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Abstract 

Oral vaccines offer significant social and economic advantages over vaccines delivered by parenteral 

routes including higher patient compliance and ease of administration, allowing vaccines to be given 

by health workers without medical training. Furthermore, oral immunisation can generate both 

systemic and localised immune responses, making it ideal for generating effective protection against 

many enteric pathogens such as the gram-positive spore forming bacterium Clostridium difficile (C. 

difficile). However, design of an effective vaccine for oral administration remains a significant 

challenge. In order to reach the relevant sites for the induction of immunological responses, the 

vaccine must first traverse the hostile environment of the gastrointestinal tract (GIT). For subunit 

antigens, the acidic pH, degradative enzymes and bile salts present in the GIT can adversely impact 

their structural stability. This can limit the effectiveness of the immune response. In addition, the 

mucosal surface within the gut can impair the transport of the vaccine antigen and limit the 

accessibility to the underlying antigen presenting cells. In order to circumvent these barriers, delivery 

systems can be employed. Lipid-based delivery systems are commonly used to deliver therapeutics 

via the oral route of administration. Of the lipid based systems, liposomes have been widely 

investigated but tend to be used for parenteral delivery. Therefore, the aim of the work in this thesis 

was to explore the use of liposomes for the oral delivery of a C.difficile vaccine. Liposomes generally 

exhibit low toxicity, enhance interactions with biological membranes and can be incredibly versatile 

in regards to what compounds they can incorporate (whether they are encapsulated within the 

aqueous core, within the lipid bilayer or surface associated). However, the manufacture of liposomes 

has been limited to batch scale production which has inherent risk associated. By employing 

microfluidics as a manufacturing platform, in conjunction with tangential flow filtration for 

purification, scalable production can be achieved. Therefore, this method was employed for the 

formulation and manufacture of the liposomal vaccine systems. Key production parameters were 

identified and formulations were selected based upon their physicochemical characteristics and 

protein loading efficiency. Selected formulations were screened for immunological effectiveness on 

THP-1 macrophage-like cells regarding antigen processing ability and activation marker expression. 

Finally, a range of formulations were then administered orally to mice to determine in vivo efficacy. 

Enhanced antibody responses (IgG) could be observed when antigen was administered encapsulated 

within liposomal formulation DSPC:Chol (alongside the potent adjuvant cholera toxin) when compared 

to free antigen alone; however, poor localised IgA responses were observed for all liposomal 

formulations tested. The work within this thesis presents a platform for the rapid and scalable 

manufacture, purification and at-line analysis of liposomal formulations incorporating protein, de-

risking the translation of liposomal based protein products from bench to large scale production.   
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List of Figures 

Figure 1.1 Schematic diagram of the pH differences found throughout the human gastrointestinal 
tract. Initially the gastric environment (stomach) contains highly acidic pH, dependent upon the fed 
fasted state of the individual. As you traverse through, the small intestine (duodenum, jejunum and 
ileum) becomes less acidic, where pH can range between approximately pH 3-8. Finally, the large 
intestine (caecum, colon and rectum) pH can be between 5-8 dependent on fed / fasted state. Adapted 
from (Ndibewu and Ngobeni, 2013).  

Figure 1.2 Schematic diagram of the physiology of a Peyer’s patch. Antigen from the lumen can 
transcotyse across the epithelial layer via specialised M cells (lacking a mucosal layer). The antigen is 
passed to the subepithelial dome (SED) where they can interact with underlying APCs (DCs / 
macrophages). T cell (CD4+) priming can then occur in the thymus dependent area via interactions with 
DCs before migration towards lymph nodes for subsequent GC formation. Adapted from (Kang et al., 
2018).   

Figure 1.3 Schematic diagram of the generation of IgA producing plasma B cells. Antigen within the 

lumen can traverse the epithelial barrier via M cell transcytosis or directly sampled by APCs from the 

lumen. The antigen is passed onto underlying DCs / macrophages within the lamina propia where they 

uptake, process and present the antigen fragments on MHC II molecules. CD4 +T cells are primed and 

the formation of a germinal centre (GC) occurs within the PPs or mesenteric lymph nodes (MLNs). The 

primed T cells, in the presence of DCs presenting the antigen, can then activate B cells, which initiates 

somatic hypermutation (SHM) for Fab region variations, followed by class switching (CSR) if antigen 

affinity is maintained. These IgA+ B cells then leave the PPs / MLNs via the thoracic duct, entering the 

circulatory system. Due to the imprinting of homing receptors, these B cells then enter the lamina 

propia, mature and become IgA producing plasma B cells. Adapted from (Ramirez et al., 2017). 

Figure 1.4 Graphical representation of a liposome, composed of a bilayer of lipids with the hydrophilic 
head facing the aqueous environment and the hydrophobic tail imbedding within the bilayer. 

Figure 1.5 Overview of liposome-based products currently on the market, adapted from Bulbake et al. 
(Bulbake et al., 2017)  

Figure 1.6 A graphical illustration of liposome formation. Initially, lipids form into a planar lipid disc 

when exposed to a threshold concentration of aqueous. The planar layer then begins to bend as a result 

of more favourable energy confirmation, eventually closing into a spherical bilayer (liposome).  

Figure 2.1 Down-sizing using hand-held extrusion: Evaluating particle size (columns) and polydispersity 
index (circle) through a series of decreasing pore sized membranes during hand-held extrusion for 
liposomal formulation DSPC:Chol 10.5 (w/w) at a total lipid concentration of 1 mg/mL. Results 
represent mean ± SD, n =3 of independent batches. 

Figure 2.2 Particle size (columns) and polydispersity index (circles) during probe sonication for 
liposomal formulation DSPC:Chol 10:5 (w/w) at a total lipid concentration of 1 mg/mL. Samples were 
DLS analysis were removed every minute during sonication exposure. Results represent mean ± SD, n 
=3 of independent batches. 

Figure 2.3 Liposome manufacturing comparison. Particle size (columns) and polydispersity index 
(circles) for hand-held extrusion (100 nm membrane), probe sonication (subjected to sonication for 5 
minutes) and microfluidics (3:1 flow rate ratio, 10 mL/min total flow rate) for liposomal formulation 
DSPC:Chol 10:5 (w/w) at a final total lipid concentration of 1 mg/mL. Results represent mean ± SD, n 
=3 of independent batches. 
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Figure 2.4. The effect of cholesterol content and heating block temperature during microfluidic 
manufacture for the high transition temperature lipid DSPC were investigated in regards to (A) z-
average (particle size) and B) PDI. Results represent mean ± SD, n = 3 independent batches. 

Figure 2.5.  Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, investigating the effect of initial 
total lipid concentration on physicochemical attributes: size (columns) and PDI (circle) (A) and zeta 
potential (B). Microfluidic parameters selected were flow rate ratio 3:1 and a total flow rate of 10 
mL/min. Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of 
independent batches. 

Figure 2.6 Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, effect of initial total lipid 
concentration and flow rate ratio on physicochemical attributes: size (columns) and PDI (circles). 
Microfluidic parameters selected were flow rate ratio 1:1, 3:1 and 5:1 and a total flow rate of 10 
mL/min. Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of 
independent batches. 

Figure 2.7. Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, effect of total flow rate on 
physicochemical attributes: size (columns) and PDI (circles) (A) and Intensity (%) (B). Microfluidic 
parameters selected were flow rate ratio 3:1 and  total flow rates between 5 – 20 mL/min. Solvent 
purification was conducted by dialysis. Results represent mean ± SD, n = 3 of independent batches. 

Figure 2.8. The effect of solvent during microfluidic manufacture of liposomal formulation DSPC:Chol 
(10:5 w/w) (3:1 FRR, 15 mL/min) in methanol (MeOH), ethanol (EtOH) and isopropyl alcohol (IPA): size 
(columns) and PDI (circles). Solvent purification was conducted by tangential flow filtration. Results 
represent mean ± SD, n = 3 of independent batches. 

