surface following treatment with the electric hair-trimmer. As previously 

mentioned, this could potentially affect the mass of PI that is actually delivered 

inside the skin. Therefore, the fur removal method could be optimised, in future 

work, by following up the initial fur trim with a hair removing cream or lotion, as 

previously described (Shakya et al. 2017). A limitation of the skin delivery 

studies is that any PI that was potentially lost on the skin surface was not 

quantified. Therefore, in order to have a more accurate idea of the mass of PI 

actually delivered inside the skin, it may be beneficial to quantify the mass of PI 

left on the skin surface, if any, in future studies. This could be done by wiping 

the skin surface with a cotton swab following MN removal and analysing the 

amount of PI on the cotton swab, as described by Cormier et al. (2004).  
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4.6 Conclusion 

The in vitro MN de-coating (MN washing) method for recovery of PI for 

quantification has been optimised and involves sonication of the MNs in 0.2M 

AA for 10 minutes. A mass of over 30µg of PI can be reproducibly coated over 

an array of 30 stainless steel MNs, approximately 500µm in length. The 

resultant coating is uniform over the MN tip and shaft. A MN application method 

for mouse skin has been optimised and resulted in a puncture efficiency of 

99.17 ± 1.67% at the site of MN application. Significant numbers of MNs also 

punctured through to the reverse side of the pinched skin. There was no 

significant difference in mass of PI delivered to mouse skin with different MN 

application durations (ranging from 1 minute to 10 minutes). However, delivery 

was more reproducible when MNs were applied for 2.5 minutes (86% delivery 

efficiency) and the de-coating was evident when MNs were observed by 

microscopy. In conclusion, a PI MN system has been developed and optimised 

and the tolerogenic potential of this system can now be tested in vivo.   
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Chapter 5- In vivo delivery of MN-delivered PI 
 

5.1 Introduction 
In the previous chapters, the PI MN coating formulation was developed, 

reproducible coating demonstrated, an appropriate MN application method to 

mouse skin identified and reproducible delivery to mouse skin established. It 

was subsequently necessary to test the delivery of PI in vivo to the draining LNs 

as well as the potential of the MN system to induce peripheral tolerance in the 

NOD mouse.  

 

Since PI was the antigen of choice in this MN system, it was initially necessary 

to identify cells which would respond to PI and act as a readout for the in vitro 

and in vivo activity of PI. CD4+ and CD8+ insulin-reactive T cells were 

investigated in this chapter.  

 

5.1.1  Non-obese diabetic (NOD) mouse model of T1D 
The NOD mouse spontaneously develops T1D and is used as an animal model 

of human T1D, as mentioned in Chapter 1 (Driver et al. 2011; Kachapati et al. 

2012). 

 

The development of T1D is faster and insulitis more severe in NOD mice 

compared to humans (van Belle et al. 2011). Genetic factors, particularly MHC 

II genes and environmental factors, e.g. viruses, diet and antibiotic exposure, 

are implicated in T1D development (van Belle et al. 2011; Hansen et al. 2012; 

Mor and Cohen 2013). However, the immunological basis will be discussed 

further (Figure 5-1). Peri-insulitis occurs (from approximately 4 weeks of age), 

leading to accumulation of predominantly DCs and macrophages, but also T 

and B cells surrounding the islets (Rosmalen et al. 2000; van Belle et al. 2011). 

The DCs and macrophages pick up pancreatic autoantigens and travel to the 

pancreatic lymph nodes (PLNs), where they present the autoantigens to 

lymphocytes (Rosmalen et al. 2000). Autoreactive T cells in the pancreatic LNs 

are activated and travel to the pancreas, causing insulitis (Van Belle et al. 

2009). The infiltrate enters the islet area and macrophages, B cells, CD8+ T 
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cells and CD4+ T cells cause the destruction of β-cells from the age of 14-15 

weeks onwards (Rosmalen et al. 2000). CD8+ T cells mediate the destruction of 

β-cells (Wang et al. 1996; Chatenoud 2010). TH1 cells (a subtype of CD4+ T 

cells) are also involved in producing the inflammatory cytokines, e.g. IFN-γ, 

which cause the activation of the macrophages (Rosmalen et al. 2000). The 

destruction of the β-cells reduces endogenous insulin production, 

hyperglycaemia occurs and by 40 weeks of age, most female NOD mice have 

developed T1D, while the incidence in males is lower (Van Belle et al. 2009; 

van Belle et al. 2011).  

 

 
Figure 5-1: Timeline of T1D development in the NOD mouse. 

MΦ: macrophages, DCs: dendritic cells. 

 

The timescales and incidence vary between different animal centres. In our lab, 

65-80% of female NOD mice develop T1D between 15-35 weeks of age while 

only 10-20% of males develop the disease between 18-35 weeks.  

 

Studies have found that experimentally depleting B cells in NOD mice results in 

a delay in T1D development in non-diabetic NOD mice and a temporary return 

to normoglycaemia in diabetic mice (Hu et al. 2007). As previously introduced 

(Chapter 1), MHC I are glycoproteins which are loaded with antigen and located 

on the surface of cells to present the antigen to CD8+ T cells (Joffre et al. 

2012). It has been reported that although deficiency of MHC I on islet β-cells 
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does not prevent insulitis, it does reduce the incidence of hyperglycaemia 

(Hamilton-Williams et al. 2003). These studies highlight the importance of B 

cells and CD8+ T cells at different points of T1D development and progression. 

As a result of gene defects in NOD mice, a large number of autoreactive T cells 

escape thymic negative selection (Serreze et al. 2008; Driver et al. 2011). This 

is a result of lack of stimulation of T cells in the thymus by interaction with 

autoantigen: MHC complexes, impairing the cell death process (Serreze et al. 

2008; Driver et al. 2011). Additionally, the deletion of autoreactive T cells in the 

periphery does not occur (Driver et al. 2011). The autoreactive T cells of NOD 

mice have also been found to produce more pro-inflammatory IFN-γ and less 

anti-inflammatory cytokines (IL-10 and IL-4), allowing them to combat 

immunosuppressive regulatory T cell (Treg) actions (Driver et al. 2011). It has 

been reported that it may be the reduced functionality of Tregs that causes T1D 

development (Tritt et al. 2008; Driver et al. 2011). 

 

In NOD mice, CD4+ and CD8+ T cells recognise and are activated by certain 

epitopes of islet autoantigens. The epitopes targeted by CD4+ T cells are from 

the pancreatic autoantigens GAD65/67, IA-2, HSP60, IGRP and PI/insulin. The 

epitopes targeted by CD8+ T cells are from the autoantigens GAD65/67, IGRP, 

PI/insulin and dystrophia myotonica kinase (DMK) (Di Lorenzo et al. 2007; 

Wong et al. 2009; van Belle et al. 2011). 

 

5.1.2  Insulin-reactive T cells 
The BDC-4.38Vβ12 CD4+ T cells are autoreactive T cells which have been 

isolated from the NOD mouse and recognise and are activated by insulin B9-23 

peptide (B9-23), a segment of the insulin B chain (SHLVEALYLVCGERG) 

(Delong et al. 2013). These cells are diabetogenic, causing diabetes when 

transferred to young NOD and NOD SCID mice (< 14 days old) (Delong et al. 

2013).  

 

The diabetogenic CD8+ T cell clone (G9C8 T cell) was isolated from the islets 

of NOD mice and found to cause accelerated diabetes when activated and 

transferred to non-diabetic NOD mice (Wong et al. 1996). These G9C8 T cell 

clones recognise the insulin B15-23 peptide (B15-23), a peptide of the insulin B 

chain (LYLVCGERG) (Wong et al. 1999; Wong et al. 2009). B15-23 is an 
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epitope that is conserved in both mouse insulins and human insulin and is 

MHC-Kd restricted in mice (Wong et al. 2009) and HLA-A24-restricted in 

humans (Di Lorenzo et al. 2007). The G9Cα-/- NOD transgenic mouse has 

been generated in which the majority of the CD8+ T cells express the TCR of 

the diabetogenic G9C8 T cell clone (Wong et al. 2009). These mice do not 

spontaneously develop diabetes but their CD8+ T cells (G9 CD8+ T cells) can 

rapidly initiate diabetes once activated (Wong et al. 2009). 

 

Since both the BDC-4.38Vβ12 CD4+ and G9 CD8+ T cells recognise epitopes 

present in the PI structure, they have the potential to be used as a readout for 

the delivery of PI. 

 

 

5.2 Aims and objectives 

The aim of this chapter was to investigate the in vivo delivery of MN-delivered 

PI and to investigate the ability of the PI-coated MN system to induce peripheral 

tolerance in a mouse model. 

The objectives were to: 

• Identify an in vitro and in vivo biological readout for PI using insulin-

reactive T cells. 

• Investigate the potential of a PI MN system to deliver sufficient PI in vivo 

that could be recognised (as PI peptides) by insulin-reactive T cells in the 

draining lymph nodes. 

• Determine if peripheral tolerance is induced in NOD mice treated with 

MN-delivered PI using an adoptive co-transfer experiment in NOD SCID 

mice.  

 

 

5.3 Materials and methods 

The details of equipment and reagents used are listed in the equipment and 

reagents tables. In-house buffers, reagents and media preparation information 

are listed in Table 5-1. Flow cytometry cell samples were analysed on the BD 

LSRFortessa™ and data was analysed using FlowJo version X.0.7. Statistical 

analyses for all studies were conducted using GraphPad Prism 6 (GraphPad 

Software Inc., USA) or Microsoft Excel (Microsoft Corporation, USA).  
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Table 5-1: Components of in-house medias, reagents and buffers. 
DMEM- Dulbecco’s Modified Eagle Medium; DMSO- dimethylsulfoxide; FACS- 

fluorescence-activated cell sorting; FCS- fetal calf serum; GM-CSF- granulocyte-
macrophage colony stimulating factor; MACS- magnetic-activated cell sorting; PBS- 

phosphate buffered saline; RPMI- Roswell Park Memorial Institute medium. 

Media/ buffer Components 
Block buffer    
(IFN-γ ELISA) 

1% BSA in PBS (1x) 

Bovine serum albumin 
(BSA) 2%; 10% 

 2% or 10% BSA in PBS (1x) 

Complete DMEM 2mM L-Glutamine, 100U/ml Penicillin-Streptomycin, 0.5mM 
2-mercaptoethanol, 10% FCS, 0.01M HEPES in DMEM. 

Complete RPMI 5% FCS (or 10% FCS), 2mM L-Glutamine, 100U/ml 
Penicillin-Streptomycin, 0.5mM 2-mercaptoethanol in RPMI 
1640 

DC medium Complete RPMI with 1.5ng/ml of GM-CSF 
FACS buffer 0.01% sodium azide, 0.5% BSA in PBS (1x) 
Freezing medium 50% FCS, 40% plain DMEM, 10% DMSO 
Hydrogen peroxide 
(0.3%) 

Hydrogen peroxide (30%) diluted to 0.3% in PBS (1x) 

Ionomycin 1mg/ml in DMSO 
Lipopolysaccharide 
(LPS)  

1mg/ml in PBS (1x) 

MACS buffer 20mM EDTA, 0.5% BSA in PBS (1x) 
Monensin 3mM in ethanol 
Paraformaldehyde 
(10%)  (PFA) 

10% in 0.1M phosphate buffer (PB) 

Paraformaldehyde lysine 
periodate fixative  
(PLP buffer) 

Prepare 75mM lysine in 0.1M PB;  
add 1% PFA;  
adjust pH to 7.0-7.2 using NaOH; 
add sodium m-periodate to concentration of 10mM  

Phorbol 12-myristate 13-
acetate (PMA) 

1mg/ml in DMSO 

Phosphate buffer (PB) 
(0.1M) 

3 parts 0.1M mono-basic sodium phosphate (NaH2PO4); 
1 part 0.1M di-basic sodium phosphate (Na2HPO4); 
adjust to pH 7.6 using NaOH 

Reagent diluent 
(IFN-γ ELISA) 

0.1% BSA, 0.05% Tween® 20 in PBS (1x) 

Reagent diluent 
(MIP-1β ELISA) 

1% BSA in PBS (1x) 

Stop solution (ELISA) 1M sulphuric acid 
Substrate solution 1:1 mixture of colour reagent A and colour reagent B from 

TMB substrate reagent set 
Sucrose solution  10% and 20% sucrose prepared in 0.1M PB buffer 
Tris-HCl (100mM) 100mM TRIS-base in deionised water, adjusted to pH 8.36 

using 32% hydrochloric acid 
Triton-X 100 (0.01%) 0.01% in PBS (1x) 
Trypan blue 1:4 in PBS (1x) 
Wash buffer (ELISA) 0.05% Tween® 20 in PBS (1x) 
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5.3.1  Mice 

The mouse strains used in the experiments included NOD/ Caj mice (referred to 

as NOD mice), NOD SCID mice (purchased from the Jackson laboratory), NOD 

FIR mice (obtained from Dr Li Wen, Yale University) and G9Cα-/- NOD 

transgenic mice. The NOD and G9Cα-/- NOD transgenic mice have been 

introduced in sections 5.1.1 and 5.1.2, respectively. The NOD FIR mouse is a 

transgenic variant of the NOD mouse. The transcription factor, FoxP3, is a 

marker for Tregs (Wan and Flavell 2005). FIR (FoxP3-IRES-mRFP) mice have 

been generated in which a reporter (red fluorescent protein) is knocked into the 

FoxP3 gene, allowing FoxP3-expressing Tregs to be identified and counted 

(Wan and Flavell 2005). These mice were then backcrossed more than 10 

generations to NOD mice, resulting in NOD FIR mice (Xiang et al. 2012). The 

NOD SCID mouse, another transgenic variant of the NOD mouse, has the SCID 

(severe combined immune deficiency) mutation (Bosma and Carroll 1991). This 

makes it deficient in functional T and B cells, as a result of inhibition of early 

development of these cells (Bosma and Carroll 1991). Therefore, it cannot 

develop T1D spontaneously and is highly infection prone (Bosma and Carroll 

1991; Daniel et al. 1995). It is used in adoptive transfer experiments in which 

diabetogenic and/or protective cells are administered intravenously and the 

mouse is observed for T1D development.  

 

All mice were bred and maintained in a specific pathogen-free environment at 

Cardiff University, UK. All experimental procedures were carried out in 

accordance with UK Home Office project licence regulations and following 

approval by the Ethical Review Committee at Cardiff University. 

 

5.3.2  Microneedles 

The MNs used in these studies have been described in section 3.3.1. 

 

5.3.3  MN coating formulation and coating method 

The preparation of the PI MN coating formulation has been described in section 

4.3.2. The MN coating method has been described in Chapters 2 and Chapter 3 

(section 2.3.8 and section 3.3.6).  
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5.3.4  Preparation of a splenocyte suspension 

Mice were sacrificed and spleens harvested in complete RPMI and kept on ice. 