Figure 2.9. The effect of adding PS incrementally to the liposomal formulation DSPC:Chol, liposome 
size (bar) and PDI (circles) (A) and Zeta Potential (mV) (B) across three distinct flow rate ratios (1,3 and 
5:1). Initial total lipid concentration as fixed at 4 mg/mL. Results represent mean ± SD, n =3 of 
independent batches. 

Figure 2.10. Liposomal formulation DSPC:Chol:PS (10:5:4 w/w) in methanol, effect of initial total lipid 
concentration on physicochemical attributes: size (columns) and PDI (circles). Microfluidic parameters 
selected were flow rate ratio 3:1 and a total flow rate of 10 mL/min. Solvent purification was conducted 
by dialysis. Results represent mean ± SD, n = 3 of independent batches. 

Figure 2.11. Liposomal bridging study for phsophatidylserine. Formulation DSPC:Chol:PS (10:5:4 w/w) 
and DSPC:Chol:DOPS (10:5:4 w/w) in methanol at a range of initial total lipid concentrations were 
compared for physicochemical attributes: size (columns) and PDI (circles) (A) and Zeta Potential (mV) 
(B). Microfluidic parameters selected were flow rate ratio 3:1 and a total flow rate of 10 mL/min. 
Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of independent 
batches. 

Figure 2.12. The effect of adding DOTAP incrementally to the liposomal formulation DSPC:Chol, 
liposome size (bar) and PDI (circles) (A) and Zeta Potential (mV) (B) for flow rate ratio 1:1. Initial total 
lipid concentration was fixed at 4 mg/mL. Results represent mean ± SD, n =3 of independent batches. 

Figure 2.13. The effect of initial lipid concentration on cationic liposomal formulation 
DSPC:Chol:DOTAP (10:5:4 w/w)  liposome size (bar) and PDI (circles) for flow rate ratio 1:1, total flow 
rate 10 mL/min. Results represent mean ± SD, n =3 of independent batches. 

Figure 2.14. (A) The effect of the choice of purification method applied to liposomal formulations 

manufactured by microfluidics. The liposome size (bar) and PDI (circles) are shown for liposomal 

formulations DSPC:Chol (10:5 w/w), DSPC:Chol:PS (10:5:4 w/w) and DSPC:Chol:DOTAP (10:5:4 w/w) 

after microfluidics, dialysis, Sephadex column and tangential flow filtration. (B) Recovery rate (%) 
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measured by DiI of liposomal formulations DSPC:Chol (10:5 w/w) and DSPC:Chol:PS (10:5:4 w/w) 

manufactured by microfluidics and subsequently purified by dialysis, sephadex column or tangential 

flow filtration. Results represent mean ± SD, n = 3 of independent batches. 

Fig 2.15. Concentration of liposomal formulation DSPC:Chol:PS (10:5:4 w/w) using tangential flow 
filtration. The liposomes were prepared at 4 mg/mL initial lipid concentration, 3:1 FRR, 10 mL/min TFR 
following microfluidics, followed by 1,2 and 4-fold concentration steps. Particle Size (Z-Avg; 
represented by bars) and PDI (represented by discrete points). Results represent mean ± SD, n = 3 of 
independent batches. 

Figure 2.16. Residual solvent post TFF or dialysis for liposomal formulation DSPC:Chol (10:5 w/w) initial 
lipid concentration 4 mg/mL, prepared at a flow rate ratio of 3:1 and 10 mL/min TFR, compared to the 
ICH guideline benchmark for residual methanol. Results in collaboration with Pierce Lyons, at the 
University of Strathclyde. Results represent mean ± SD, n =3 of independent batches. 

Figure 2.17.  Size (bars) and PDI (circles) comparison for formulation DSPC:Chol (10:5 w/w) measured 
by two (At-line and Off-line)  before and after purification by TFF. Results represent mean ± SD, n =3.
  

Figure 3.1 The calibration curves for micro BCA with ovalbumin in water: Intra-day curves (A), Inter-
day curves (generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were 
calculated across three different concentrations with %RSD shown. Finally, using the average curve (E), 
accuracy, LOD and LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of 
independent batches.      

Figure 3.2 The calibration curves for RP-HPLC with ovalbumin in water: Intra-day curves (A), Inter-day 
curves (generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were calculated 
across three different concentrations with %RSD shown. Finally, using the average curve (E), accuracy, 
LOD and LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of independent 
batches.      

Figure 3.3 The calibration curves for micro BCA with ovalbumin and liposomes: Intra-day curves (A), 
Inter-day curves (generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were 
calculated across three different concentrations with %RSD shown. Finally, using the average curve (E), 
accuracy, LOD and LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of 
independent batches.      

Figure 3.4 The effect of increasing liposome concentration on micro BCA absorbance with no 
ovalbumin added. Three liposomal formulations were produced using microfluidics (FRR 3:1 and 1:1, 
TFR 10 mL/min), DSPC:Chol, DSPC:Chol:PS and DSPC:Chol:DOTAP and assessed for BCA absorbance 
interference. Results represent mean ± SD, of at least n =3 of independent batches.      

Figure 3.5 The calibration curves for micro BCA with ovalbumin in the presence of solubilisation mixture 
(IPA/Buffer 50/50 v/v): Intra-day curves (A), Inter-day curves (generated over 5 separate days) (B). 
Intra-day (C) and inter-day (D) precision were calculated across three different concentrations with 
%RSD shown. Finally, using the average curve (E), accuracy, LOD and LOQ values were determined (F). 
Results represent mean ± SD, of at least n =3 of independent batches. 

Figure 3.6 The calibration curves for RP-HPLC with ovalbumin in the presence of solubilisation mixture 
(IPA/Buffer 50/50 v/v): Intra-day curves (A), Inter-day curves (generated over 5 separate days) (B). 
Intra-day (C) and inter-day (D) precision were calculated across three different concentrations with 
%RSD shown. Finally, using the average curve (E), accuracy, LOD and LOQ values were determined (F). 
Results represent mean ± SD, of at least n =3 of independent batches.      
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Figure 3.7 The calibration curves for micro BCA with ovalbumin in the presence of both liposomes 
(DSPC:Chol) and solubilisation mixture (IPA/Buffer 50/50 v/v): Intra-day curves (A), Inter-day curves 
(generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were calculated across 
three different concentrations with %RSD shown. Finally, using the average curve (E), accuracy, LOD 
and LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of independent 
batches.      

Figure 4.1 Removal of unentrapped ovalbumin using tangential flow filtration. Preformed “empty” 
liposomes DSPC:Chol (10:5 w/w) prepared by microfluidics (4 mg/mL initial total lipid, 3:1 FRR and 15 
mL/min TFR) were mixed with ovalbumin at final protein concentrations of 500, 1000 and 2000 µg/mL. 
Ovalbumin concentrations at each wash cycle was measured in the permeate using micro BCA. Results 
represent mean ± SD, n = 3 of independent batches.  

Figure 4.2 Manufacturing technique comparison for the production of protein loaded liposomal 
formulations entrapping protein. Neutral formulation DSPC:Chol (10:5 w/w) and anionic formulation 
DSPC:Chol:PS (10:5:4 w/w) were manufactured by microfluidics or lipid-film hydration followed by 
hend held extrusion. A final liposome and ovalbumin concentration of 1 mg/mL and 0.18 mg/mL 
respectively were maintained across both techniques. A) Entrapment efficiency of the formulations, B) 
physicochemical attributes of the same formulations. Results represent mean ± SD, n = 3 of 
independent batches. 

Figure 4.3 The structural integrity of ovalbumin loaded into the liposomes measured by circular 
dichroism. DSPC:Chol (10:5 w/w) liposomes were prepared with ovalbumin (8 mg/mL initial total lipid 
and ovalbumin, 3:1 FRR, 15 mL/min TFR) and purified via TFF. Spectra was measured across 180 – 
260 nm. 

Figure 4.4 The effect of protein concentration in aqueous phase on entrapment efficiency and 
liposomal physicochemical characteristics for a neutral liposomal formulation (DSPC:Chol 10:5 w/w) 
using initial total lipid concentration of 4 mg/mL, 3:1 flow rate ratio and 15 mL/min TFR. (A) 
Entrapment efficiency and protein loading across initial ovalbumin concentrations for neutral 
liposomal formulation. (B) Average particle size and PDI, and C) Zeta Potential for the same 
formulation. Results represent mean ± SD, n = 3 of independent batches. 

Figure 4.5 The effect of protein concentration in aqueous phase on entrapment efficiency and 
liposomal physicochemical characteristics for the anionic liposomal formulation (DSPC:Chol:PS 
10:5:4 w/w) using an initial total lipid concentration of 4 mg/mL, 3:1 flow rate ratio and 15 mL/min 
TFR. (A) Entrapment efficiency and protein loading across initial ovalbumin concentrations for anionic 
liposomal formulation. (B) Average particle size and PDI, and (C) Zeta Potential for the same 
formulation. Results represent mean ± SD, n = 3 of independent batches. 

Figure 4.6 The effect of microfluidic process parameter flow rate ratio on entrapment efficiency and 
liposomal physicochemical characteristics for the liposomal formulation (DSPC:Chol 10:5 w/w) (A and 
B respectively). Total final lipid concentration was fixed at 1 mg/mL, with a final ovalbumin 
concentration of 0.525 mg/mL and a total flow rate of 15 mL/min. Results represent mean ± SD, n = 3 
of independent batches. 

Figure 4.7 The effect of microfluidic process parameter flow rate ratio on entrapment efficiency and 
liposomal physicochemical characteristics for the liposomal formulation (DSPC:Chol:PS 10:5:4 w/w) (A 
and B respectively). Total final lipid concentration was fixed at 1 mg/mL, with a final ovalbumin 
concentration of 0.525 mg/mL and a total flow rate of 15 mL/min. Results represent mean ± SD, n = 3 
of independent batches. 

Figure 4.8 The effect of microfluidic process parameter total flow rate on entrapment efficiency and 
liposomal physicochemical characteristics for the liposomal formulation DSPC:Chol 10:5 w/w (A and B) 
and DSPC:Chol:PS 10:5:4 w/w (C and D). Total final lipid concentration was fixed at 1 mg/mL, with a 
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final ovalbumin concentration of 0.525 mg/mL (initial concentrations of 4 mg/mL and 0.7 mg/mL 
respectively) and a flow rate ratio of 3:1. Results represent mean ± SD, n = 3 of independent batches. 

Figure 4.9 Scale-independent production study. Liposomal formulation DSPC:Chol (10:5 w/w) was 
manufactured at a 3:1 FRR, 15 mL/min TFR at a concentration of 4 mg/mL (initial 0.25 mg/mL 
ovalbumin) using both NanoAssemblr (2 mL) and Blaze (20 mL). (A) Particle size, PDI and loading 
efficiency for both batches, (B) overlay of the intensity plots derived from dynamic light scattering.  

Figure 4.10 The effect of flow rate ratio on empty cationic liposomal formulations produced by 
microfluidics. Particles were prepared at at 3.6 mg/mL (DDA:TDB 5:1 w/w, IPA) and 4 mg/mL 
(DSPC:Chol:DOTAP/DDA 10:5:4 w/w, methanol) initial total lipid, with TRIS buffer 10 mM, pH 7,4 as 
aqueous phase. A total flow rate of 15 mL/min was selected, while flow rate ratios were increased 
through 1,3 and 5:1. For solvent purification, dialysis was conducted using TRIS buffer Average particle 
size (columns), polydispersity Index (PDI) (circles) and Zeta Potential (mV) (values) are shown. Results 
represent mean ± SD from three independent batches. 

Figure 4.11 The effect of total flow rate on cationic liposomal formulations during complexation. Empty 
DSPC:Chol:DDA 10:5:4 w/w was prepared in TRIS buffer 10 mM, pH 7.4 at a flow rate ratio of 1:1 and  
purified by dialysis. The purified particles were then passed back through the NanoAssemblr in one 
inlet, with ovalbumin in TRIS passed through the second inlet using a fixed flow rate ratio of 1:1. Total 
flow rates of 5,10,15 and 20 mL/min were assessed and a final liposome: ovalbumin ratio of 10:1 w/w 
was chosen. Average particle size (columns) and polydispersity Index (PDI) (circles) are shown with zeta 
potential in text above. Results represent mean ± SD from three independent batches. 

Figure 4.12 The effect of flow rate ratio on cationic liposomal formulations during complexation. Empty 
DSPC:Chol:DOTAP/DDA 10:5:4 w/w were prepared in TRIS buffer 10 mM, pH 7.4 at a flow rate ratio of 
1:1 and  purified by dialysis. The purified particles were then passed back through the NanoAssemblr 
in one inlet, with ovalbumin in TRIS passed through the second inlet at three flow rate ratios (1, 3 and 
5:1) using a fixed total flow rate of 15 mL/min. Both final lipid and ovalbumin concentrations were 
fixed at 1 mg/mL and 0.1 mg/mL respectively. Average particle size (columns) and polydispersity Index 
(PDI) (circles) are shown with zeta potential in text above. Results represent mean ± SD from three 
independent batches. 

Figure 4.13 The effect of liposome to protein ratio following complexation. DSPC:Chol:DDA (10:5:4 
w/w) was produced at an initial total lipid concentration of 4 mg/mL in methanol, with TRIS 10 mM pH 
7.4 as aqueous phase. Following purification, complexation was conducted by passing the liposomes 
back through the NanoAssemblr alongside ovalbumin in TRIS at a flow rate ratio of 1:1. Final ovalbumin 
concentrations were scaled from 10:1 to 1:3. (A) Average particle size (columns) and polydispersity 
Index (PDI) (circles) are shown (B) Average Zeta Potential (mV). Results represent mean ± SD from three 
independent batches. 

Figure 5.1 Gating strategy for the identification of differentiated THP-1 cells, with example DQ-OVA 
and DiIC gating (selected at 2% for auto fluorescence). The example shown is the negative control 
(RPMI) THP-1 cells with no liposomal formulation added.  

Figure 5.2 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal 
formulations containing DiIC within the membrane. Time points were removed across 24 h incubation, 
with unstained controls receiving just serum-free RPMI (A). Time points 1 h (B) and 24 h (C) comparison 
for DiIC %positive cells, with unstained controls receiving just serum-free RPMI. Results represent 
mean ± SD, n = 3. 

Figure 5.3 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal 
formulations containing DQ-OVA adsorbed to the surface or entrapped within. Time points were 
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removed across 24 h incubation, with unstained controls receiving just serum-free RPMI or free 
ovalbumin without a liposomal formulation (A). Time points 1 h (B) and 24 h (C) comparison for DQ-
OVA % positive cells, with unstained controls receiving just serum-free RPMI. Results represent 
mean ± SD, n = 3. 

Figure 5.4 DQ-OVA processing (%) vs association (%) for the four liposomal formulations DSPC:Chol, 
DSPC:Chol:DOPS, DSPC:Chol:DDA and DDA:TDB at time points 1 h (closed symbol) and 24 h (open 
symbols). Results represent mean ± SD, n = 3 

Figure 5.5 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal 
formulations for 24 h incubation, with negative controls receiving serum-free RPMI or just free 
ovalbumin. % Positive cells with surface co-stimulatory molecules CD14, CD40, CD80 and MHC II were 
analysed with FACs using specified antibodies. Results represent mean ± SD, n = 3. 