The spleens with complete RPMI medium were either transferred to a petri dish 

and ground using the handle end of a syringe plunger or were transferred to a 

homogeniser in which they were processed into a single cell suspension. The 

suspension was centrifuged at 400G for 5 minutes at 4°C and the pellet was 

resuspended. The erythrocytes were lysed by hypo-osmotic shock by adding 

900µl of water, quickly followed by 100µl of 10x PBS and 4ml of complete RPMI 

per spleen. The cell suspension was poured through a 40µm cell strainer into a 

50ml centrifuge tube and centrifuged at 400G for 5 minutes at 4°C. The pellet 

was resuspended in complete RPMI and the cells were counted. Trypan blue 

staining was used to count cells throughout this chapter.  

 

5.3.5  Lymph node (LN) harvesting and processing 

Lymph nodes (LNs) were harvested and placed in a small volume of complete 

RPMI in a petri dish. A 30G needle was used to mechanically dissociate the 

LNs and release the LN cells into the media. The cell suspension was filtered 

through a 40µm cell strainer into a collection tube.  

 

5.3.6  T cell isolation 

CD8+ and CD4+ T cells were negatively selected from splenocyte suspensions 

using the MACS CD8a+ or CD4+ T cell isolation kits, according to the 

manufacturer’s instructions. Briefly, splenocytes were centrifuged at 400G for 5 

minutes at 4ºC. The pellet was resuspended in 40µl MACS buffer per 107 total 

cells, followed by 10µl Biotin-Antibody cocktail per 107 total cells and the 

mixture was incubated for 5 minutes at 4°C. A 30µl volume of MACS buffer per 

107 total cells was then added, followed by 20µl of Anti-Biotin Microbeads per 

107 total cells. The mixture was incubated for 10 minutes at 4°C. An LS column 

was placed in the magnetic field of a Midi MACS separator, the column was 

washed with 3ml of MACS buffer and the cell suspension passed through a 

40µm cell strainer into the column. The unlabelled CD8+ T cells/ CD4+ T cells 

were collected. The LS column was washed with 3ml of MACS buffer, which 

was collected with the CD8+ T cells/ CD4+ T cells and the cells were counted.  
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5.3.7  3H-thymidine incorporation assay 
3H-thymidine incorporation was used as a proliferation readout in a number of 

assays conducted in 96 well round-bottomed plates. At 72 hours post-assay 

set-up, supernatant was collected for subsequent ELISA analysis. Each well 

was then pulsed with 20µl 3H-thymidine, giving an activity of 18.5KBq per well 

and the plate was incubated for a further 16 hours at 37°C, 5% CO2. 

Subsequently, the cells were harvested and collected on filtermats. The wax 

scintillant was melted on to the filtermat in an oven set to 85°C. The filtermats 

were cooled at room temperature to allow the wax to resolidify. 3H-thymidine 

levels were counted using the Microbeta2 2450 Microplate Counter. 

 

5.3.8  Enzyme-linked immunosorbent assay (ELISA) 
ELISAs were conducted using the manufacturer’s instructions. Briefly, capture 

antibody was diluted to the working concentration in PBS, added to each well of 

a 96-well plate and the plate incubated overnight at room temperature. The 

plate was washed 3 times with wash buffer and blotted dry. The plate was 

blocked with block buffer, incubated for 1 hour at room temperature, then 

washed and dried. Standards and samples were prepared in appropriate media 

and added to the appropriate wells in duplicates. The plate was incubated for 2 

hours at room temperature and was subsequently washed and dried. Detection 

antibody was diluted to the working concentration in reagent diluent and added 

to each well and the plate was incubated for 2 hours at room temperature.  The 

washing and drying process was repeated. Streptavidin-HRP was diluted to the 

working concentration in reagent diluent, added to each well and incubated for 

20 minutes at room temperature. The washing and drying process was 

subsequently repeated. Substrate solution was added to each well and 

incubated at room temperature for 20 minutes followed by the addition of the 

Stop Solution (1M sulphuric acid). Optical density was measured using the 

Thermo Scientific Multiskan® spectrum microplate spectrophotometer set at 

450nm. Data was analysed by 4-PL interpolation of standard curve. 

 

!
!
!
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5.3.9  Staining for extracellular markers for flow 

cytometry 

Cells to be stained were placed in FACS tubes and 1ml of FACS buffer was 

added. The cells were centrifuged at 400G for 5 minutes at 4°C, the 

supernatant aspirated and the pellet resuspended. The FcX receptor block, 

Trustain, was added to a concentration of 1:25 to each sample and the samples 

were incubated at 4°C for 5-10 minutes. An appropriate volume and 

concentration of antibody master mix containing the desired antibodies was 

added to each sample. The samples were incubated for 30 minutes at 4°C. 

Subsequently, the samples were centrifuged in 1ml of FACS buffer at 400G for 

5 minutes at 4°C and resuspended in 200µl of FACS buffer ready for flow 

cytometric analysis.  

 

5.3.10  Staining for intracellular and intranuclear (FoxP3) 

markers for flow cytometry 

Following the last wash of the extracellular staining protocol, the supernatant 

was discarded and the cells were pulse vortexed. The cells were fixed by 

incubating in 1ml of fixation/permeabilisation buffer for 45 minutes at room 

temperature. The cells were washed in 2ml of 1X permeabilisation buffer twice 

(centrifuged at 400G for 5 minutes at room temperature) and resuspended in 

the residual volume. The intracellular antibody/ isotype control mastermix was 

prepared in 1X permeabilisation buffer and added to the samples at the 

appropriate volume and concentration. In the case of FoxP3 staining, the 

required volume of fluorochrome-conjugated FoxP3 antibody or isotype control 

was added directly to the samples. The samples were incubated in the dark at 

room temperature for 30 minutes. The cells were further washed twice in 1X 

permeabilisation buffer and resuspended in 200µl of FACS buffer ready for flow 

cytometric analysis. 

 

5.3.11  BDC-4.38Vβ12 CD4+ T cells 

The BDC-4.38Vβ12 CD4+ T cells were kindly sent by Professor Kathryn 

Haskins (University of Colorado, USA) along with pancreatic tumour β-cell 

membrane preparation (designated β-membrane). β-membrane is a protein 
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isolated from the tumours harvested from NOD.RIPTAg mice (Delong et al. 

2013) and was provided as antigen for feeding of the cells.  

 

5.3.11.1   Initial thawing of cells 

The spleen of a NOD or NOD FIR mouse was harvested and processed as 

described (section 5.3.4). The splenocytes were resuspended in complete 

RPMI and irradiated at 3500 Rads. These cells acted as the antigen-presenting 

cells (APCs). The CD4+ T cells were removed from liquid nitrogen storage and 

thawed quickly. The cells were centrifuged three times in warm complete 

DMEM at 400G for 5 minutes at 20°C and counted.  

 

5.3.11.2   Cell growth and restimulation 

Initially, the!cells were grown in Nunc™ 25cm2 filter cap flasks. Since it was not 

possible to monitor the cells growing in the flasks, the cells were subsequently 

cultured in 6-well or 12-well plates. The cells were grown in complete DMEM 

with a final concentration in each well of 0.8x106 irradiated APCs/ml, 0.3ng/ml 

Interleukin-2 (IL-2), 0.5X Insulin-Transferrin-Selenium (ITS) (providing a 

concentration of 5µg/ml of insulin) and either 0.4µg/ml β-membrane or 15µg/ml 

denatured human insulin. The cells were incubated at 37°C, 5-10% CO2. Half of 

the media was replaced with fresh media or the cells were split (when required) 

every 3-4 days. The cells were counted and restimulated (with APCs, IL-2, ITS 

and β-membrane or denatured human insulin as previously stated) every 2 

weeks. Depending on cell number, a portion of cells was taken for use in in vitro 

assays, mycoplasma tests or for freezing.  

 

5.3.11.3   BDC4.38Vβ12 CD4+ T cell - in vitro assays  

After the cells were counted (section 5.3.11.2), any cells to be used in the in 

vitro assay were transferred to FACS tubes and centrifuged twice in complete 

DMEM at 400G for 5 minutes at 20°C, in order to remove any IL-2. The pellet 

was resuspended in 2ml of complete DMEM and incubated at room 

temperature for 30 minutes. The cells were subsequently centrifuged and 

resuspended in complete DMEM at an appropriate concentration. An 

approximately 5mg/ml solution of B9-23 was prepared in 10% DMSO/saline. A 
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commercial recombinant human insulin solution (11.2mg/ml) was denatured by 

heating at 100°C for 10 minutes. An approximately 800µg/ml formulation of PI in 

PBS was prepared and also denatured by heating. Insulin and PI were 

denatured in order to inhibit any biological effects of insulin (hypoglycaemia), 

which could inhibit proliferation and activation. Serial dilutions of the antigens 

were prepared in complete DMEM giving appropriate concentrations to be 

tested in the in vitro assays. 

 

The CD4+ T cells (2x105/ml) were cultured with 5x105/ml irradiated splenocytes 

(APCs) and various concentrations of antigens in a round-bottomed 96 well 

plate and a total volume of 200µl per well. In subsequent assays, the 

concentration of cells was increased to 4x105 CD4+ T cells/ml and 2x106 

APCs/ml. Each condition was tested in duplicate or triplicate (depending on 

availability of cells). The plates were incubated at 37ºC, 5-10% CO2 for 48 

hours or 72 hours. Supernatant was collected and stored at -20ºC until IFN-γ 

levels were analysed by ELISA, using the Mouse IFN-γ DuoSet ELISA kit, as 

described in section 5.3.8. Cells were pulsed with 3H-thymidine and 3H-

thymidine incorporation was measured 16 hours later, as described in section 

5.3.7. 

 

5.3.12  G9 CD8+ T cells 

5.3.12.1   G9 CD8+ T cells- in vitro assays  

The G9 CD8+ T cells were used in a series of in vitro assays to assess their 

potential for use as a readout for detection of PI peptides (from processed PI) 

presented on bone marrow-derived dendritic cells (BMDCs) as antigen-

presenting cells (APCs) (Figure 5-2).  
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Figure 5-2: G9 CD8+ T cells in vitro assay method. 
(γ: IFN-γ; β: MIP-1β; BMDC: bone marrow-derived dendritic cells) 

 

5.3.12.1.1   Preparation of bone marrow-derived dendritic cells (BMDCs) 

BMDCs were used as APCs. The back legs of a NOD mouse were harvested in 

complete RPMI and cleaned. A 27G needle was attached to a 5ml syringe 

containing complete RPMI. The needle was inserted into the end of the bone 

and the bone marrow was expelled with complete RPMI. The bone marrow cells 

were dissociated by passing them through the needle and expelling them. The 

bone marrow suspension was transferred into a 75cm2 flask along with a further 

10ml of complete RPMI. The cells were incubated at 37ºC at 5% CO2 for 2 

hours after which the supernatant was filtered through a 40µm cell strainer into 

a 50ml centrifuge tube. The flask was washed with 20ml complete RPMI, which 

was added to the supernatant and the cells were counted. The cell suspension 

was centrifuged at 1800rpm for 10 minutes at 20°C and the pellet was 

resuspended in DC medium at 1x106 cells/ml. To each well of a 6-well plate, 

5ml of the cell suspension was added and the plates were incubated at 37°C, 

5% CO2. Half of the media was replaced with fresh DC medium every 3-4 days. 

On day 7, the media was half-changed and lipopolysaccharide (LPS) was 

Incubated 37°C, 10% CO2 for 72 hours  
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added to a final concentration of 1µg/ml per well. The cells were incubated for a 

further 16-18 hours in order to mature. Prior to setting up an in vitro assay, 4ml 

of the media in each well was transferred to a 50ml centrifuge tube. Wells were 

scraped and washed with complete RPMI twice and the washings transferred to 

the same centrifuge tube. The DCs were centrifuged at 400G for 5 minutes at 

20°C, three times and the pellet was resuspended in complete RPMI. The cells 

were irradiated at 3000 Rad and counted prior to use.  

 

5.3.12.1.2   Preparation of a splenocyte suspension 

G9Cα-/- NOD transgenic mice (7-10 weeks old) were sacrificed. Spleens were 

harvested and a splenocyte suspension was prepared as described in section 

5.3.4.  

 

5.3.12.1.3   CD8+ T cell isolation   

G9 CD8+ T cells were negatively selected from the splenocyte suspension 

using the MACS CD8a+ T cell isolation kit, as described in section 5.3.6.  

 

5.3.12.1.4   Antigen preparation for use in in vitro assays 

PI powder was reconstituted to a concentration of approximately 1.6mg/ml in 

0.2M AA. An approximately 5mg/ml solution of B15-23 in 10% DMSO/saline 

was used in these assays. Anti-CD3 was directly diluted in complete RPMI. 

Serial dilutions of the antigens were prepared in complete RPMI, giving 

appropriate concentrations to be tested in the in vitro assays. 

 

5.3.12.1.5   In vitro assay preparation 

BMDCs, isolated G9 CD8+ T cells and antigen dilutions were prepared as 

described in section 5.3.12.1.1, 5.3.12.1.3 and 5.3.12.1.4 respectively. A 

concentration of 2x105/ml BMDCs and 1x106/ml G9 CD8+ T cells +/- 

appropriate concentrations of antigen were added to the wells of a 96-well 

plate, to a final volume of 200µl per well. Each condition was tested in triplicate. 
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5.3.12.1.6   3H-thymidine incorporation assay 

At 72 hours post-assay set-up, 100µl of supernatant from each triplicate well 

was pooled for subsequent ELISA analysis. The cells were pulsed with 3H-

thymidine and 3H-thymidine incorporation was analysed 16 hours later (section 

5.3.7).  

 

5.3.12.1.7   Enzyme-linked immunosorbent assay (ELISA) 

The supernatant collected from the G9 CD8+ T cells in vitro assays was 

analysed for MIP-1β and IFN-γ using the Mouse MIP-1β and IFN-γ DuoSet 

ELISA kits, as described in section 5.3.8.  

 

5.3.12.2   G9 CD8+ T cells- in vivo experiment 
NOD female mice in the age range 6-7 weeks old were used in an in vivo 

experiment testing if MN-delivered PI was transferred from the skin to the 

draining (axillary) lymph nodes (Figure 5-3). The NOD mice received MN-

delivered PI injection or ID injection of PI or no treatment. This was followed, 24 

hours later, by the IV transfer of CFSE-labelled G9 CD8+ T cells. The axillary 

lymph nodes (AxLNs) and spleens were harvested 96 hours post-cell transfer 

and the cells from these tissues were analysed by flow cytometry. Dr Ravinder 

Singh performed the ID injections, isolation and IV transfer of G9 CD8+ T cells, 

harvesting of LNs and spleens and flow cytometry. 
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Figure 5-3: G9 CD8+ T cells in vivo PI delivery experiment method. 

 

5.3.12.2.1   Preparation of PI formulation for hypodermic intradermal (ID) 

injection 

PI powder was thawed and reconstituted to approximately 578µg/ml in PBS, 

giving approximately 28.90µg of PI in the 50µl injection volume. The formulation 

was a homogenous suspension (pH 7.19). 

 

5.3.12.2.2   Intradermal injection of PI 

The NOD mice were anaesthetised using isoflurane gas and the fur on the back 

of the neck was shaved using a hair trimmer. A dose of approximately 28.90µg 

of PI was injected intradermally in a volume of 50µl, using a 29G insulin needle. 

  

5.3.12.2.3   Application of PI-coated MNs to live mice 

PI-coated MNs were applied as described in Chapter 4. Briefly, mice were 

anaesthetised using isoflurane gas and the fur at the back of the neck was 

shaved with a hair trimmer. The skin at the back of the neck was pinched and a 

set of PI-coated MNs was applied using a plastic/foam support for 2.5 minutes. 
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extracellular markers 
 
Flow cytometry analysis 
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For the first 30 seconds, the MNs were applied to the skin with significant force 

using both hands and applying pressure across the full MN array surface by 

moving the array gently from side to side. For the remainder of the application 

duration, the MNs were held in place using one hand and light finger pressure 

was applied, without moving the array. Based on the skin delivery study results 

in Chapter 4 (Figure 4-14), an estimated dose of 28.90µg of PI was delivered. 

 

5.3.12.2.4   Preparation of isolated G9 CD8+ T cells 

G9Cα-/- NOD transgenic mice (6.5-8.5 weeks old) were sacrificed and their 

spleens were harvested in complete RPMI. A splenocyte suspension was 

prepared as described in section 5.3.4. Following hypo-osmotic shock of the 

cells, 10ml of PBS was added to the cell suspension and the cells were 

centrifuged at 400G for 5 minutes at 4°C and resuspended. The cells were then 

passed through a 40µm cell strainer and counted. The G9 CD8+ T cells were 

isolated from this cell suspension as described in section 5.3.6. 

 

5.3.12.2.5   CFDA SE labelling of cells 

A 10mM stock solution of CFDA SE from the Vybrant® CFDA SE Cell Tracer 

Kit was prepared as directed by the manufacturer. The contents of one vial of 

CFDA SE were diluted in 90µl of high-quality DMSO, aliquoted in 5µl aliquots 

and stored at -20°C. A sample of CFDA SE stock solution was thawed and 

diluted in pre-warmed PBS to a concentration of 2µM. The isolated G9 CD8+ T 

cells (section 5.3.12.2.4) were centrifuged at 400G for 5 minutes at 20°C and 

the pellet was resuspended in the CFDA SE/PBS mixture at a concentration of 

5x106/ml. The cells were incubated for 15 minutes at 37ºC, 5% CO2 and then 

centrifuged at 400G for 5 minutes at 20°C. The pellet was resuspended in pre-

warmed complete RPMI and incubated for 30 minutes at 37ºC, 5% CO2. 

Following incubation, the cells were centrifuged at 400G for 5 minutes at 20°C 

then resuspended and centrifuged in warm PBS, three times. Finally, the cells 

were resuspended in saline (sodium chloride 0.9%) to a concentration of 

4x107/ml, giving 8x106 cells in an injection volume of 200µl. CFDA SE is 

converted into the fluorescent CFSE inside the cell (Quah and Parish 2010). 

Throughout the Thesis, the terms CFDA SE and CFSE will be used 

interchangeably. 
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5.3.12.2.6   IV cell transfer 

The NOD mice received IV cell transfer injections in the tail vein using a 27G 

needle, 24 hours after the MN or ID injections of PI. Each mouse received a 

200µl suspension containing 8x106 CFSE-labelled G9 CD8+ T cells.  

 

5.3.12.2.7   LN and spleen harvesting and processing 

The NOD mice were sacrificed 96 hours post-cell transfer and the spleens were 

harvested in complete RPMI and processed to give a splenocyte suspension, 

as described in section 5.3.4. The AxLNs were harvested and processed as 

described in section 5.3.5.  

 

Prior to staining for extracellular and intracellular markers for flow cytometry, a 

mixture of monensin (1:1500), PMA (50ng/ml) and ionomycin (500ng/ml) was 

added to the splenocytes and LN cells. These were incubated for 3 hours, in 

order to stimulate intracellular cytokine production and prevent their release 

from the cells. The samples were subsequently stained and analysed for 

extracellular and intracellular markers as described in sections 5.3.9 and 5.3.10, 

respectively. The antibodies and dilutions used are listed in Table 5-2.  

 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table 5-2: Antibodies for flow cytometry for G9 CD8+ T cell in vivo studies.  
Antibody details and dilutions used to stain AxLN and spleen cells from G9 CD8+ T cell 

in vivo studies. 

Antibody Fluorochrome Dilution Supplier Cat. No. Clone 
CD8a BV605 1:500 Biolegend 100744 53-6.7 
CD44 PerCP-Cy5.5 1:500 Biolegend 103032 IM7 
CD69 APC 1:500 Biolegend 104514 H1.2F3 
CD69 AF700 1:500 Biolegend 104539 H1.2F3 

CD279 
(PD-1) 

BV785 1:500 Biolegend 135225 29F.1A12 

IFN-γ BV711 1:200 Biolegend 505835 XMG1.2 
IL-10 BV650 1:200 BD 

Biosciences 
564083 JES5-16E3 

TGFβ BV421 1:200 Biolegend 141407 TW7-16B4 
TNFα PE-CF594 1:200 Biolegend 506345 MP6-XT22 
Mouse 
IgG1,κ 
isotype 
control 

BV421 1:200 Biolegend 400158 MOPC-21 

Rat IgG1,κ 
isotype 
control 

PE-CF594 1:200 Biolegend 400455 RTK2071 

Rat IgG1,κ 
isotype 
control 

BV711 1:200 Biolegend 400441 RTK2071 

Rat 
IgG2b,κ 
isotype 
control 

BV650 1:200 BD 
Biosciences 

563233 R35-38 

Fixable 
viability dye 

eFluor780 1:1000 eBioscience 65-0865-
14 

Not 
applicable 

 

 

5.3.13  Adoptive co-transfer 

An adoptive co-transfer experiment was conducted in order to investigate the 

potential of the MN PI delivery system to generate tolerance in the NOD mouse 

(Figure 5-4). Dr Terri Thayer kindly performed IV cell transfer injections and 

assisted with LN and spleen harvesting and cell phenotyping. Dr Stephanie 

Hanna kindly assisted with processing of spleens and isolation of CD4+ T cells. 

Dr Dimitri Kakabadse kindly assisted with MN injections. 
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Figure 5-4: Adoptive co-transfer experiment method. 
AxLNs: axillary lymph nodes, CLNs: cervical lymph nodes, PLNs: pancreatic lymph 

nodes. 

 

5.3.13.1   Application of PI-coated MNs for adoptive co-transfer 

study 

NOD female mice were used in the age range 6-6.5 weeks old. PI-coated MNs 

were applied to the mice as described in section 5.3.12.2.3. The mice received 

a single MN-delivered dose (estimated delivered dose 28.90µg) of PI weekly for 

1 month (4 doses in total). 

 

5.3.13.2   LN and spleen harvesting and processing 

On day 28, the NOD female mice were sacrificed and the spleens were 

harvested. The spleens were processed as described in section 5.3.4 and the 

resultant splenocyte suspensions were pooled in each treatment group (PI-

treated v untreated). The splenic CD4+ T cells were isolated as described in 

section 5.3.6. The axillary, cervical and pancreatic LNs (AxLNs, CLNs and 

PLNs, respectively) were also harvested and processed as described in section 

5.3.5. The LNs from the mice within each treatment group were pooled and 

NOD females 
6-6.5 weeks old 

Day 0 
Dose 1 

Day 7 
Dose 2 

Day 14 
Dose 3 

Day 21 
Dose 4 

Day 28 
AxLNs, CLNs, 
PLNs, spleens 
collected 

Day 28 
Whole LNs and purified splenic 
CD4+ T cells (16.2x106 cells in total 
transferred into NOD SCID mice) 

NOD SCID females 
4-6 weeks old 

Day 29 
Spleens from 
diabetic NOD  
mice collected 

Day 29 
10x106 splenocytes from 
diabetic NOD mice 
transferred to each NOD 
SCID mouse 

Observe for diabetes 
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processed together. The LN cell suspensions were centrifuged at 400G for 5 

minutes at 4°C. The cells were resuspended in complete RPMI and counted. 

 

A proportion of LN cells, unfractionated splenocytes and splenic CD4+ T cells 

were stained for extracellular and intranuclear markers (as described in sections 

5.3.9 and 5.3.10) and analysed on the BD LSRFortessa™. The antibodies and 

dilutions used are listed in Table 5-3. 

 
Table 5-3: Antibodies used for phenotyping in the adoptive co-transfer study. 

Antibody details and dilutions used for phenotyping of LN cells, splenocytes and 
splenic CD4+ T cells from NOD mice. 

Antibody Fluorochrome Dilution Supplier Cat. No. Clone 
CD4 PB 1:200 Biolegend 100531 RM4-5 
CD8a PE-Cy7 1:400 Biolegend 100722 53-6.7 
CD11b BV650 1:200 Biolegend 101259 M1/70 
CD11c APC/Cy7 1:400 Biolegend 117324 N418 
CD25 PE 1:200 Biolegend 102008 PC61 
CD44 PerCP/Cy5.5 1:1000 eBioscience 45-0441-82 IM7 
CD45R/ 
B220 

BV785 1:200 Biolegend 
 

103246 RA3-6B2 

CD62L 
(L-selectin, 
LECAM-1, 
Ly-22) 
(MEL-14) 

FITC 1:100 Pharmingen 553150 
 

MEL-14 

CD69 AF700 1:200 Biolegend 104539 H1.2F3 
CD80 PerCP/Cy5.5 1:200 Biolegend 104722 16-10A1 
CD86 AF700 1:200 Biolegend 105122 PO3 
CD274 (B7-
H1, PD-L1) 

APC 1:200 Biolegend 124312 10F.9G2 

CD279 
(PD-1) 

BV605 1:200 BD 
Biosciences 

563059 J43 

FoxP3 APC 1:200 eBioscience 17-5773-82 FJK-16s 
H-2Kb 
(MHC I) 

FITC 1:100 BD 
Biosciences 

553569 AF6-88.5 

I-A[k] 
(MHC II) 

PE 1:100 BD 
Pharmingen 

553537 11-5.2 

Rat IgG2a,κ 
Isotype 
control 

APC 1:200 eBioscience 17-4321-
81A 

eBR2a 

Fixable 
viability dye 

eFluor506 1:500 eBioscience 65-0866-14 Not 
applicable 

Fixable 
viability dye 

eFluor780 1:1000 eBioscience 65-0865-14 Not 
applicable 
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5.3.13.3   Preparing LN cells and splenic CD4+ T cells for IV 

transfer 

The LN cell suspensions and splenic CD4+ T cell suspensions were centrifuged 

twice in PBS at 400G for 5 minutes at 4°C. The cells were resuspended in an 

appropriate volume of saline (sodium chloride 0.9%) and the LN cells and 

splenic CD4+ T cells within each treatment group (PI-treated v untreated) were 

combined. The resulting transfer solution contained 10.2x106 LN cells and 

6x106 splenic CD4+ T cells in 200µl saline (injection volume) per recipient 

mouse. 

 

5.3.13.4   Preparing splenocytes from diabetic mice 

Two diabetic, female NOD mice (19 weeks old) were sacrificed and the spleens 

were harvested. A splenocyte suspension was prepared as described in section 

5.3.4, except the cells were centrifuged in PBS and finally resuspended in 

saline at a concentration of 10x106 splenocytes in 200µl (injection volume). 

 

5.3.13.5   IV cell transfer 

NOD SCID mice in the age range 4-6 weeks old received IV cell transfer 

injections in the tail vein using a 27G needle. On day 28, each mouse received 

a 200µl suspension containing 10.2x106 LN cells and 6x106 splenic CD4+ T 

cells from either the PI-treated NODs or untreated NODs or no cell transfer. On 

day 29, the mice received a 200µl suspension containing 10x106 splenocytes 

from diabetic mice or no cell transfer.  The mice were then observed for T1D 

development. 

 

5.3.13.6   Glycosuria and blood glucose monitoring 

T1D incidence was monitored by testing for glycosuria. The NOD SCID mice 

were tested for glycosuria twice a week until the first incidence of T1D. 

Following this, the mice were tested every other day. Once a positive result for 

glycosuria was obtained, the mouse was tested again 24 hours later. If the 

mouse was glycosuric again, blood glucose was tested. The tip of the tail was 

cut using a sterile blade, a drop of blood was placed on the blood glucose test 

strip and the blood glucose level was measured using a blood glucose meter. A 
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glucose reading above 13.9mmol/L was considered diabetic and the mouse 

was sacrificed. 

 

5.3.13.7   Blocking pancreata 
Once a NOD SCID mouse became diabetic or at the end of the experiment, the 

pancreas was harvested in paraformaldehyde lysine periodate fixative (PLP 

buffer) and stored overnight at 4°C. The PLP buffer was drained and the 

pancreas washed with 0.1M phosphate buffer (PB). The PB was replaced with 

10% sucrose solution and the pancreas was incubated for 30 minutes at 4°C. 

The 10% sucrose solution was subsequently replaced by 20% sucrose solution 

and the pancreas was incubated for 30 minutes at 4°C. The pancreas was 

removed from the sucrose solution and blotted dry. Optimal cutting temperature 

(OCT) compound was added to a plastic mould and the pancreas was laid in 

the OCT compound. The pancreas was covered with OCT compound and the 

mould was transferred to an isopentane bath on a bed of dry ice for freezing. 

The mould was left to set and subsequently stored at -80°C. 

 

5.3.13.8   Histology sectioning 
Histological sections of the pancreata were cut at 10µm thickness on the 

Cryostar NX50 Cryostat. The specimen head temperature was set at -16°C and 

sections were collected on glass slides and subsequently stored at -80°C. 

 

5.3.13.9   Histological staining of pancreatic islets 
Pancreas sections collected on glass slides were defrosted and rehydrated in 

0.01% Triton X-100 for 30-40 minutes. The sections were blocked in 10% BSA 

and incubated for 20 minutes at room temperature or overnight at 4°C. 

Subsequently, the sections were rinsed in 0.01% Triton X-100 for 3-5 minutes. 

The sections were blocked with Avidin for 15 minutes and rinsed in 0.01% 

Triton X-100 for 3-5 minutes. The sections were then blocked with Biotin for 15 

minutes and washed in 0.01% Triton X-100 for 5 minutes. Following this, the 

sections were incubated with the appropriate dilutions of the primary 

biotinylated antibodies (anti-insulin, anti-CD4, anti-CD8 and anti-CD45R/B220- 



! 166!