Figure 5.6 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal 
formulations for 24 h incubation, with negative controls receiving serum-free RPMI. MFI (median) of 
cell surface co-stimulatory molecules CD14, CD40, CD80 and MHC II (A, B, C and D respectively) were 
analysed with FACs using specified antibodies. Results represent mean ± SD, n = 3. 

Figure 6.1 Immunisation schedule used for in vivo experimentation. Five mice per group were orally 
administered liposomal formulations (or s/c injection for positive control) weekly over a period of five 
weeks in order to evaluate systemic IgG and mucosal IgA.  

Figure 6.2 Average size (d.nm), PDI and zeta potential (mV) of three empty liposomal formulations A) 
DSPC:Chol (10:5 w/w) B) DSPC:Chol:PS (10:5:4 w/w) and C) DSPC:Chol:DOTAP (10:5:4 w/w) prepared 
by microfluidics and subjected to an increasing acidic environment using the MPT-2 Auto Titrator from 
Malvern Panalytical. The isoelectric point (pI) is indicated by the red dotted line. Results represent 
mean ± SD, n=3 of independent batches.  

Figure 6.3 Formulations DSPC:Chol (10:5 w/w), MPG:Chol:PS (10:5:4 w/w), DSPC:Chol:PS (10:5:4 w/w) 
with ovalbumin encapsulated inside and DSPC:Chol:DOTAP (10:5:4 w/w) with surface adsorbed 
ovalbumin were subjected to acidic conditions (pH 1.2) for up to 120 minutes at 37 °C. Samples were 
removed, neutralised and washed to remove unentrapped antigen using tangential flow filtration 
(DSPC:Chol, MPG:Chol:PS and DSPC:Chol:PS) or dialysis (DSPC:Chol:DOTAP). The final time point was 
further subjected to a neutralisation of pH (7.4) (indicated by the red-dotted line) and retained for an 
additional 120 minutes before sample removal and washing. Antigen retention within the vesicles was 
then determined using RP-HPLC. Results represent mean ± SD, n=3 of independent batches.  

Figure 6.4 Average size (d.nm) (bars), PDI (circles) and zeta potential (mV) (values) of the four 
formulations prior to oral administration. Microfluidic manufacture of DSPC:Chol (10:5 w/w), 
DSPC:Chol:PS (10:5:4 w/w) and MPG:Chol:PS (10:5:5 w/w) (3:1 FRR, 15 mL/min TFR) with a final 
ovalbumin concentration of 1 mg/mL entrapped. Cationic formulation DSPC:Chol:DOTAP (10:5:2 w/w) 
(1:1 FRR, 15 mL/min TFR) with a final ovalbumin concentration of 1 mg/mL adsorbed on the surface. 
Results represent mean ± SD, n = 5 of independent batches.  

Figure 6.5 Anti-OVA antibody systemic immune responses following oral administration of liposomal 
formulations in mice (BALB/c mice 6–8 weeks old). Mice were terminally bled on day 35 and serum 
antibody analysis was conducted using ELISA. (A) Serum IgG response and (B) Serum IgA response. 
Each sample/dilution was tested in duplicate and data are presented as mean optical density (OD 450) 
with each individual sample (circle) and Geo-mean (black line) shown. Results represent geo-
mean ± SD, n=5 of independent batches. 

Figure 6.6 Anti-OVA antibody mucosal immune responses following oral administration of liposomal 
formulations in mice (BALB/c mice 6–8 weeks old). (A) Intestinal wash (B) caecum (C) colon and (D) 
faecal samples were analysed for IgA antibody response using ELISA. Each sample/dilution was tested 
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in duplicate and data are presented as mean optical density (OD 450) with each individual sample 
(circle) and Geo-mean (black bar) shown. Results represent geo-mean ± SD, n = 5 of independent 
batches. 

Figure 6.7 Average size (d.nm) (bars), PDI (circles) and zeta potential (mV) (values) of the four 
formulations prior to oral administration. Microfluidic manufacture of empty DSPC:Chol (10:5 w/w), 
DSPC:Chol (10:5 w/w) encapsulating ovalbumin with co-mixed CTX,  DSPC:Chol (10:5 w/w) 
encapsulating ovalbumin with surface conjugated CTX, DSPC:Chol:DDA (10:5:4 w/w) in-line loaded 
with ovalbumin and DDA:TDB (5:1 w/w) with surface complexed ovalbumin. All formulations had a 
final antigen concentration of 1 mg/mL. Results represent mean ± SD, n=5 of independent batches.  

Figure 6.8 Anti-OVA antibody systemic immune responses following oral administration of liposomal 
formulations in mice (C57BL/6 mice 20g, 6-12 weeks old). Mice were terminally bled on day 35 and 
serum IgG antibody analysis was conducted using ELISA. Each sample/dilution was tested in duplicate 
and data are presented as mean optical density (OD 450) with each individual sample (circle) and Geo-
mean (black bar) shown. Results represent geo-mean ± SD, n=5 of independent batches 

Figure 6.9 Anti-OVA antibody mucosal immune responses following oral administration of liposomal 

formulations in mice (C57BL/6 mice 20g, 6-12 weeks old). (A-B) Intestinal wash IgA and IgG 

respectively, (C) caecum IgA (D-E) colon IgA and IgG respectively were analysed for antibody responses 

using ELISA. Each sample/dilution was tested in duplicate and data are presented as the endpoint titre 

with each individual sample (circle) and Geo-mean (black bar) shown. Results represent geo-

mean ± SD, n=5 of independent batches.   
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1.1 Clostridium Difficile infection 

Within the global population, the gram-positive spore forming bacterium Clostridium difficile (C. 

difficile) can reside in as much as 5% of healthy adults, with some studies showing as up to 17.5% of 

individuals tested containing C. difficile spores within their stools (Schaeffler and Breitrueck, 2018, 

Czepiel et al., 2019), with the clinical implications exhibiting a wide range of severity, from 

asymptomatic carriers, to diarrhoea and in extreme cases, death, as a result of pseudomembranous 

colitis and toxic megacolon (Kelly and Kyne, 2011, Abt et al., 2016). Bacterial spores can be ingested 

from the environment where they can persist for up to 5 months on certain surfaces, having been 

previously shed by either asymptomatic or symptomatic carriers (Claro et al., 2014, Hong et al., 2017). 

The financial burden of C. difficile infection (CDI) within Europe alone was estimated to be 

approximately £2.5 billion annually (Foglia et al., 2012) and within the US the total CDI-attributed cost 

was $6.3 billion over a ten year period (Zhang et al., 2016). The extent of C. difficile colonization and 

the subsequent severity of the downstream impact is primarily determined by the health status of the 

individual, and most importantly, the status of the individual’s microbiome. Symbiotic relationships 

with microorganisms occur at the surfaces of our epithelia, with the majority of these being found 

within the gastrointestinal tract (GIT) (Tlaskalová-Hogenová et al., 2011). Within the lumen of the 

colon, resident microorganisms can actively produce free sialic acid and short-chain fatty acids from 

dietary sources which are then readily available as energy sources for commensal bacteria. These 

resources are normally under tight competition; however, when the individual’s natural biome has 

been altered, through for instance the use of antibiotics (such as cephalosporins, penicillin and 

fluoroquinolones) or chemotherapeutics, an excess of these resources accumulates leading to 

uncontrolled growth of potential pathogens such as C. difficile (Abt et al., 2016, Schaeffler and 

Breitrueck, 2018). This makes C. difficile an important microbe for places such as hospitals and other 

healthcare settings where large groups of immunocompromised patients are in close proximity. Thus 

such environments can become reservoirs for the bacterial spores, with some hospitals and nursing 

homes registering C. difficile infection rates as high as 73% (Péchiné et al., 2007).   

The primary virulence toxins associated with CDI are two large cytotoxic glucosyltransferases, toxin A 

(TcdA,308 kDa) and toxin B (TcdB,270 kDa) which bind to epithelial cells and inactivate GTPases by 

irreversible glycosylation, although there are a number of strain dependent secondary proteins 

involved in virulence including a number of proteolytic enzymes as well as a third toxin known as C. 

difficile binary toxin (Gerding et al., 2014, Péchiné et al., 2007). Rho (RhoA,-B,-C), Rac and Cdc42 are 

proteins within the cell which are essential for cytoskeletal development and therefore glycosylation 

of these proteins by TcdA and TcdB results in a wide range of cellular disruption mechanisms including 

actin condensation, loss of structural integrity, membrane blebbing and therefore inevitable cellular 
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apoptosis (Voth and Ballard, 2005). The downstream implications of these cellular mechanisms results 

in a strong pro-inflammatory reaction. Intestinal cells exposed to TcdA and TcdB have been shown to 

result in neutrophil infiltration, a wide range of chemokine and reactive oxygen species (ROS) 

production as well as tight junction damage (the damage to tight junctions further increases the rate 

of neutrophil leakage into the intestinal lumen). Epithelial cells that come in contact with TcdA and 

TcdB release pro-inflammatory cytokines such as interleukin-8 (IL-8) further increasing the 

inflammation. As the infection proliferates through the mucosa, macrophages, dendritic cells and 

monocytes further increase the pro-inflammatory cascade, producing a plethora of pro-inflammatory 

interleukins and tumour necrosis factors, driving the epithelial damage sustained during CDI (Spencer 

et al., 2014).  

1.2 Clostridium difficile diagnosis and current treatments 

There are a broad range of approaches for the treatment of CDI currently advised by the European 

Society of Clinical Microbiology and Infectious Disease (ESCMID), with the choice of treatment 

depending upon the degree of CDI severity, patient factors such as age and immune status, as well as 

geographical location. While most European countries have their own CDI treatment guidelines, those 

published by the ESCMID act as a structure and a set of guidelines that can be followed (Fitzpatrick et 

al., 2018). Following a CDI diagnosis (there remains some ambiguity about this between healthcare 

professionals as a number of factors can determine the extent of CDI, such as raised leukocyte counts, 

decreased albumin and a rise in serum creatinine levels and toxin A/B counts in patient’s stool 

samples), the primary conventional therapeutic options rely on the use of antibiotics such as 

metronidazole and vancomycin to control the C. difficile proliferation. In these cases the relapse 

occurrence has been found to be as high as 29% with a subsequent disproportionate increase in 

mortality rates being found (Guo et al., 2015, Fitzpatrick et al., 2018). There are also an increasing 

number of reports documenting the emergence of antibiotic resistant hyper virulent strains of C. 

difficile, reducing the effectiveness of new antibiotic therapies approved by the FDA for more severe 

cases of CDI, such as fidaxomicin (Schaeffler and Breitrueck, 2018, Du et al., 2014). The use of therapies 

targeting the proliferation of microbiota to out-compete C. difficile within the gut has shown some 

signs of potential, including the use of faecal matter transplants or probiotic administration (e.g. 

Lactobacillus strains) in conjunction with antibiotic administration; yet, the long term efficacy and the 

potential for the development of other downstream complications remains largely unknown and 

requires further development (Schaeffler and Breitrueck, 2018, Czepiel et al., 2019). Furthermore, 

prophylactic therapies such as Ribaxamase (an oral formulation designed to limit the damage to the 

gut microflora through degradation of unmetabolised antibiotic) and DAV132 (a charcoal capsule, 
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which binds and inactivates excess antibiotic within the colon) are currently undergoing clinical 

development and could be potential tools used to limit C. difficile proliferation (de Gunzburg et al., 

2018, Kaleko et al., 2016).  

Alternative treatments to CDI, such as long term protection through vaccination has been explored in 

both animal models and human subjects with varying levels of success. A correlation between CDI 

protection and prevention of relapse has been found with both the presence of systemic and localised 

production of anti-toxin immunoglobulins (Spencer et al., 2014, Solomon, 2013). When comparing 

asymptomatic patients to more severe cases of CDI, strong systemic anti-toxin A and B IgG as well as 

high serum levels of IgM and IgA was shown to reduce both infection severity and relapse recurrence 

rates, highlighting the potential of a vaccine as a promising option in the battle against CDI (Kyne et 

al., 2001, Kyne et al., 2000, Kelly and Kyne, 2011).  

Currently, the majority of vaccine development (Table 1) focuses on the use of chemically/genetically 

modified toxoid formulations, with the exception being VP20621, where an oral suspension of non-

toxigenic spores of an C. difficile strain is used (Villano et al., 2012, Riley et al., 2019). A formalin 

inactivated toxoid vaccine for toxins A and B containing aluminium hydroxide as an adjuvant produced 

by Sanofi Pasteur showed the greatest potential out of all the current vaccine candidates following 

numerous clinical Phase I and II trials, although poor results from Phase III data in terms of efficacy 

against primary CDI resulted in the decision by Sanofi Pasteur to discontinue development (de Bruyn 

et al., 2016, Riley et al., 2019). Similarly, Pfizer are currently undergoing Phase III trials for their vaccine 

candidate PF-06425090, again using modified toxoids TcdA and TcdB, while toxicity in this formulation 

is further reduced by genetic modification of amino acid sequences, Phase III data is expected within 

2020 (Donald et al., 2013, Riley et al., 2019). Finally, Valneva’s CDI vaccine candidate focuses on a 

slightly different mechanism than traditional inactivated toxoid vaccines, by combining epitopes of 

both toxins (A and B) into a single chimeric protein antigen. While current human Phase II data shows 

effective levels of neutralising antibodies being generated against both toxins, there remains some 

unanswered questions in regards to efficacy across strains of C. difficile, in part due to the highly 

specific epitopes chosen for the chimera (Bézay et al., 2016, Riley et al., 2019). A summary of these 

vaccine candidates is shown in Table 1, including the possible mechanisms of action and their current 

stage of development.  
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Table 1.1 Current C. difficile vaccine candidates in clinical trials (adapted from (Riley et al., 2019)).  

Vaccine Candidate Manufacturer Development Status Mechanism of action 

C diffense Sanofi/Pasteur Terminated at Phase III 

Formalin inactivated TcdA and 

TcdB toxoid vaccine with 

aluminium hydroxide for injection 

PF-06425090 Pfizer Phase III 
Genetically/chemically detoxified 

TcdA and TcdB toxoid vaccine 

VLA84 Valneva Phase II 

Recombinant chimeric protein 

incorporating both binding 

domains of TcdA and TcdB 

VP20621 Shire Phase II 
Live non-toxigenic C. difficile strain 

for oral delivery 

 

1.3 Vaccine development: An overview 

Conventional vaccines traditionally focused on the use of live-attenuated whole cells or 

killed/inactivated, which have had their toxicity mitigated or removed through the use of chemical, 

radioactive or heat-based methods to induce active immunity against their pathogen (Vartak and 

Sucheck, 2016). Historically, these types of vaccines have proven time and time again to be valuable 

tools within our healthcare systems, with diseases such as measles and polio largely eradicated 

throughout the western world as a result (Minor, 2015). However, a number of recurrent issues arise 

when using live-attenuated and killed/inactivated vaccines, such as the potential for causing harm and 

even disease, particularly amongst immuno-compromised individuals, as well as broad ranges of 

vaccine efficacy being exhibited (Minor, 2015, Angsantikul et al., 2017). These issues have largely 

resulted in a shift in vaccine development and regulation, with attention now being focused on safer, 

more controllable vaccine methods. Subunit vaccines are more well-defined antigens, derived from 

parts of the pathogen but not incorporating the entire cell as a whole, thus removing reactogenic 

components such as lipopolysaccharides, DNA and RNA (Foged, 2011, Petrovsky, 2015). These subunit 

antigens could be composed of toxoids, cellular membrane fragments from the pathogen or specific 

surface molecules, and in the case of chimeric and recombinant subunit vaccines, a combination of 

these components (Vartak and Sucheck, 2016). With an improved safety profile, subunit antigen based 

vaccines offer great potential; however, this move away from whole cell microorganisms comes at a 

cost in regard to vaccine efficacy due to a loss of inherent immunogenicity. To overcome this, 
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adjuvants can be incorporated within the vaccine to boost and or direct the subsequent immune 

response and these will be discussed in greater detail in section 1.5.1. In addition to conventional 

vaccine approaches, nucleic acid based therapies are emerging as a promising technology. In the 

1990s, injection of nucleic acid in mice models resulted in the expression of their coded proteins, 

opening the door to RNA based vaccinology. Advancements in mRNA immunogenicity and the use of 

delivery systems has now pushed the field into a range of successful clinical and preclinical trials. 