Table 5-4) overnight at 4°C. The optimal dilutions of primary biotinylated 

antibodies were obtained through antibody titration studies. 

 
Table 5-4: Biotinylated antibodies used for histological staining of pancreatic islets. 

Antibody Dilution Supplier Cat. No. Clone 
B220 1:50 BD 

Biosciences 
553086 RA3-6B2 

CD4 1:50 Biolegend 100404 GK1.5 
CD8a 1:50 BD 

Biosciences 
553029 53-6.7 

Insulin + 
Proinsulin 

1:500 Abcam ab20756 D3e7 

 

The sections were washed three times for 5 minutes in 0.01% Triton X-100, 

then incubated with 0.3% hydrogen peroxide for 10 minutes at room 

temperature. The washing step was then repeated and the sections were 

incubated with streptavidin-alkaline phosphatase (SAP) diluted to the working 

concentration in 2% BSA for 30 minutes. Following another washing step, the 

sections were stained with Vector® Red substrate, as described by the 

manufacturer. Briefly, 1 drop of levamisole and 2 drops of reagent 1, reagent 2 

and reagent 3 were added to 5ml of 100mM Tris-HCl, in that order. The 

substrate solution was mixed and applied to the sections. The sections were 

incubated under close observation for 10-20 minutes. Once staining was visible, 

the sections were rinsed with water and then counterstained in haematoxylin for 

20 seconds. Finally, the slides were air-dried and mounting media was applied 

to the sections, followed by a cover slip.  

 

5.3.13.10   Islet imaging 
Brightfield images of the islets in the stained pancreatic tissue sections were 

obtained using the VisiScope TL384P microscope at 10x magnification. Images 

were processed in Preview version 8.0 (Apple Inc., USA) and Microsoft 

Powerpoint for Mac version 14.4.8 (Microsoft Corporation, USA). 

!
!
!
!
!
!
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5.4 Results 
 

5.4.1  BDC-4.38Vβ12 CD4+ T cells 
The insulin-reactive BDC-4.38Vβ12 CD4+ T cells were cultured over two 12-14-

week growth periods and percentage change in cell number was estimated 

fortnightly (Figure 5-5). It is clear that there was cell growth every two weeks 

(except for the two occasions in which cell number decreased). However, the 

growth rate was slow and inconsistent over the growth periods. Cell growth 

ranged from -11 – 274% for the β-membrane- fed cells in the first growth period, 

-27 – 229% for the β-membrane-fed cells in the second growth period and 47 – 

638% for the insulin-fed cells in the second growth period. Figure 5-5 shows no 

clear pattern to suggest whether feeding the cells β-membrane or insulin 

caused a higher growth rate. Optimisation of growth was attempted through 

addition of ITS to the growth medium, feeding with insulin and increasing the 

concentration of β-membrane/ insulin during the growth period. However, there 

was no clear improvement in growth rate. 

!
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Figure 5-5: BDC-4.38Vβ12 CD4+ T cell growth.  
A: Percentage increase/ decrease in cell number over first growth period (β-

membrane-fed cells). B: Percentage increase/ decrease in cell number over second 
growth period (blue: β-membrane-fed cells; orange: insulin-fed cells). 

 

The ability of the cells to be stimulated by PI and other antigens was tested in a 

series of in vitro experiments. As expected, the cells were activated dose-

dependently by their cognate antigen, B9-23, in the dose range 3.125-25µg/ml, 

producing IFN-γ concentrations of 294 - 1774pg/ml (Figure 5-6). The cells were 
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also activated by denatured PI, but at a higher dose range of 50-200µg/ml.  

IFN-γ concentrations produced ranged from 264 – 689pg/ml. However, IFN-γ 

production decreased in response to 200µg/ml of PI. This experiment was 

conducted using the cells grown in the first growth period. 

 

!
 

Figure 5-6: IFN-γ production by BDC-4.38Vβ12 CD4+ T cells in response to antigenic 
stimulation (B9-23 &PI).  

Concentration of IFN-γ (as determined by ELISA) produced by BDC-4.38Vβ12 CD4+ T 
cells when co-cultured with APCs and stimulated by a range of antigen concentrations. 
Green: B9-23 stimulation. Blue: denatured PI stimulation. Red: CD4+ T cells and APCs 
without antigen (negative control). Data points are mean ± standard deviation of IFN-γ 

concentration from one experiment conducted in a series of 4 experiments. 

 

Another in vitro experiment (conducted using the cells in the second growth 

period) compared the response of the β-membrane-fed cells and insulin-fed 

cells to B9-23 (Figure 5-7A). There was no difference in IFN-γ production 

between the cells. Nonetheless, a dose-dependent increase in response to the 

cognate antigen was observed, yet again. IFN-γ production by the insulin-fed 

cells was analysed in response to stimulation by insulin (Figure 5-7B). A dose-

dependent response was observed with 83-206pg/ml of IFN-γ produced in 

response to an insulin dose range of 25-100µg/ml. Again, the cognate peptide 

antigen caused higher activation of the cells than the protein (insulin). In these 

experiments, 3H-thymidine incorporation was used as a cell proliferation 
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readout (data not shown). However, 3H-thymidine levels were too low to be 

considered.  

 

 
Figure 5-7: IFN-γ production by BDC-4.38Vβ12 CD4+ T cells in response to antigenic 

stimulation (B9-23 & insulin).  
Concentration of IFN-γ (as determined by ELISA) produced by BDC-4.38Vβ12 CD4+ T 
cells when co-cultured with APCs and stimulated by a range of B9-23 (A) or insulin (B) 
concentrations. Green: β-membrane-fed cells. Purple: insulin-fed cells. Data points are 
mean ± standard deviation of IFN-γ concentration from one experiment conducted in a 

series of 4 experiments. 
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5.4.2  G9 CD8+ T cells  

5.4.2.1   G9 CD8+ T cells- in vitro  

A series of in vitro experiments were conducted to investigate if PI can be 

captured and processed by BMDCs and if the processed peptides are cross-

presented to G9 CD8+ T cells and cause stimulation. PI was reconstituted in 

0.2M AA for use in the in vitro experiments and the final concentration range of 

AA present in the wells was approximately 0.0006-0.05%. An anti-CD3 

stimulation experiment was, therefore, conducted to investigate the effect of 

these AA concentrations on the G9 CD8+ T cells’ viability and activity. The 3H-

thymidine incorporation results, although variable, showed that the AA 

concentrations used in the studies were not toxic (Figure 5-8).  

 

 
 

Figure 5-8: 3H-thymidine incorporation in response to anti-CD3 stimulation.  
3H-thymidine incorporation resulting from co-culture of G9 CD8+ T cells with BMDCs 

and a range of anti-CD3 concentrations. Black: G9 CD8+ T cells + BMDCs + anti-CD3. 
Blue: G9 CD8+ T cells + BMDCs only (negative control). Data points are mean ± 

standard deviation of 3H-thymidine incorporation from one experiment. 

 

G9 CD8+ T cells were activated by PI, with proliferation increasing with PI dose 

(Figure 5-9A). A dose of 400µg/ml of PI resulted in significantly higher 

proliferation (p ≤ 0.01) compared to baseline (One Way ANOVA with Dunnett’s 

Multiple Comparisons). B15-23 was used as a positive control, demonstrating 

that the G9 CD8+ T cells respond to their cognate antigen (Figure 5-9B). As 
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expected, the proliferative response of the G9 CD8+ T cells to B15-23 was 

higher than to PI at a lower dose of antigen. The proliferative response was also 

dose-dependent. 

 

 

 
Figure 5-9: Stimulation index of G9 CD8+ T cells in response to antigenic stimulation. 
Stimulation index (SI) (determined by measuring 3H-thymidine incorporation) of G9 
CD8+ T cells when co-cultured with BMDCs and a range of concentrations of PI (A) 

and B15-23 (B). Data points are mean ± standard error of mean of SI (n=3). **p≤ 0.01: 
One Way ANOVA with Dunnett’s multiple comparisons. Negative controls (BMDCs + 

antigen, in the absence of G9 CD8+ T cells) were tested; no stimulation of the BMDCs 
by PI was observed and only minor stimulation of the BMDCs by B15-23 peptide was 

observed. 
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MIP-1β production also increased with PI dose (Figure 5-10A). However, both 

the proliferative response and MIP-1β production did not level off within the 

concentration range tested. These results demonstrate that G9 CD8+ T cells 

required high PI concentrations for stimulation. The MIP-1β response to B15-23 

was, again, higher than that to PI and the response was dose-dependent 

(Figure 5-10B). 

!

 
 

Figure 5-10: MIP-1β production by G9 CD8+ T cells in response to antigenic 
stimulation. 

Concentration of MIP-1β (as determined by ELISA) produced by G9 CD8+ T cells 
when co-cultured with BMDCs and stimulated by a range of PI (A) or B15-23 (B) 

concentrations. Black: G9 CD8+ T cells + BMDCs + PI/B15-23. Blue: BMDCs + PI/ 
B15-23 (negative control). Data points are mean ± standard deviation of MIP-1β  

concentration from one experiment conducted in a series of 3 experiments. 
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5.4.2.2   G9 CD8+ T cells- in vivo 

Having shown that G9 CD8+ T cells may be used as a PI readout in vitro, these 

cells were used in an in vivo experiment to test the delivery of PI from the skin 

to the draining lymph nodes. NOD mice received a dose of MN-delivered PI, 

followed by an IV transfer of G9 CD8+ T cells. The AxLNs and spleens were 

collected and analysed. The gating strategy shown (Figure 5-11) was used to 

quantify the proliferation of the transferred G9 CD8+ T cells in the AxLNs and 

spleen.  
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!
Figure 5-11: Gating strategy used for G9 CD8+ T cell in vivo studies.  

Gating proceeded in the following order: lymphocyte identification (A); single cell 
identification (excluding doublets) (B); live, CD8+ cell identification (excluding CD8- and 

dead cells which had been labelled with the fixable viability dye) (C); transferred 
CFSE+ cell identification (D); discrimination between proliferated and unproliferated 

CFSE+ transferred cells (E). 
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Significantly higher proliferation of transferred G9 CD8+ T cells was observed in 

the AxLNs in response to MN-delivered PI (11.03 ± 7.02%; n=9) compared to 

intradermally (ID)-delivered PI (3.71 ± 2.85%; n=6) and untreated controls (1.15 

± 0.46%; n=7) (One-way ANOVA with Tukey’s multiple comparisons, p≤0.05 

and p≤0.01, respectively) (Figure 5-12). However, there was variation in the 

results of the MN-treated group. Low level proliferation of transferred G9 CD8+ 

T cells with no difference between the groups was observed in the spleen 

(Appendix- Figure A-8) (One-way ANOVA with Tukey’s multiple comparisons, 

p= 0.1668). 

!
!

 
Figure 5-12: Proliferation of G9 CD8+ T cells in AxLNs. 

Proliferation of transferred CFSE+ G9 CD8+ T cells in the AxLNs of NOD mice treated 
with MN-delivered PI (MN PI; n=9), ID-delivered PI (ID PI; n=6) or no treatment 
(control; n=7), 96 hours post-cell transfer. The horizontal lines show mean % 

proliferated cells. One-way ANOVA with Tukey’s multiple comparisons, *p≤0.05, 
**p≤0.01. 

  

Proliferated cell populations were observed in the density plots of the AxLNs of 

the MN-treated group but not in the ID-treated and untreated groups (Figure 

5-13). 
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Figure 5-13: Proliferation of G9 CD8+ T cells in AxLNs- density plots. 

Representative examples of density plots showing proliferation of transferred CFSE+ 
G9 CD8+ T cells in AxLNs of NOD mice treated with MN-delivered PI (MN PI), ID-

delivered PI (ID PI) or no treatment (control), 96 hours post-cell transfer. 

 

Several markers were analysed on the CFSE+ CD8+ population. The density 

plots showed proliferation and expression of CD44 (Figure 5-14) and TNFα 

(Figure 5-15) on the proliferated cells in the AxLNs of the MN-treated group but 

not in the ID-treated or untreated groups.  
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!
Figure 5-14: Proliferation and CD44 expression by G9 CD8+ T cells in AxLNs. 

Representative examples of density plots showing proliferation and CD44 expression 
by transferred CFSE+ G9 CD8+ T cells in AxLNs of NOD mice treated with MN-

delivered PI (MN PI), ID-delivered PI (ID PI) or no treatment (control), 96 hours post-
cell transfer. 
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Figure 5-15: Proliferation and TNFα expression by G9 CD8+ T cells in AxLNs. 

Representative examples of density plots showing proliferation and TNFα expression 
by transferred CFSE+ G9 CD8+ T cells in AxLNs of NOD mice treated with MN-

delivered PI (MN PI), ID-delivered PI (ID PI) or no treatment (control), 96 hours post-
cell transfer. 

 

5.4.3   Adoptive co-transfer 

An adoptive co-transfer experiment was conducted in which NOD SCID mice 

were injected with cells from PI-coated MN-treated NOD mice and splenocytes 

from diabetic NOD mice and observed for T1D development (Figure 5-16). A 

number of different control groups were also tested. There was a significant 

delay in time to T1D development in the experimental group (black) compared 

to the positive control, which received only splenocytes from diabetic NOD mice 

(blue) (p≤ 0.05, Log Rank test with Bonferroni correction). There was also a 

significant delay in time to T1D development in control 2 (green- received cells 

from non-treated NOD mice and splenocytes from diabetic NOD mice) 

compared to the positive control (blue) (p≤ 0.05, Log Rank test with Bonferroni 
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correction). Although two mice in the experimental group showed a more 

delayed development of T1D, there was no statistically significant difference 

between control 2 (green) and the experimental group (black). 

 

The LNs and spleen cells collected from the PI-treated and untreated NOD mice 

for transfer were phenotyped but no difference in expression of cell surface 

markers and intracellular cytokines were observed between the mice (Appendix 

Figure A-9 – A-14). Therefore, no phenotypic difference was observed in the 

cells of PI-treated and untreated mice and a pro-inflammatory immune 

response was not generated.   

 

 
 

Figure 5-16: T1D incidence in NOD SCID mice in adoptive co-transfer experiment. 
Log Rank (Mantel-Cox) test with Bonferroni correction, *p ≤ 0.05 (after Bonferroni 

correction). Experimental (n=5), control 1 and 2 (n=4). 