Currently, self-amplifying RNA can result in potent immune responses, a result of the inclusion of 

genes encoding for replication remaining intact (Zhang et al., 2019, Fuller and Berglund, 2020). This 

promise in regards to vaccine efficacy and safety has now led to self-amplifying RNA incorporating 

SARS-Cov-2 antigen, encapsulated within a lipid nanoparticle being tested in humans to help combat 

the SARS-Cov-2 pandemic (McKay et al., 2020). 

1.4 The challenge of developing an oral vaccine 

1.4.1 The degradative environment of the gastrointestinal tract  

In order to further understand the challenges of developing an oral vaccine against enteric pathogens 

such as C. difficile, an overview of the gastrointestinal tract and mucosal immune system is first 

required. The gastrointestinal tract (GIT) serves primarily to digest and absorb nutrients, while 

excreting excess and unused waste. The GIT must also act to protect the body from enteric pathogens, 

and as a result, the GIT collectively forms the largest immunological organ within the body (Pasetti et 

al., 2011). The digestive processes within the GIT result in a highly degradative environment which 

poses challenges for the delivery of oral therapeutics, in particular the delivery of oral antigen for 

vaccination. The GIT can be separated into either upper and lower sections. The upper gastrointestinal 

tract involves the mouth (oral cavity), pharynx, oesophagus and the stomach, while the lower section 

includes the small intestine (duodenum, jejunum and ileum), the large intestine (cecum, colon and 

rectum) and finally the anus (Ramirez et al., 2017). Initially, materials entering the mouth are 

subjected to salivary enzymes such as lysozymes, followed by a highly acidic environment of the 

stomach, where degradation is undergone by the gastric juice which includes additional degradative 

enzymes and hydrochloric acid. For protein degradation, a number of protease enzymes are secreted 

by the pancreas and stomach including pepsin, trypsin and chymotrypsin which facilitate the 

breakdown of protein into smaller peptides for nutrient absorption, which presents obvious barriers 

for the oral route of administration for vaccine antigens. Fat digestion occurs throughout the GIT and 

is facilitated by lipases from the bile and pancreas where short chain diglycerides and monoglycerides 

are formed. The gastric environment has a pH range approximately between 1-3 (in a fasted state, 

while fed can have a broad range between approximately 3-7), and the rate at which materials are 
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retained within the stomach varies considerably as a result of individual variation, environmental 

factors such as smoking and drinking as well as stress levels and quantities of material ingested 

(Hellmig et al., 2006). The typical gastric emptying time following mastication and swallowing can be 

up to as long as 4 hours for total meal clearance (Vasavid et al., 2014).  Once the material has left the 

gastric environment it enters the small intestine. The small intestine adsorbs necessary nutrients while 

simultaneously serving an important immunological aspect – being host to the concentration of 

Peyer’s patches (PPs) – crucial organised lymphatic follicles which will be discussed later within this 

chapter (Collins and Badireddy, 2019). The first section of the small intestine is known as the 

duodenum, where the pH is much closer to neutral than that of the stomach (approximately between 

3 and 6, varying during fed and fasted states). Material will then pass into the jejunum, followed by 

the final section of the small intestine, the Ileum. Both these sections have a near neutral pH 

environment (between 6 and 7). The estimated time of travel through the small intestine is between 

3-5 hours; although this can vary greatly, depending on the person (including age and gender), 

environmental factors and the state of the in vivo system, i.e. whether it has just fed, or whether it is 

in a fasted-state (Robertson, 2013). Upon leaving the small intestine, material that is largely void of 

nutrients now enters the large intestine, composed of the cecum, colon and rectum, where the 

absorption of any remaining water, electrolytes and nutrients occurs prior to elimination (Azzouz and 

Sharma, 2019).  

 

Figure 1.1 Schematic diagram of the pH differences found throughout the human gastrointestinal tract. Initially the gastric 
environment (stomach) contains highly acidic pH, dependent upon the fed fasted state of the individual. As you traverse 
through, the small intestine (duodenum, jejunum and ileum) becomes less acidic, where pH can range between approximately 
pH 3-8. Finally, the large intestine (caecum, colon and rectum) pH can be between 5-8 dependent on fed / fasted state. 
Adapted from (Ndibewu and Ngobeni, 2013).  
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1.4.2 Mucosal immune system overview  

1.4.2.1 Intestinal epithelial barrier 

The human GIT is thought to be between 300 – 400 m2 and is constantly exposed to the outside 

external environment, which poses a complex question of how the body retains homeostasis and 

repels foreign invaders such as pathogens looking to gain entry within. The large intestine alone is 

thought to contain as much as 1,000 individual species of bacteria (not including other microorganisms 

such as fungi, archaea, protozoans, viruses and so on) with population numbers around 1012 

bacterium/cm2 and the complexity of the gut microbiome is only now gradually being understood 

(Lazar et al., 2018). The complicated relationship between the human body and our symbiotic 

microorganisms is now being viewed as essential for development, with the microbiome playing key 

roles in our immune system, host homeostasis and even communicating with our brain via the gut-

brain axis impacting on our social behaviours such as stress response physiology (Foster et al., 2017). 

This ecosystem within our gut has meant our body requires a complex barrier and protective systems 

in place to regulate and remove pathogenic species, while simultaneously not disrupting commensal 

species that are key to our health (Yap and Mariño, 2018). The intestinal mucosal barrier allows for 

containment of potentially pathogenic and immunogenic entities from entering the body. A layer of 

intestinal epithelium forms a cellular barrier between the intestinal mucosa beneath, and the external 

gut lumen. The epithelial layer is composed of a range of cell types, with enterocytes forming tight 

junctions to control nutrient absorption and general barrier integrity, while goblet cells secrete mucus. 

Enteroendorcine cells, paneth cells (secrete antimicrobial molecules and growth factors) and 

microfold cells also reside within the intestinal epithelial layer, all of which are replenished from a 

source of pluripotent stem cells found within the crypts (Salim and Söderholm, 2011). The secreted 

mucus layer forms the first barrier of protection against the vast numbers of microorganisms that 

reside within the gut (Peled et al., 2016). The mucus layer contains gel-like proteins such as mucins, 

antimicrobial peptides (AMPs) and secretory immunoglobulins such as sIgA – produced by effector 

plasma cells. The density of the mucus layer varies throughout the GIT, with the small intestine 

consisting of a single mucus layer, while the colon contains two distinct layers, an outer loose area, 

where commensal bacteria can pass through, and an inner dense layer, restricting further microbial 

penetration to the underlying epithelia (Vancamelbeke and Vermeire, 2017). In addition to acting as 

a barrier for microbes, the mucus layer also inhibits interactions between the epithelial layer and the 

vaccine antigens administered orally. Following through the epithelial tissue layer, the lamina propia 

can be found, where a range of cell types reside. As well as structural cell types such as fibroblasts, 

endothelial cells and smooth muscle cells, a vast network of vascular and lymphatic vessels supplies 

the region with dense populations of effector immune cells such as macrophages, mast cells, 
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lymphocytes and plasma cells (Hunyady et al., 2000). These immune cells, and others, together form 

the mucosal branch of the innate and adaptive immune defence system. The final layer of the mucosa 

on the other side of the epithelium, flanking the lamina propia, is the muscularis mucosae, a thin layer 

of muscle tissue fibres that can be found throughout the GIT (Salim and Söderholm, 2011).  