 

The pancreata of the NOD SCIDs were collected, sectioned and stained for 

insulin, B220, CD4 and CD8 and the islets were imaged. All the mice in the 

experimental (Figure 5-17), control 1 (Figure 5-17) and control 2 (Figure 5-18) 

groups developed T1D. However, the presence of insulin was variable, with a 

substantial amount of insulin remaining in some islets, but only a little insulin or 

no insulin remaining in others. The presence of CD4+, CD8+ and B220+ cells in 

the islets indicates that the transferred cells reached the islets and this was also 
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variable. However, peri-insulitis and infiltration of the islets by CD4+ T cells, 

CD8+ T cells and B cells was generally observed in all experimental/ control 

groups. The CD4+ and CD8+ T cells and B cells were present in areas of the 

islets in which insulin was not present. There was generally a higher density of 

CD4+ and CD8+ T cells present than B cells in all the groups. The positive 

control group (control 1) contained the fewest intact islets. The pancreas of the 

NOD SCID mouse that developed T1D first in this group contained no intact 

islets. All the islets in the control 1 group contained very little or no insulin 

except for one islet (Figure 5-17). Control 3 consisted of mice that received cells 

from PI-treated NODs only. None of the mice in this group developed T1D in the 

time of the experiment. The islets from this group contained the most insulin 

compared to all the other groups (Figure 5-18). However, the presence of 

insulin was still variable. Peri-insulitis and infiltration by CD4+ and CD8+ T cells 

and B cells were also observed in this group. 
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!
 

Figure 5-17: Histology of NOD SCID pancreata- experimental group and control 1. 
Pancreata of NOD SCID mice involved in the adoptive co-transfer experiment stained 

for insulin, B220, CD4 and CD8. Representative examples of pancreata shown for 
experimental group (received cells from PI-treated NOD mice + splenocytes from 

diabetic NOD mice) and control 1 (received splenocytes from diabetic NOD mice only). 
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Figure 5-18: Histology of NOD SCID pancreata- control 2 and control 3. 
Pancreata of NOD SCID mice involved in the adoptive co-transfer experiment stained 

for insulin, B220, CD4 and CD8. Representative examples of pancreata shown for 
control 2 (received cells from non-treated NOD mice + splenocytes from diabetic NOD 

mice) and control 3 (received cells from PI-treated NOD mice only). 

 

 

5.5 Discussion 

This chapter aimed to test the immunological functionality of PI delivered by the 

newly developed PI-coated MN system. A biological readout for PI first needed 

to be identified and insulin-reactive T cells were, therefore, tested in a series of 

experiments. 
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The insulin-reactive BDC-4.38Vβ12 CD4+ T cells were initially investigated. As 

described in Chapter 1, CD4+ T cells recognise antigen in the context of MHC II 

molecules. MHC II molecules are loaded with and present processed 

exogenous antigens to CD4+ T cells (Blum et al. 2013). Since the antigens in 

these experiments were exogenous, a CD4+ T cell was investigated first for its 

potential to be used as a readout for PI delivery. However, the growth rate of 

the cells was slow and inconsistent. This could have been a result of prolonged 

storage of the cells in liquid nitrogen or the cells may have been cultured 

multiple times or for prolonged periods. In addition, although the cells 

responded to B9-23 peptide, insulin and PI, the response was low compared to 

previously reported studies (Daniel et al. 1995; Delong et al. 2013). This 

indicates the lack of sensitivity of the cells used to the tested antigens. 

Therefore, the BDC-4.38Vβ12 CD4+ T cells were not used to assess the 

delivery of PI by MNs in in vivo experiments.  

 

The insulin-reactive G9 CD8+ T cell was also investigated for its potential to be 

used as a biological readout for PI in a series of in vitro studies. As discussed in 

Chapter 1, MHC I molecules are expressed on all nucleated cells and present 

endogenous antigens to CD8+ T cells. This allows the immune system to detect 

virally-infected cells (through presentation of peptides from foreign antigens) 

and tumor cells (through presentation of peptides from modified self-antigens) 

(Joffre et al. 2012). However, MHC I molecules can also present exogenous 

antigens in a less frequent phenomenon known as cross-presentation. Many 

types of APCs can cross-present antigens in vitro, but it is mainly certain 

subtypes of dendritic cells which are able to cross-present in vivo (Joffre et al. 

2012). Dendritic cells internalise the exogenous antigen, which then enters the 

cytosol. Here, the antigen is degraded into peptides by the proteasome and the 

peptides are then transported to the endoplasmic reticulum where they are 

loaded on to MHC I molecules. Peptide loading can also occur in endocytic 

compartments. The peptide: MHC I complex then travels to the cell surface and 

cross-presents to CD8+ T cells (Kurts 2000; Joffre et al. 2012). The activation of 

the G9 CD8+ T cells in response to PI demonstrates that the BMDCs 

internalised the PI protein, processed it into peptides and were able to cross-

present the B15-23 peptide to the G9 CD8+ T cells on the MHC I molecule. G9 

CD8+ T cell activation in response to cognate antigen was higher than to PI 
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protein, as would be expected. Firstly, the molecular weight of B15-23 is 

approximately 1153g/mol, while that of PI is 12,500g/mol. Therefore, fewer 

epitopes of B15-23 would be present in a PI formulation compared to a B15-23 

formulation of the same concentration (w/v). Furthermore, since B15-23 is the 

cognate antigen of the G9 CD8+ T cells, it does not need to be processed by 

the DCs, while PI must be processed to peptides. When PI is processed by the 

DC, it is cleaved at different points in the amino acid chain generating different 

peptides each time. Therefore, each PI molecule does not necessarily generate 

one B15-23 epitope. A previously reported study also demonstrated the 

activation of G9 CD8+ T cells by insulin protein which had been cross-

presented by BMDCs (Wong et al. 2009). The successful cross-presentation of 

PI in the in vitro studies in this chapter demonstrated potential for use of the G9 

CD8+ T cell as a readout for the in vivo activity of PI. 

 
The G9 CD8+ T cells were, therefore, used in in vivo studies to test the delivery 

of MN-delivered PI from the skin to the draining AxLNs. It is important to ensure 

that the PI is delivered to its target cells and does not merely remain deposited 

in the skin.  

 

As previously mentioned, the Langerhans cells in the epidermis and dermal 

dendritic cells in the dermis play an important role in delivery of antigen from the 

skin to the draining LNs (Randolph et al. 2005). These DCs pick up the antigen 

and migrate to and enter the lymphatic vessels from where they are 

transported, in the lymph, to the draining LNs in a unidirectional flow (Randolph 

et al. 2005). There is a linear relationship between the amount of DCs entering 

the lymph and the amount of DCs entering the LNs. The DCs enter the LNs via 

the afferent lymphatic vessel and travel to the T cell zone, in which they present 

a processed antigen to the appropriate CD8+ or CD4+ T cells. The DCs 

subsequently die in the LNs (Randolph et al. 2005). 

 

The results confirmed that PI was successfully delivered by MNs to the skin in a 

form that can be picked up by the skin DCs. The DCs successfully processed 

the PI into peptides and delivered the peptides to the draining LNs, where the 

B15-23 peptide:MHC I complex was cross-presented to the transferred CFSE-

labelled G9 CD8+ T cells in sufficient amounts to cause stimulation. The spleen 
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acted as a non-draining control and the very low levels of proliferation in the 

spleen confirmed that PI had not been delivered systemically. Low to minimal 

proliferation of transferred T cells in the spleen has also been previously 

reported (Wong et al. 2009; Zhao et al. 2016).  

 

Although variability in results was observed in the AxLNs for the MN-treated 

group, the clearly proliferated cell populations and expression of CD44 and 

TNFα supports the superiority of MN-delivery of PI compared to ID injection. As 

introduced in Chapter 1, a previous study investigated the delivery of the 

peptide BDC2.5 mimotope by coated MN injection or hypodermic ID injection in 

NOD mice, followed by the transfer of CFSE-labelled BDC2.5 CD4+ T cells 

(Zhao et al. 2016). MN-delivered mimotope resulted in 78% proliferation of the 

adoptively transferred CD4+ T cells in the AxLNs, while ID-delivered mimotope 

resulted in 39.6% proliferation, 72 hours after injection of peptide (Zhao et al. 

2016). The proliferative response to MN-delivered mimotope remained higher at 

10 days post-peptide injection. This was explained by the longer residence time 

of MN-delivered mimotope in the skin (Zhao et al. 2016). The majority of the ID-

delivered mimotope had been cleared from the skin by 4 hours, while MN-

delivered mimotope levels only decreased to baseline by 24 hours (Zhao et al. 

2016). This supports the delay of 24 hours between injection of PI and transfer 

of CFSE-labelled G9 CD8+ T cells for the investigation of the PI MN system in 

this chapter. Since PI has a higher molecular weight than the peptide used in 

the reported study, its residence time in skin may be longer (Takeuchi et al. 

2016). The longer residence time of MN-delivered antigen in the skin allows 

more time for skin APCs to capture the antigen, increasing the efficiency of 

antigen delivery to the LNs (Zhao et al. 2016). This may account for the higher 

proliferation seen in the MN group compared to the ID group in this chapter. 

The variability observed in the MN-treated group may be a result of various 

factors. There is inherent variation involved in manual coating of MNs, 

application of MNs to mouse skin and in biological systems. It is important to 

eventually achieve a more reproducible proliferative response in the AxLNs in 

response to MN-delivered PI and this experiment will be repeated to confirm 

this.  
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The advantage of the use of the whole PI protein as ASI as opposed to a 

peptide has been introduced in Chapter 1. Briefly, PI protein will be processed 

to many different peptides. One advantage of this is that PI therapy would not 

need to be confined to individuals that possess certain HLA genotypes, so 

could potentially benefit more people. Conversely, the PI peptide, C19-A3, has 

been studied in clinical trials and was found to be safe and well-tolerated 

(Thrower et al. 2009; Alhadj Ali et al. 2017). However, this treatment is only 

confined to individuals that possess the HLA-DRB1*0401 allele (Alhadj Ali et al. 

2017). A further advantage of PI is the potential for generating tolerance to a 

number of epitopes, concurrently.  

 

On the basis of these promising preliminary results, the PI MN delivery system 

was subsequently used in tolerance studies.  

 

The adoptive co-transfer study was a preliminary study to investigate the 

potential of the PI MN delivery system to induce peripheral tolerance in the 

NOD mouse model. As introduced in Chapter 1, the rationale for the use of MNs 

instead of hypodermic needle injections as a means of immunotherapy delivery 

is the minimally invasive nature of MN injections, which results in a non-

inflammatory environment. This prevents the maturation of epidermal and 

dermal DCs, resulting in immature or semi-mature DCs, which, in turn, can 

induce peripheral tolerance (discussed in more detail in Chapter 1). 

Furthermore, Donnelly et al. (2009b) reported that MN skin puncture (in vitro) 

caused lower microbial penetration than hypodermic needle skin puncture. 

Microorganisms did not pass the viable epidermis of MN-treated skin, unlike 

hypodermic needle-treated skin (Donnelly et al. 2009b). The reduced potential 

of infection following MN puncture is likely due to the smaller pores generated 

by MNs (Coulman et al. 2011) and the faster closure time of the pores (Liebl 

and Kloth 2012). This was demonstrated by Donnelly et al. (2009b) who 

reported a higher peak transepidermal water loss (TEWL) (260 g/m2h) following 

hypodermic needle puncture compared to MN puncture (40-52 g/m2h). TEWL 

returned to baseline over 3 times faster following MN puncture compared to 

hypodermic needle puncture (Donnelly et al. 2009b). Therefore, it is evident that 

the use of MNs in this Thesis is potentially beneficial when aiming to induce 

peripheral tolerance. 
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Parameters for MN-delivered PI to generate tolerance were unknown. 

Therefore, an empirical dosing strategy was used as a pilot delivery system in 

which the NOD mice received weekly doses of MN-delivered PI for 1 month. 

The AxLNs, CLNs, PLNs and spleen were harvested from the NOD mice and 

processed. The LN cells were pooled with splenic CD4+ T cells and then 

delivered to the NOD SCIDs, followed 24 hours later by the transfer of 

splenocytes from diabetic mice. It was expected that the dosing protocol may 

have caused tolerance in the whole NOD mouse and not solely in the draining 

LNs (AxLNs).  

 

As previously mentioned, the immunodeficient NOD SCID mouse lacks 

functional T or B cells (Bosma and Carroll 1991). This makes it very useful in 

adoptive co-transfer experiments as it allows the observation of the functionality 

of transferred populations in vivo without the interference of host cells (Daniel et 

al. 1995). Transfer of splenocytes from a diabetic NOD mouse to a 4-6 week old 

NOD SCID mouse, results in population of the NOD SCID with pathogenic cells 

resulting in destruction of β-cells and T1D development (Bosma and Carroll 

1991; Daniel et al. 1995).    

 

It is expected that if tolerance had been induced through MN-delivered PI 

injections, regulatory T cells (Tregs) would have been generated in the treated 

mouse. These regulatory T cells were expected to be present in the LNs and 

spleen. Therefore, by transferring the LN cells and splenic CD4+ T cells to the 

NOD SCID mice, these regulatory T cells would, in turn, prevent the 

diabetogenic action of the splenocytes from the diabetic mice.  

 

The significant delay in T1D development in the experimental group of NOD 

SCID mice is a promising sign of the tolerogenic potential of the PI MN system. 

However, the lack of a statistically significant difference between the 

experimental group and control 2 may be a result of different factors. Firstly, this 

experiment was done once with 4-5 mice in each group. The lack of a 

significant difference may be a result of the low number of mice used in the 

experiment and this is a limitation of this study. In fact, basic simulation tests 

assuming the same data patterns and assuming no artefacts, suggested that 

40-50 mice were required in each of the experimental and control 2 groups for a 
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significant difference to be observed. However, mouse and time availability 

were limiting and did not allow for this. The low number of mice used means this 

experiment needs to be repeated. Furthermore, as mentioned, the dosing 

protocol (dose per injection, dosing frequency, total number of doses, duration 

of treatment) by MN-delivered PI has not previously been identified or 

optimised. Therefore, the dosing protocol may need to be refined in order to 

induce tolerance (discussed further below).  

 

The delay in T1D development observed in the experimental and control 2 

groups may be a result of different factors, including: 

• Numbers of cells transferred: A higher number of LN cells and splenic 

CD4+ T cells (16.2x106) from PI-treated or non-treated mice were 

transferred to the NOD SCID mice than splenocytes from diabetic mice 

(10x106). The reason for this is that regulatory T cells were not isolated 

from the LNs and spleen and so they would make up only a proportion of 

the total cell number transferred. In addition, pathogenic cells may also 

have been transferred along with the potential regulatory T cells.  

• Cell transfer timings: The LN cells and splenic CD4+ T cells were 

transferred 24 hours before the splenocytes from the diabetic mice, 

allowing them more time to populate the NOD SCID mouse prior to the 

powerful diabetogenic action. This may have resulted in less space for 

the diabetogenic cells to populate the NOD SCID, possibly leading to the 

delay in T1D development. However, diabetogenic cells make up a small 

proportion of T cells in the NOD mouse but only a small number of these 

cells is required to cause diabetes (Kaminitz et al. 2014).  