 

1.4.2.2 Mucosal immune system 

The human body relies on the mucosal immune system to form a protective barrier against 

environmental pathogens, prevent the entry of un-degraded antigens (such as dietary, environmental 

or microbial sources) and to regulate the immunological responses appropriately, in order to not 

generate unnecessary pro-inflammatory damage (Holmgren and Czerkinsky, 2005). The mucosal 

immune system is composed of the lymphatics (or mucosal associated lymphoid tissue, MALT) and its 

associated localised mucosal tissue such as the gut-associated lymphoid tissue (GALT), bronchus-

associated lymphoid tissue (BALT) and nasopharynx-associated lymphoid tissue (NALT) (Montilla et 

al., 2004).  The mucosal immune system is a separate, distinguishable branch of the immune system 

from that of the systemic immune system. It comprises of lymphoid tissues such as Peyer’s patches 

(lymphoid follicles found throughout the small intestine, predominately within the Ileum, containing 

populations of B and T cells), lymph nodes such as the mesenteric lymph node, and other lymphoid 

follicles found throughout the GIT, acting as induction sites for immune responses (Holmgren and 

Czerkinsky, 2005). Peyer’s patches are covered by a layer of epithelium known as the follicle associated 

epithelium (FAE), forming a dome like structure projecting into the lumen, visual by the human eye. 

The FAE also has many immune cell types such macrophages, DCs, B and T cells intercalated 

throughout (Mowat, 2003). The FAE contains specialised epithelial cells known as M cells, which play 

a critical role in antigen sampling from the lumen. These cells are phenotypically different from their 

epithelial counterparts, with reduced microvilli and a minimal mucus layer for coverage, allowing them 

to sample antigen and transport from the lumen across to the lamina propia to waiting APCs 

(Bilsborough and Viney, 2004). The FAE expresses specific chemokines (CCL9 and CCL20) which act as 

homing receptors to accumulate APCs underneath the M cells for efficient antigen uptake. This area 

directly below the specialised M cells is known as the subepithelial dome (SED), an area that is highly 

populated with DCs and macrophages. Following M cell uptake, antigen is passed to the APCs of the 

SED for degradation, processing and subsequent presentation (Da Silva et al., 2017). The priming of 

naïve CD4+ T cells (generating the memory response of the immunological system) then occurs in the 

thymus- dependent area (TDA), or directly in lymph nodes (such as the mesenteric lymph node) by 

APCs that have migrated from the PPs, more information relating to memory response will be 

discussed further on (Figure 1.2) (Kang et al., 2018).  
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Figure 1.2 Schematic diagram of the physiology of a Peyer’s patch. Antigen from the lumen can transcotyse across the 
epithelial layer via specialised M cells (lacking a mucosal layer). The antigen is passed to the subepithelial dome (SED) where 
they can interact with underlying APCs (DCs / macrophages). T cell (CD4+) priming can then occur in the thymus dependent 
area via interactions with DCs before migration towards lymph nodes for subsequent GC formation. Adapted from (Kang et 
al., 2018).   

 

The cells of the mucosal immune system charged with non-specific defence are known as the innate 

immune cells. These cells such as intestinal macrophages and DCs are derived from monocytes that 

constantly enter the intestine from the macrophage – DC bone marrow derived progenitor cells. The 

ultimate fate of differentiation of these cells is dictated by the microenvironment that they are 

exposed to. For example, intestinal macrophage development is directed by growth factors such as 

Csf1 (colony-stimulated factor 1), while different subsets of intestinal DCs are similarly controlled into 

different developmental pathways by cytokines and growth factors like Flt3 (FMS-like tyrosine kinase 

3) (Flannigan et al., 2015). Typically, these resident antigen presenting cells (APCs) reside in a tolerant 

state, in order to not generate pro-inflammation in the presence of commensal microbiota and food 

antigens. Traditionally these cell types typically involve the binding of antigen through pathogen 

associated microbial patterns (PAMPs) to specific receptors known as pattern recognition receptors 

(PRRs), such as toll-like receptors (TLRs). Upon binding, the APCs internalize their antigenic target 

through phagocytosis, pinocytosis or clathrin-dependent endocytosis (Gaudino and Kumar, 2019). 

There are a number of factors which influence which pathway the antigen is internalised, and 

therefore the subsequent immune response is determined by the internalisation pathway. Following 
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internalisation, the PAMP is degraded and processed by the cell, with antigenic components being 

expressed on either major histocompatibility complex I or II (MHC I or II) for presentation to CD8+ or 

CD4+ T cells respectively to initiate the memory immune response (Gaudino and Kumar, 2019). 

Immature DCs have a wide range of receptors capable stimulating pro-inflammatory responses such 

as TLRs, Mannose Receptors and DC-sign receptors and they act as the main link between antigen 

capture, presentation and subsequent adaptive immune response, often described as the interface 

between the innate and adaptive systems. Specialised mucosal DCs are found in MALT, found beneath 

the mucosal epithelium (Owen et al., 2013).  Following antigen binding, the immature DCs undergo a 

phenotypic maturation change where they present the antigen on their cellular surface and start their 

migration towards the lymph nodes where activation of helper T-cells, killer T-cells and B-cells begins. 

Furthermore, DCs are capable of stimulating the activation of both naïve and memory T-cells, unlike 

any other professional antigen presenting cells (Apostolopoulos et al., 2013). 

Intestinal macrophages have high affinity and microbicidal activity against potential pathogens that 

cross the epithelial barrier, although the classical pro-inflammatory response (e.g. IL-1, 6, 12, 23) 

observed in peripheral macrophages are heavily downregulated within the gut as a result of the 

tolerogenic environment within the GALT, largely a result of IL-10 produced by CD4+Foxp3+ regulatory 

T cells (Flannigan et al., 2015). Simultaneously, these intestinal macrophages influence the 

proliferation of CD4+ T cells into CD4+Foxp3+ regulatory T cells, thus furthering the immunotolerant 

environment within the gut. Intestinal DCs (CD103+) are also key factors in gut homeostasis through 

communication with the adaptive immune system. Like their macrophage counterparts, intestinal DCs 

can drive CD4+ T cell differentiation into Foxp3+Treg cells. Intestinal DCs also actively and continuously 

migrate to the mesenteric lymph nodes, driving immune tolerance for commensal antigen and dietary 

protein. During inflammation or injury, this tolerogenic state can quickly change to high levels of pro-

inflammation. New migrating monocytes entering the intestinal environment no longer develop into 

tolerogenic macrophages and DCs, instead upregulate TLRs and other inflammatory markers, 

becoming highly aggressive against microbial entities, driving pro-inflammation through IL-1, IL-6, IL-

12, IL-23 and tumour necrosis factor alpha (TNF-alpha). This pro-inflammation promotes further DC 

activation, and the DCs preferentially favour proliferation of Th1 and Th17 cells instead of the 

CD4+Foxp3+ regulatory T cells found during a healthy non-inflammatory state (Flannigan et al., 2015). 