 

Further work is required to optimise numbers and ratios of cells transferred as 

well as timings of cell transfer and to study the effect this has on T1D incidence.  

 

Various studies have investigated administration of antigen using different 

dosing protocols in order to induce peripheral tolerance. As introduced in 

Chapter 1, the potential of the autoantigenic peptide, WE14, delivered by MNs 

has been investigated for its potential to induce peripheral tolerance in the NOD 

mouse (Zhao et al. 2016). Two doses of WE14-coated MNs were administered 

to NOD mice, 3 weeks apart (Zhao et al. 2016). Seven days later, CFSE-
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labelled BDC2.5 CD4+ T cells were transferred to the mice. After 72 hours, the 

PLNs were harvested and analysed for proliferation of the transferred cells 

(Zhao et al. 2016). Although the experimental set up in the reported study was 

different to the PI tolerance experiment in this chapter, the aim was to 

determine if tolerance had been induced in the PLNs. Typically, baseline 

proliferation of the transferred cells would be observed in the PLNs in response 

to endogenous antigen (i.e. autoantigenic peptides from the pancreas) and if 

tolerance were induced, a reduction in this baseline proliferation would be 

observed. A dose of 6µg of MN-delivered WE14 caused a significant reduction 

in proliferation of transferred cells in the PLN in response to endogenous 

antigen compared to control, while ID delivery of the same dose of WE14 did 

not (Zhao et al. 2016). However, the difference between MN delivery and ID 

delivery was not significant. These results indicated that MN delivery of the 

peptide had the potential to induce tolerance (Zhao et al. 2016). It is interesting 

to compare the dosing protocol in the reported study and that used in the PI 

tolerance experiment in this chapter. Although the total length of the 

experiments was similar (approximately 1 month), the number of doses in the 

previously reported experiment was lower (2 doses compared to 4 doses for PI) 

and the interval between the doses was longer (3 weeks compared to 1 week 

for PI). The total dose per mouse was, therefore, just 12µg of WE14 compared 

to a total dose of approximately 115µg of PI. Conversely, a study investigating 

intraperitoneal administration of PI as immunotherapy was introduced in 

Chapter 1. Tian et al. (2014) investigated the combination therapy of 

intraperitoneal PI/Alum with oral GABA in newly diabetic NOD mice. PI (100µg) 

complexed with alum was injected on day 0 and day 10 of the study (Tian et al. 

2014), giving a total dose of 200µg, higher than the total dose used in the PI 

study in this chapter. It is evident that the PI dose needs to be investigated 

further in order to optimise the tolerance protocol. It is possible that the high 

total dose of PI may be too high to induce tolerance and if this is the case it 

would be straightforward to adapt the coating protocol so that less protein is 

loaded onto the MNs. Conversely the dose may be too low, in which case 

multiple sets of coated MNs could be administered at each dosing period. In 

addition, use of tolerogenic adjuvants may be considered (discussed in Chapter 

6).  
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Fousteri et al. (2010) emphasised the importance of dosing frequency on 

induction of Tregs. A computer mathematical modeling system was used to 

predict the effect of nasal B9-23 therapy in NOD mice and these predictions 

were supported by experimental data. NOD mice at 4 weeks or 9 weeks of age 

were dosed with 40µg of B9-23 intranasally, using a low frequency dosing 

schedule (dosed at 4 weeks, 9 weeks and 13 weeks) or high frequency dosing 

schedule (dosed at 4 weeks and then weekly from 9-13 weeks). Low frequency 

dosing resulted in less insulitis, an increase in Treg frequencies, IL-10 

production in the islets and protection from diabetes. High frequency dosing did 

not result in protection and caused a decrease in Treg expansion. This 

indicates that when peptides are dosed too frequently, adaptive Tregs may be 

deleted (Fousteri et al. 2010). It is evident that dosing frequency plays an 

important role in tolerance induction and based on the Fousteri et al. study, the 

weekly dosing used in the PI tolerance experiment in this chapter may have 

been too frequent, potentially inhibiting tolerance induction. The intraperitoneal 

PI study mentioned earlier involved two doses of PI administered 10 days apart 

(Tian et al. 2014). Another PI study, introduced in Chapter 1, investigated the 

delivery of PI with a tolerogenic adjuvant, conjugated to gold nanoparticles 

(NPs) (Yeste et al. 2016). The NPs were administered weekly for 1 month 

(Yeste et al. 2016), as for the tolerance experiment in this chapter. Therefore, 

dosing frequency is an important parameter to investigate further.  

 

Another interesting finding by Fousteri et al. (2010) was that starting treatment 

of NOD mice with intranasal B9-23 at the younger age of 4 weeks, conferred 

more protection from T1D. As introduced in section 5.1.1, peri-insulitis begins 

from 4 weeks of age in NOD mice, followed by insulitis and the destruction of β-

cells from the age of 14-15 weeks (Rosmalen et al. 2000). Therefore, beginning 

treatment at an early age ensures that fewer pathogenic cells are present, 

increasing the potential of induced regulatory T cells to induce peripheral 

tolerance. In the tolerance studies in this chapter, MN-delivered PI dosing 

began in NOD mice at 6-6.5 weeks of age. Future studies could involve starting 

dosing at a younger age. However, this must be balanced with the feasibility of 

applying MNs to young mice, as their size will be considerably smaller. 

Conversely, in the previously discussed study by Yeste et al. (2016), the weekly 

dosing of PI/ITE-conjugated NPs was started in 8-week-old NOD mice and a 
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reduction in T1D development was achieved. Therefore, age of mice at initiation 

of treatment should be further investigated.    

 

In addition to dosing frequency, it has been reported that dose escalation 

improves tolerance induction by ASI (Burton et al. 2014). In this previously 

reported study (introduced in Chapter 1), the transgenic mouse model of EAE 

was subcutaneously injected with self-antigen using a dose escalation protocol. 

A suppression of activation and proliferation of self antigen-specific CD4+ T 

cells in response to self-antigen was observed (Burton et al. 2014). EDI 

permitted the use of the doses of antigen required to induce IL-10 production 

without inducing inflammatory cytokines (Burton et al. 2014). Yet again, this 

study highlights the importance of investigating dosing further. 

 

The pathogenic cells of diabetic NOD mice cause destructive insulitis leading to 

insulin deficiency by 4-9 weeks post-cell transfer (Kaminitz et al. 2014). As the 

NOD SCID mouse possesses no functional T cells and B cells, the presence of 

the CD4+, CD8+ and B220+ cells in the islets demonstrates that the cell 

transfers were successful and the cells populated the NOD SCID pancreata. 

The LNs of NOD mice consist of approximately 20% B cells, 60% CD4+ T cells 

and 20% CD8+ T cells (Young et al. 2009). The spleen of NOD mice consists of 

approximately 45% B cells, 30% CD4+ T cells and 10% CD8+ T cells (Hawkins 

et al. 1996). Without phenotyping the cells in these pancreata, it is not possible 

to confirm if the peri-insulitis and infiltration of the islets is by pathogenic or 

regulatory T cells. The pattern observed in which the CD4+, CD8+ and B220+ 

cells were present in insulin-negative regions of the islet may indicate that these 

infiltrating cells were pathogenic. It is interesting that this was also observed in 

control 3 (which only received LN cells and splenic CD4+ T cells from PI-treated 

NOD mice and did not develop T1D). This may demonstrate that there may 

have been pathogenic cells transferred to this group of NOD SCIDs, which, if 

left long enough, may have caused T1D to develop. Bresson et al. (2006) found 

that although more mice were protected from T1D following combination 

therapy of anti-CD3 and intranasal PI than anti-CD3 monotherapy, there was no 

difference in levels of peri-insulitis. This supports the observation of islet 

infiltration in the non-diabetic mice (control 3) as well as in the diabetic mice 

(experimental, control 1 and control 2) in the tolerance study in this chapter.  
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Kaminitz et al. (2014) transferred unfractionated splenocytes or isolated 

CD4+CD25- (effector) and/or CD4+CD25+ (regulatory) cells from the spleens, 

LNs, thymuses and pancreata of diabetic/ pre-diabetic NOD mice to NOD SCID 

mice. The transfer of unfractionated splenocytes resulted in a stronger 

diabetogenic action than the transfer of isolated CD4+CD25- effector cells 

(Kaminitz et al. 2014). When regulatory and effector cells were co-transferred 

there was a delay in diabetes development but not prevention (Kaminitz et al. 

2014). This result is similar to that found in the PI studies in this chapter. The 

delay in T1D development may have occurred as a result of regulatory T cells 

migrating to the pancreata of NOD SCID mice and proliferating in response to 

endogenous antigen, as suggested by Kaminitz et al. However, the rate of 

proliferation and activation of regulatory T cells may be slower than the effector 

cells and so diabetes prevention did not occur (Kaminitz et al. 2014). Although 

some NOD SCID mice were euglycaemic after effector cell transfer, Kaminitz et 

al. observed that inflammatory insulitis was still present in the islets, which is 

comparable to the results for control 3 (non-diabetic group) in this chapter 

(Figure 5-18). Transferred cells migrate to all lymphoid tissues including the 

pancreas, spleen and mesenteric LNs (Kaminitz et al. 2014). Kaminitz et al. 

reported that by 24 hours post-transfer, 3% of the transferred cells were 

observed in the pancreas, while 7% and 15% were in the spleen and 

mesenteric LNs, respectively. Therefore, the general low density of CD4+, 

CD8+ and B220+ cells present in the islets (Figure 5-17 and Figure 5-18), may 

be explained by the low proportion of cells that actually traffic to the pancreas 

when adoptively transferred. 

 

 

5.6 Conclusion 

The G9 CD8+ T cell was identified as an appropriate biological readout for PI 

activity both in in vitro and in vivo studies. The PI protein can be delivered by 

MNs to the skin in a form that allows DCs to pick it up and process it into 

relevant peptides. The DCs are able to successfully transport these peptides to 

the draining LNs and present them to antigen-specific T cells in sufficient 

amounts required to cause activation of the T cells. MN delivery causes a 

significantly higher activation of the T cells in the draining LNs than ID delivery 

of PI. This study will be repeated to confirm the result and investigate the 
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variability observed. The PI MN system has shown potential for inducing 

peripheral tolerance in the NOD mouse in a pilot tolerance study. However, this 

study must be repeated and various parameters optimised. The major 

advantages of immunotherapy using the whole protein as opposed to peptide is 

the potential to benefit more patients as the therapy would not be confined to 

individuals that possess a certain HLA genotype and tolerance to multiple 

peptides may be induced. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!



! 195!

Chapter 6- General discussion 
!
The aim of this Thesis was to develop a PI-coated MN system for ASI of T1D. 

The practical goals were to develop and characterise a coated MN system for 

PI and determine the in vivo activity of MN-delivered PI in the T1D mouse 

model.   

 

A peptide, C19-A3-coated MN system was initially investigated and 

characterised. A mean mass of approximately 9µg of C19-A3 could be coated 

over a set of MNs when coated in 0.4µl of the formulation, using a manual 

coating method. The optimal force of MN application to ex vivo human skin from 

the range of forces tested was 15N. A MN application duration of 2.5 minutes 

was identified as an appropriate time for delivery of C19-A3-TAMRA to ex vivo 

human skin. This work was conducted in order to provide experience in MN 

systems development before subsequent transition to development of a protein-

coated MN system. This work also informed further development of the C19-A3-

coated MN system, which will be used in phase 1 clinical trials in the near 

future.  

 

One of the important factors that needs to be considered when preparing for 

clinical trials and for when the MN system is put on the market, is how the MN 

system will be applied to the skin in a consistent manner to ensure inter- and 

intra-patient reproducibility in skin puncture. One option is for a healthcare 

professional to apply the MNs to the patient manually, either by hand or using a 

force gauge. Another option, discussed in Chapter 2, would be to provide verbal 

and/ or written instructions to the patients of the force required to push the MNs 

into the skin. A further possibility would be to train the patients to use the force 

gauge to apply the MNs. However, the former options can be subjective and the 

latter option is not very practical or easy for the patient to use. In addition, 

although force of application was investigated, as discussed in Chapter 2, 

various other factors impact on skin puncture, one of which is application 

velocity. However, these options do not control application velocity. Variability in 

MN application could be overcome or minimised through the use of a MN 

applicator system which applies the MNs at a consistent, optimal force and high 
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speed, enhancing reliability and reproducibility of puncture and, in turn, 

enhancing therapeutic benefit for the patient (Singh et al. 2011; Prausnitz 

2017). MN applicator systems have been used successfully in previously 

reported studies (Cormier et al. 2004; Verbaan et al. 2008; Crichton et al. 2010; 

Daddona et al. 2011; Park et al. 2013; Norman et al. 2014). In addition to the 

reduced variability, use of an applicator device means a trained healthcare 

professional is not required to apply the MNs to the patient and/ or the patient 

does not have to follow instructions on how to manually apply the MNs, so the 

process is not operator/ patient-dependent. However, the disadvantages of the 

development/ use of applicator devices are the increased cost, complexity and 

size of the product (Prausnitz 2017) and this would need to be considered if 

development of a MN applicator system is required. 

 

A further factor that needs to be considered is the MN application duration. User 

studies could be conducted in order to ascertain patient views on the 

application duration and likely compliance.  Although the application duration of 

2.5 minutes is relatively short compared to previously reported studies 

(discussed in Chapters 2 and 4), future work should involve investigating lower 

application durations, as previously mentioned. This is because it may not be 

feasible to expect the patient to hold the MN array in place for the complete 

duration of 2.5 minutes. Previous studies of MN application in the skin of human 

subjects reported long MN application durations of, e.g. 30 minutes (Daddona 

et al. 2011; Palylyk-Colwell and Ford 2016) and even 6 hours (Hirobe et al. 

2013). However, in these studies, the MN patch was applied using an applicator 

device and then kept in place on the skin as the MNs were organised on an 

adhesive patch. Therefore, the patient/ healthcare professional did not have to 

hold the patch in place. Similarly, Ripolin et al. (2017) asked human subjects to 

apply hydrogel-forming MN patches by applying pressure over the patch for just 

45 seconds. Subsequently, the MNs remained in place on the skin as they were 

fixed to an adhesive patch, while OCT images were acquired. Therefore, as an 

alternative to the patient/ healthcare professional holding the MNs in place, the 

PI-coated MNs could be organised on to an adhesive patch, which would be 

applied to the skin for the required duration or a tool such as a cuff that holds 

the MNs in place could be developed and used. In addition, as previously 

mentioned, MN application duration may be affected by the skin application site 
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as different skin sites have different thicknesses (Fore 2006) and this will need 

to be considered when ascertaining the site of MN application for clinical trials 

and for future use of the MN system. 

 

Following investigation of the well-characterised peptide-coated MN system, the 

PI-coated MN system was developed. A highly concentrated (82.91mg/ml) MN 

coating formulation was developed consisting of acetic acid (0.2M) as an 

appropriate solvent for PI. The non-ionic surfactant, Tween® 80 (polysorbate 

80) (0.5%), was identified as an appropriate excipient for reducing the surface 

tension of the formulation. A 0.5µl volume of the PI coating formulation coated 

over 3 MN arrays (30 needles, approximately 500µm long), resulted in the 

coating of a mean of over 30µg of PI. Reproducible and uniform coating of the 

PI on to the MNs was achieved. An optimised MN application method to mouse 

skin resulted in 99.17 ± 1.67% puncture efficiency. An application duration of 

2.5 minutes resulted in the reproducible delivery of approximately 29µg of PI 

(86% delivery efficiency) and this dose and method of MN application was used 

in all in vivo studies.  

 

As a result of development of a highly concentrated formulation, a higher mass 

of PI than C19-A3 was successfully coated over a set of the same number of 

MNs from a comparable volume of coating formulation. As previously 

mentioned, this is advantageous since it is hypothesised that proteins may be 

required at higher doses than peptides for ASI because of the availability of 

fewer of each autoantigenic peptide epitope in a given mass of protein 

compared to peptide. The uniform and reproducible coating of PI is likely a 

result of an appropriate coating formulation and coating method and the 

addition of a surfactant to the formulation is likely to have played an important 

role in enhancing the coating formulation. Surfactants have hydrophobic tails 

and hydrophilic heads, which organise themselves into micelles and in so 

doing, reduce the surface tension of a formulation (Strickley 2004; Hutton et al. 

2018). A limitation of the studies in this Thesis is that only one surfactant was 

investigated. Future work could involve comparison against different surfactants 

that have been studied in MN coating formulations including Lutrol® F68 

(poloxamer 188) (Gill and Prausnitz 2007b; Kim et al. 2010; Ma et al. 2015; 

Shakya et al. 2017; Zhao et al. 2017), Pluronic® F-127 (poloxamer 407) (Zhao 
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et al. 2017) and Tween® 20 (polysorbate 20) (Gill and Prausnitz 2007b; Ameri 

et al. 2014), in order to identify the optimal coating formulation. 

 

As introduced in section 3.1, MN coating formulations can include surfactants, 

viscosity enhancers and stabilisers, in addition to the active pharmaceutical 

ingredient (API) and solvent. Various factors need to be considered when 

excipients are included in a coating formulation, including interactions of 

excipients with the API, compatibility with the solvent, adverse effects resulting 

from the excipient, regulatory approval of the excipient at the concentration and 

route suggested and stability of the excipient. This Thesis has shown that 

stainless steel MNs can be coated in a protein formulation consisting of minimal 

excipients. This is preferable as it reduces the factors that must be considered 

and, therefore, fewer studies investigating stability, compatibility and adverse 

effects need to be conducted. This, in turn, reduces the time, cost and 

complexity of the development process. One of the disadvantages of coated 

MNs is the restricted dosing capacity of the delivery system, i.e. the capacity of 

coated MNs is limited by the micron-sized dimensions of individual needles, the 

requirement for MN spacings that ensure penetration and the total area of the 

MN array (Kochhar et al. 2013; Tuan-Mahmood et al. 2013; Ripolin et al. 2017). 

Coated MNs are typically used for potent drugs with coated doses usually in the 

micrograms range (Gill and Prausnitz 2007b). Therefore, minimising the mass 

of excipients in a MN coating, as has been achieved in this Thesis, provides 

sufficient capacity for an API to be coated on and delivered from a MN patch 

with a conventional number and spacing of MNs. Furthermore, limiting the solid 

coating on MNs prevents blunting of the MNs, ensuring MN sharpness and skin 

puncture are not adversely affected (Ameri et al. 2010; Peters et al. 2012). 

Therefore, reducing the mass of excipient is favourable.  

 

As discussed in Chapter 3, AA (solvent) is a GRAS substance (FDA 2018a) and 

both AA and Tween® 80 are listed by the U.S. Food and Drug Administration 

(FDA) (2018b) as inactive ingredients in approved pharmaceutical products 

including parenteral, oral, nasal, ophthalmic and subcutaneous preparations 

(this is not an exhaustive list). In addition, both substances are present in 

topical preparations with Tween® 80 present in creams, gels, ointments and a 

controlled release patch and acetic acid present in solutions and lotions (FDA 
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2018b). Since AA and Tween® 80 are included in approved pharmaceutical 

products, this may mean that the hurdle of regulatory approval of the MN 

system will be easier to overcome. However, in the PI MN system, these 

excipients are present in a different form (a dry coating) compared to those 

already present in approved pharmaceutical products, so this will need to be 

considered. 

 

When applying MNs to mouse skin, the MNs puncture the reverse side of the 

pinched skin. This, in turn, means that the PI coating is delivered to two layers 

of skin in one puncture. As previously discussed, this may be beneficial as it 

may mean that PI is delivered to more LCs and dDCs. However, the differences 

between mouse and human skin are both structural and immunological and 

include thickness, hydration, density of hair, barrier function (decreased in 

mouse), percutaneous absorption (greater in mouse), T cell populations and 

chemokine expression (Gerber et al. 2014; Zhao et al. 2017). These factors 

may mean that the delivery of coated formulation from MNs and the 

immunological effect will be different in mouse and human skin anyway. For 

example, lower hydration levels in mouse skin means there is less potential for 

the coated formulation to dissolve or be removed from the MNs in mouse skin 

compared to human skin (Zhao et al. 2017). It may also mean that MN 

application duration in mouse skin may need to be longer in order to provide 

more time for the coated formulation to dissolve in the limited fluid in the skin. 

Furthermore, the higher density of hair follicles in mouse skin may impact on 

delivery such that some of the PI may be lost on the hair shaft. In addition, the 

requirement for a specific method of application to optimise skin puncture in 

mouse skin highlights the significant biomechanical differences between human 

and mouse skin. It is clear that mouse skin data cannot be extrapolated to 

human skin data and future work should involve investigation and optimisation 

of method of MN application, puncture and application duration in human skin.  

 

As mentioned in Chapter 2, inter- and intra-patient dose/ delivery reproducibility 

is important for regulatory approval and quality control. However, with regard to 

tolerance, the importance of dose reproducibility is unknown. It may be argued 

that the reproducibility of the biological response is more important. However, 

dose is important for tolerance. For example, as introduced in chapter 2, 
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patients that received low dose (10µg/ dose) ID injections of C19-A3 peptide, 

had reduced HbA1c (improvement in diabetes control) while patients that 

received high dose (100µg/ dose) peptide did not (Thrower et al. 2009). In 

addition, a previously reported study found that NOD mice treated with high 

dose (100µg/ dose) B9-23 peptide experienced anaphylaxis while mice that 

received low dose (10µg/ dose) peptide did not (Liu et al. 2002). In addition, 

Burton et al. (2014) reportedly observed dose-dependent regulatory responses. 

However, the therapeutic window of PI is unknown. A few to tens of micrograms 

of PI may not make a difference with regard to safety or biological effect. 

Although the delivery reproducibility was high (5% variability from the mean) in 

mouse skin in this Thesis, it may be the reproducibility of the biological 

response that needs to be focused on.  

 

One of the reported benefits of coated MN systems is the improved stability 

compared to other formulations such as solutions for injection (Prausnitz 2017; 

Tarbox et al. 2017). Unlike liquid formulations for parenteral delivery, 

maintenance of cold chain storage is not required for a dried formulation, thus 

decreasing costs and making therapies more accessible in low to middle 

income countries in which refrigeration may not be possible (Prausnitz 2017). 

Maintenance of a cold chain makes up 80% of the total cost of a vaccination 

programme in low to middle income countries (Chen et al. 2011). Future work 

needs to determine the stability of PI on coated MNs that have been stored in 

various conditions of temperature and humidity, for a range of durations. For 

example, Cormier et al. (2004) tested the stability of desmopressin coated on 

titanium MNs at 25°C, in a nitrogen atmosphere at 1, 2, 3 and 6 months. More 

than 98% of the desmopressin coated on the MNs was intact for at least 6 

months (Cormier et al. 2004). Peters et al. (2012) reported maintained stability 

of erythropoietin-coated titanium MN arrays when stored at 25°C/ 60% relative 

humidity for at least 3 months. These studies, using comparable APIs on coated 

MNs suggest that a MN coated PI formulation would have the necessary 

stability for storage in ambient conditions for extended periods of time. 

 

The coating process is one of the most critical factors in any future development 

of a PI coated MN system. One of the limitations of this Thesis that could be 

addressed in future work is that the effect of coating environment (humidity and 
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temperature) was not investigated. These factors need to be optimised and 

standardised, as they are likely to have an impact on coating efficiency (Gill and 

Prausnitz 2007b). The coating method is a very important factor to be 

considered and at this early stage of development, the manual coating method 

chosen is acceptable and has generated reproducible results. However, it 

involves a manual technique and small volumes, which increases the likelihood 

of error. It is also operator-dependent. To scale up for clinical trials, multiple 

operators are likely to be needed to coat sufficient numbers of MNs. Coating 

operators will need to be trained to coat and inter- and intra-operator coating 

reproducibility would have to be demonstrated. Furthermore, coating proficiency 

of each operator will need to be confirmed regularly through periodic coating 

quantification studies. Therefore, although mass production is possible, it does 

require time, training and regular monitoring. An option to overcome this is 

automation or semi-automation of MN coating, which provides a rapid, high-

throughput method of accurate and reproducible coating (Gill and Prausnitz 

2007b), in turn improving safety. It is also not operator-dependent and, 

therefore, not prone to human error and does not require training or regular 

monitoring of coating proficiency. It also has the potential for scaling-up, 

allowing mass production of the coated MN system. Therefore, automation of 

the coating process may need to be considered and this may require a change 

in the coating method. The dip-coating process described previously, in which 

the MN array is repeatedly dipped in a reservoir containing coating formulation, 

could be automated/ semi-automated, e.g. using a roller drum (Ameri et al. 

2010), a semi-automated dip-coating device (Baek et al. 2017), or dip coating in 

polyelectrolyte multilayers (Zeng et al. 2017). These processes allow more rapid 

coating than the brushing technique employed in this Thesis and allow all the 

MNs in an array to be coated simultaneously. However, volumes of the 

formulation can be wasted when using these techniques (Khan et al. 2014; 

Chen et al. 2015), which is particularly an issue when coating high cost APIs or 

APIs that are not readily available. An alternative with minimal wastage would 

be inkjet printing (Ross et al. 2015), as previously introduced in Chapter 2. 

However, the PI coating formulation may need to be modified to allow optimal 

coating through a different method. For example, a different surfactant or 

different concentration of surfactant may be required; a surfactant may not be 
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required; a viscosity enhancer may be needed; a different solvent may be more 

appropriate; a change in PI concentration may also be more appropriate. 

 

In future development of the PI MN system, an important factor to consider will 

be sterility of the system. MN systems need to be sterile or at least have a low 

bioburden (Prausnitz 2017; Tarbox et al. 2017). Terminal sterilisation, e.g. 

gamma irradiation, is a cost-effective method of sterilisation (Prausnitz 2017). 

However, it has been reported to have deleterious effects on the stability of 

coated biopharmaceutical products (e.g. proteins and peptides) (Prausnitz 

2017; Tarbox et al. 2017). Normal gamma irradiation doses cause large protein/ 

peptide drugs to degrade rapidly through different mechanisms such as 

generation of free radicals and oxidation or breakage of covalent bonds (Ameri 

et al. 2010). Ameri et al. (2010) terminally sterilised parathyroid hormone (PTH)-

coated titanium MN arrays using gamma irradiation at different irradiation doses 

and temperatures. Short-term stability of PTH was reduced particularly at higher 

irradiation doses, temperatures, oxygen and moisture levels. Long-term stability 

was assessed following terminal sterilisation and storage at 25°C/ 60% relative 

humidity for 3 months. The stability of the irradiated samples deteriorated 

continuously throughout the 3-month period to <93% purity, which did not meet 

the target of ≥95% purity. Aseptic processing was identified as a more 

appropriate method of ensuring sterility (Ameri et al. 2010). This study using a 

comparable API to that used in this Thesis on coated MNs suggests that 

aseptic processing should be considered for the PI MN system in order to 

prevent degradation of the coated protein. Aseptic processing involves 

sterilisation of the individual components of the MN system, e.g. MN arrays and 

MN holders, followed by preparation of the coating formulation, MN coating and 

assembly of the final MN system in a sterile environment (Ameri et al. 2010; 

Tarbox et al. 2017). However, this process is associated with increased costs 

(Tarbox et al. 2017). In addition, manual coating of the MNs in a sterile 

environment such as sterile hoods in a GMP facility is physically challenging for 

the operator as it limits manual dexterity. If the coating process were to be 

automated, sterilisation of all equipment and maintenance of this equipment in a 

sterile environment will be necessary. These are all factors which would need to 

be considered prior to clinical trials. 
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A number of other factors will also need to be considered further on in the 

development process including packaging, disposal and patient acceptance.  

The packaging needs to maintain sterility, control moisture, maintain stability of 

the coated protein, maintain integrity of the MNs and be cost-effective 

(Prausnitz 2017). Since MNs come in contact with body fluids on application, 

they are, therefore, considered biohazardous and sharps waste (Prausnitz 

2017) and should be disposed of in designated sharps waste containers. Since 

both healthcare professionals and patients are unfamiliar with MNs systems 

and their disposal, unexpected issues may occur (Prausnitz 2017). However, 

the re-use or re-loading of MNs with drug or extraction of the drug from the MNs 

is difficult and unlikely (Prausnitz 2017) highlighting the increased safety of MN 

systems compared to other formulations. Although studies have demonstrated 

that patients are generally accepting of MN devices, it has been reported that 

there are reservations about self-administration of the MN patches. An indicator 

of successful puncture/ dose delivery would be beneficial to consider in future 

development (Birchall et al. 2011). These factors are only discussed briefly as 

they will need to be considered once the tolerogenic potential of the PI MN 

system is confirmed in the mouse model and once clinical trials are underway. 

 

In this Thesis, following development of the PI MN system and coating and 

delivery studies, in vivo studies were conducted in order to establish if the PI 

MN system can induce peripheral tolerance. The insulin-reactive G9 CD8+ T 

cells were identified as appropriate biological readouts for PI activity through in 

vitro studies. In vivo studies using adoptively transferred G9 CD8+ T cells as 

the readout, demonstrated localised PI delivery by coated MNs, which was 

subsequently captured by the APCs and processed to peptides. These peptides 

were transported to the draining lymph nodes and cross-presented to the 

adoptively transferred G9 CD8+ T cells in sufficient amounts required to 

activate the G9 CD8+ T cells. MN-delivered PI activated the transferred T cells 

more effectively than ID-delivered PI. However, the variability in the results 

warrants further investigation. PI-coated MN treatment subsequently showed 

potential in inducing peripheral tolerance in the NOD mouse model in pilot 

studies. A significant delay in T1D development was observed in NOD SCID 

mice that received cells from a PI-treated NOD and cells from a diabetic NOD. 

However, there was no statistically significant difference in time to T1D 
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development between NOD SCID mice that received cells from a PI-treated 

NOD and cells from a diabetic NOD and NOD SCID mice that received cells 

from a non-treated NOD and a diabetic NOD. Therefore, further investigation is 

required, in particular, for optimisation of dosing, as discussed in chapter 5. 

 

For the purposes of tolerance, it is not crucial for the PI to retain its secondary 

or tertiary structure during the coating and delivery process because when 

picked up by the APCs it will be processed into peptides anyway. However, it is 

important for PI to retain its primary structure so that the autoantigenic epitopes, 

which are required for induction of tolerance, are retained. There is potential for 

the coating formulation to affect the structure or stability of the API. There is 

also potential for the drying process to adversely affect the activity of the MN-

coated API, as previously reported (Kim et al. 2010).  A further consideration is 

that proteases are present in skin, which could potentially degrade the PI 

protein (Steinstrasser and Merkle 1995; Kalluri and Banga 2011; de Veer et al. 

2014) prior to the APCs capturing it. However, the immunological studies in this 

Thesis indicated that PI is likely to have retained its primary structure as the 

APCs picked up and processed the PI and transported and presented the B15-

23 epitope to the G9 CD8+ T cells in the draining LNs. This is important as it 

demonstrates that the PI retains its biological functionality potential. It is also 

evident that the coating withstands the skin insertion forces (Tarbox et al. 2017) 

and the PI is deposited in the skin in proximity of the skin’s APCs. Future work 

could involve confirmation that the coating and drying process does not affect 

the PI structure. This could be confirmed through in vitro studies in which G9 

CD8+ T cells are co-cultured with BMDCs and stimulation of the G9 CD8+ T 

cells by freshly-prepared PI coating formulation is compared to stimulation by 

dry-coated PI, by placing a coated MN array in the well or by recovering the PI 

from coated MNs and using this to stimulate the T cells.  

 

Whereas ID injections target antigen to the lower dermis, MN injections deliver 

to the epidermis and papillary dermis (Zhao et al. 2016). The targeting of the 

antigen to the LCs in the epidermis may potentially be beneficial for tolerance 

induction as these cells display tolerogenic, as well as immunogenic functions 

(Shklovskaya et al. 2011). In addition, it is reported that when immature DCs in 

the steady-state are presented with repeated doses of antigen, peripheral 



! 205!

tolerance can be induced (Steinman et al. 2003). Furthermore, the slow 

clearance of MN-delivered antigen from the skin and prolonged presentation of 

the antigen in the draining LNs, which has been previously reported (Zhao et al. 

2016) may favour tolerance induction, as sustained exposure to antigen has 

tolerogenic potential (Akbarpour et al. 2015; Zhao et al. 2016). These factors 

may contribute to the enhancement of tolerogenic potential of MN-delivered 

antigen. 

 

It is assumed but not confirmed that the APCs in the skin captured the MN-

delivered PI, processed it into peptides and transported the peptides to the 

draining LNs for T cell presentation. An alternative explanation for the transport 

of PI to the draining LNs is that the PI was not captured by APCs but, instead, 

drained into the lymphatic vessels and was transported via the lymph to the 

draining LNs. Here the antigen was captured by DCs, processed, and the 

peptides were presented to the T cells. Future studies could be conducted to 

confirm which of these hypotheses is correct. This could be achieved through 

the use of a CCR7-deficient mouse. CC chemokine receptor 7 (CCR7) is a 

protein expressed by many immune cells, including DCs and in the context of 

skin, is involved in the migration of DCs from the skin to the draining LNs via the 

lymphatics (Ohl et al. 2004; Forster et al. 2008). More specifically, CCR7 is 

required for the epidermal and dermal DCs to enter the lymphatic vessels in the 

dermis (Ohl et al. 2004). Since the DCs of the CCR7-deficient mice lack CCR7, 

they fail to migrate from the skin to the draining LNs (Forster et al. 1999). If the 

current study was performed in a CCR7-deficient mouse, lack of stimulation of 

the transferred G9 CD8+ T cells would confirm that transport of antigen via DC 

migration was occurring. However, if stimulation of the G9 CD8+ T cells were 

observed, this would more likely indicate that soluble transport via lymphatics is 

more likely.   

 

Although, the PI-coated MN system demonstrated potential tolerogenic action in 

the adoptive co-transfer studies, extensive further investigation is required. 

Some future work that could be conducted has been discussed extensively in 

Chapter 5 and includes repeating the experiment in order to increase the 

number of experimental points; investigating and optimising the PI dose that is 

administered at each dosing interval; investigating and identifying the optimal 
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dosing frequency for tolerance induction as well as the total number of doses 

given/ the total duration of treatment; starting PI dosing in younger NOD mice, 

when fewer pathogenic cells are present. PI dose and dose frequency could be 

investigated and optimised through dose titration studies. NOD mice could be 

injected with MNs coated in a range of different doses of PI and/ or be injected 

with multiple arrays of PI if higher doses are needed, at a range of frequencies. 

The induction of tolerance could then be investigated by assessing proliferation 

of transferred G9 CD8+ T cells in the PLNs in response to endogenous antigen 

(i.e. if tolerance is induced, the proliferation of the transferred cells in the PLN 

will be reduced compared to a non-tolerised mouse). Frequency of Tregs could 

also be assessed. In fact, a limitation of the adoptive co-transfer studies in this 

Thesis was that dose titration studies were not conducted and the optimal dose 

and dosing frequency was, therefore, unknown. However, an important 

consideration is that coating and skin delivery studies may need to be repeated 

when coating the MNs in lower or higher volumes of the coating formulation to 

achieve different coated PI doses or the coating formulation may need to be 

modified.  

 

Future work could also involve investigation of the effect of a tolerogenic 

adjuvant on the tolerogenic potential of MN-delivered PI. The use of an adjuvant 

with antigen as immunotherapy has been investigated; the steroid 

dexamethasone with B9-23 (Kang et al. 2008); the steroid betamethasone with 

BDC2.5 mimotope or WE14 (Zhao et al. 2016); GABA with PI/ alum (Tian et al. 

2014); anti-CD3 antibody and intranasal PI peptide (hpIIp) (Bresson et al. 

2006). These studies indicated that the use of a tolerogenic adjuvant may be 

potentially valuable with the PI MN system. The first consideration would be 

selecting an appropriate adjuvant and this would be achieved through further in 

vivo studies. How the adjuvant would be incorporated into the system would be 

another consideration. One possibility is for the adjuvant to be incorporated into 

the PI coating formulation. Various factors would need to be considered 

including interactions and stability. Furthermore, the limited loading capacity of 

the MNs, discussed earlier, will be a limiting factor. Another possibility is to 

prepare a separate adjuvant MN coating formulation, coat a separate set of 

MNs in the required dose of adjuvant and apply both the PI-coated set of MNs 

and the adjuvant-coated set of MNs. Furthermore, adjuvant and PI could be 
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coated on alternate needles on each array or on alternate arrays in a set of 

MNs. If the adjuvant chosen is available as a topical formulation such as a 

cream, this could be applied on to the skin followed by coated MN 

administration, as previously reported (Zhao et al. 2016). 

 

It will be important to consider how the PI MN system will transition from in vivo 

mouse studies to human clinical studies. As discussed for the C19-A3-coated 

MN system, MN application site will need to be considered since skin thickness 

varies considerably depending on skin site (Fore 2006), which is likely to affect 

delivery. Although the NOD mouse model is a widely used model for T1D in 

humans, there are differences in the immune systems of mice and humans 

(Mestas and Hughes 2004) and T1D develops faster and is more severe in the 

NOD mouse (van Belle et al. 2011). Response to PI-coated MN treatment may, 

therefore, be different. Therefore, PI dose, dosing frequency, total number of 

doses and total treatment duration will require further investigation in humans. A 

further question is if the PI MN system will be used as a T1D preventative 

therapy or as a treatment for T1D. This could be investigated in the mouse 

model initially by treating pre-diabetic and diabetic mice to determine if the PI 

MN system can prevent or reverse T1D. The same could be done in clinical 

trials, however, it may be more difficult to identify pre-diabetic individuals. It is 

also more likely that a treatment rather than a prophylactic therapy will be 

required in humans as patients usually present when the pancreas has already 

been infiltrated and damaged (Peakman and Dayan 2001). Another long-term 

consideration, which would require investigation is whether the treatment 

regimen could be administered to the patient only once, or if it would need to be 

repeated regularly in the patient’s lifetime in order to maintain tolerance. 

 

Overall, this Thesis has demonstrated that MNs can be coated with a protein 

antigen, which can be successfully delivered to the skin. The protein is 

delivered to skin in a form that allows APCs to capture and process it into 

peptides. Peptide fragments of the protein are transported and successfully 

presented to T cells in the draining LNs. Since the protein is processed into a 

range of different peptides, this treatment is not confined to individuals that 

express particular HLA molecules, potentially benefiting more people than a 
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peptide-coated MN system and potentially allowing induction of peripheral 

tolerance to a number of autoantigens, improving efficiency of ASI for T1D. 
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Figure A-1: HPLC chromatogram of 3.55M AA (control) (HPLC method A).  
X axis- time (minutes), Y axis- absorbance (mAU). 

 

!
 

Figure A-2: HPLC chromatogram of 3.55M AA (control) (HPLC method B).  
X axis- time (minutes), Y axis- absorbance (mAU). 
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Figure A-3: PI HPLC limit of detection: 0.39-100mg/ml.  

HPLC chromatograms of 100mg/ml, 780µg/ml and 390µg/ml PI in 0.2M AA 
preparations. X axis- time (minutes), Y axis- absorbance (mAU). 
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Figure A-4: PI HPLC limit of detection: 3 and 6µg/ml. 

HPLC chromatograms of 6µg/ml and 3µg/ml PI in 0.2M AA preparations. X axis- time 
(minutes), Y axis- absorbance (mAU). 
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Figure A-5: PI HPLC chromatograms- effect of Tween 80®. 

Black: chromatogram of a 100µg/ml PI in 0.2M AA solution. Blue: chromatogram of 
100µg/ml PI in 0.2M AA solution spiked with Tween 80® to a final concentration of 

0.0005%. A- full chromatogram. B- PI peak magnified. X axis: time (minutes), Y axis: 
absorbance (mAU). 
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Figure A-6: PI HPLC chromatogram- effect of filtration. 

Black: chromatogram of a 100µg/ml PI in 0.2M AA solution (unfiltered). Blue: 
chromatogram of 100µg/ml PI in 0.2M AA solution filtered through a 0.45µm syringe 

filter. A- full chromatogram. B- PI peak magnified. X axis: time (minutes), Y axis: 
absorbance (mAU). 

!
 

!
!
!
!
!
!
!

A"

B"

0.0 2.0 4.0 6.0 8.0 

Time (mins) 

1000 

2000 

3000 

0 

A
bs

or
ba

nc
e 

(m
A

U
) 

4000 

4.0 4.5 5.0 
Time (mins) 

200 

400 

600 

0 

A
bs

or
ba

nc
e 

(m
A

U
) 

-200 



! 214!

!
Figure A-7: PI delivery to defrosted mouse skin. 

The mass of PI (as determined by HPLC) coated on and recovered from coated MNs 
controls (coated MNs control); recovered from coated MNs following application to the 

defrosted mouse skin for 5 minutes and 10 minutes (remaining on MNs- 5 min, 10 
min); inferred mass of PI delivered to the skin following an application duration of 5 or 

10 minutes (delivered to skin- 5 min, 10 min). MN application sites included back of the 
neck, mid back and lower back. The horizontal line is the mean ± standard deviation of 
the mass of PI (n=15 for control coated MNs, n=9 for 5 minutes application time, n=12 

for 10 minutes application time). 
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Figure A-8: Proliferation of G9 CD8+ T cells in spleen.  
Proliferation of transferred CFSE+ G9 CD8+ T cells in the spleens of NOD mice treated 

with MN-delivered PI (MN PI; n=9), ID-delivered PI (ID PI; n=6) or no treatment 
(control; n=6), 96 hours post-cell transfer. The horizontal lines show mean % 

proliferated cells. 
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Figure A-9: Gating strategy used for phenotyping of LN and spleen cells from PI-

treated or untreated NOD mice- CD4+ and CD8+ T cell analysis.  
Gating proceeded in the following order: lymphocyte identification (A); single cell 

identification (excluding doublets) (B); live cell identification (excluding dead cells which 
had been labelled with the fixable viability dye) (C); exclusion of B cells (D); 

identification of CD4+ and CD8+ T cells (E). Gating strategy for Figures A10 – A12. 
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Figure A-10: Immunophenotyping of CD4+ T cells of LNs and spleens of PI-treated/ 
untreated NOD mice. 

Density plots showing cell marker expression by CD4+ T cells of LN, isolated splenic 
CD4+ T cells and whole spleen samples of PI-treated/ untreated NOD mice involved in 

the adoptive co-transfer PI tolerance experiment. LNs: AxLNs, CLNs, PLNs. 
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Figure A-11: Immunophenotyping of CD8+ T cells of LNs and spleens of PI-treated/ 
untreated NOD mice. 

Density plots showing cell marker expression by CD8+ T cells of LN and whole spleen 
samples of PI-treated/ untreated NOD mice involved in the adoptive co-transfer PI 

tolerance experiment. LNs: AxLNs, CLNs, PLNs. 
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Figure A-12: Immunophenotyping of CD4+ and CD8+ T cells of LNs and spleens of PI-
treated/ untreated NOD mice. 

Density plots showing cell marker expression by CD4+ and CD8+ T cells of LN, 
isolated splenic CD4+ T cells and whole spleen samples of PI-treated/ untreated NOD 
mice involved in the adoptive co-transfer PI tolerance experiment. LNs: AxLNs, CLNs, 

PLNs. 
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Figure A-13: Gating strategy used for phenotyping of LN and spleen cells from PI-

treated or untreated NOD mice- CD11c+ CD11b- cell analysis.  
Gating proceeded in the following order: lymphocyte identification (A); single cell 

identification (excluding doublets) (B); live cell identification (excluding dead cells which 
had been labelled with the fixable viability dye) (C); identification of the CD11c+ 

CD11b- population (D). Gating strategy for Figure A-14. 
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Figure A-14: Immunophenotyping of CD11c+CD11b- cells of LNs and spleens of PI-
treated/ untreated NOD mice. 

Density plots showing cell marker expression by CD11c+CD11b- cells of LN and whole 
spleen samples of PI-treated/ untreated NOD mice involved in the adoptive co-transfer 

PI tolerance experiment. LNs: AxLNs, CLNs, PLNs. 
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