There are a number of ways in which antigen can be bound and presented to cells of the adaptive 

immune system within the GIT. DCs and macrophages within the lamina propia can intercalate within 

the epithelial layer and extend dendrites into the lumen to sample antigens, returning to lymphoid 

tissue for antigen presentation. The epithelial layer itself can also act as antigen sampling cells, 
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through specialised microvilli-lacking (M cells). M cells can be found in high levels within the FAE, 

actively binding some pathogens and particulate antigens for the generation of adaptive responses. 

These specialised epithelial cells lack MHC II molecules, thus rely on intermediate antigen presenting 

cells  to migrate to T cell/B cell areas within lymphoid tissue where they can present the processed 

antigen to naive lymphocytes (Mowat, 2003). As well as M cells and traditional APCs, intestinal 

epithelial cells such as enterocytes also play an important immunological role. Plasma cells from the 

lamina propia and PPs secrete IgA which binds on to the polymeric immunoglobulin A receptor (pIgR) 

on the basolateral side of the epithelial layer. The IgA dimer is then transcytosed to the apical 

membrane surface where it is secreted into the lumen as sIgA. A strong indicator of a heathy mucosal 

immune response is the local secretion of sIgA as it is capable of effectively functioning within the 

degradative environment of the GI tract due to its relatively protease resistant nature (Owen et al., 

2013). 

Intestinal epithelial cells have been shown to produce both cytokines and chemokines in response to 

microbials within the lumen through a range of TLRs (e.g. TLR3, 4, 5, 9), communicating with the 

immune cells within the lamina propia (Goto, 2019). Furthermore, intestinal epithelial cells may play 

a role in the development of Th1, Th17, Tregs and CD8+ T cells. Within the lamina propia, it has been 

shown that these T cell types can proliferate and differentiate accordingly to the environmental 

stimulus, thus in the presence of particular bacterial species within the lumen, Th17 induction occurs. 

It is suspected that the association of these bacteria to the intestinal epithelial cells induces a signalling 

cascade which then in turn directs T cell differentiation within the lamina propia (Goto, 2019).  

Following the innate immune system, the secondary line of immunological defence is the adaptive 

immune system. An adaptive immune response is the basis behind immunological memory, and 

functions through specific cell types (primarily T and B cells) in order to generate long lasting 

protection against previously encountered antigen. After an initial response to a pathogenic infection 

ends, the effector cells generated decline in number, leaving a small population of memory T and B 

cells which can then quickly proliferate upon re-exposure. In the case of T cells, a very general 

classification into two main subtypes results in either CD4+ helper T cells or CD8+ cytotoxic T cells. 

Helper T cells are capable of orchestrating other immune cells through cytokines and chemokines, 

while cytotoxic T cells generally produce cytokines for the elimination of infected cells (however this 

statement is not a rule, as there are cases where CD4+ / CD8+ cells function in the opposite sense) 

(Pennock et al., 2013). Naive T cells are activated following binding of the antigen peptide fragments 

associated to the APCs on the MHC I or II through their T cell receptor. Alongside co-stimulatory 

molecules, T cell activation occurs, allowing further differentiation to enable cytokine production 

(Schwendener, 2014). The cytokines and co-stimulatory molecules present during activation (as a 
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result of the specific pathogen exposed) then further dictates differentiation into subsets with specific 

effector functions. These include Th1, Th2, Th17, Th9, follicular helper T (Tfh), and regulatory T cells 

(Tregs). Th1 subsets of helper T cells are known for generation of high levels of interferon-gamma 

(IFNγ)  and TNF-alpha, activating APCs and upregulating phagocytic capability. Th2 cells in general are 

found in IL-4 environments for the clearance of parasitic pathogens through eosinophil, mast cells and 

basophils. Th17 subsets can produce IL-17, which activates neutrophils for bacterial and fungal 

infections (Pennock et al., 2013). Conversely to these pro-inflammatory orchestrator subtypes, Tregs 

are present to balance out the negative effect of inflammation. The suppressive nature of this helper 

T cell subtype will be explained in further detail, in relation to their role in oral tolerance.  

 Helper T cells can then further orchestrate the immunological response by activating B cells, which 

have also encountered the specific antigen, through the B-cell receptor (BCR) (Janeway Jr et al., 2001). 

Naïve B cells express cell surface IgM and IgD; however, following activation, isotype switching (the 

process in which B cells change their immunoglobulin production from one type to another, i.e. from 

IgD to IgG) occurs, regulated by the presence helper T cells through specific cytokine production as 

well as CD40 and / or TLR binding, more of which will be discussed later. (Stavnezer et al., 2008).  

These lymphocytes are originally derived from naive immune cells from the bone marrow and thymus, 

which have travelled through the lymphatics of the mucosal immune system via the bloodstream and 

are the key modulators of the adaptive mucosal immune response. Once within the lymphoid tissue 

associated with the gut (e.g. PPs), they encounter antigen, either directly or indirectly through antigen 

presentation cells and become primed. They drain from the intestinal lymphatics through the 

mesenteric lymph nodes (MLNs), undergoing differentiation, before re-entering the blood circulatory 

system (Habtezion et al., 2016). Once within the systemic circulatory system, the distinct mucosal 

lymphocytes are capable of homing back to the mucosal sites of induction through the upregulation 

of surface proteins such as alpha(4)beta(7) integrin – which binds with mucosal addressin cell 

adhesion molecule (MAdCAM) found throughout high endothelial venules of the mucosal lymphoid 

tissues (Petrovic et al., 2004). Furthermore, these high endothelial venules within the GALT produce 

cytokines such as CCL21, further driving chemotaxis of lymphocytes through CCR7. The upregulation 

of chemotactic factors allows for highly specific localisation of these lymphocytes within the GALT, 

and expression of various types can direct localisation to the lamina propia (CCR9) and intestinal 

epithelium to become intraepithelial lymphocytes and B cell localisation back to PPs to become plasma 

cells for sIgA secretion (Habtezion et al., 2016). The importance of this compartmentalisation between 

the mucosal and systemic immune system, in regards to oral vaccination will be discussed further.   
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1.4.2.3 Mucosal B cells: Somatic hypermutation, class switching and IgA production  

As stated previously, the immune cells of the MALT (as well as the GALT) are distinctly separate from 

the systemic immune system. Within the GALT, mucosal B cells play a critical role due to their ability 

to produce highly specific antibodies that can effectively bind and neutralise toxins and pathogens. 

These antibodies are typically in the form of IgA and IgM, and represent a non-inflammatory defence 

mechanism at effector tissue and the gut lumen. Antibody secreting B cells are highly abundant 

throughout the MALT, so much so that approximately 80% of all human plasma cells can be found 

associated with the gut. These cells predominately produce sIgA (approximately 80%), where on 

average 3 g can be produced every day (Brandtzaeg and Johansen, 2005). In humans, IgA can be found 

in two isotypes, IgA1 and IgA2, differing in both structure and localisation (while mice only express 

one IgA isotype). Within serum, IgA1 largely predominates (at a ratio of 9:1), whereas mucosal tissue 

is much more of a balanced ratio between the two isotypes (Steffen et al., 2020). IgA1 has additional 

amino acid sequences within the hinge region compared to IgA2, resulting in enhanced antigen 

recognition, but simultaneously results in a reduced stability within the lumen due to vulnerability to 

proteolytic degradation (Woof and Kerr, 2004). Human immunoglobulins are proteins that can be 

found both soluble and membrane bound. The proteins comprise of two identical chains, each 

containing a heavy and a light section. The two chains and the heavy and light chain fragments are 

connected by disulphide bridges. Two distinct antigen binding domains (Fabs) are bound to the Fc 

(fragment crystallisable) via a hinge region, allowing for conformational flexibility (Chiu et al., 2019).  

Antigen within the lumen can be screened and processed through a number of different routes – 

including dendritic cells extending appendages through epithelial tight junctions for direct sampling, 

or through M cell entry within the FAE. Antigen that is moved through the M cells via transcytosis 

interacts with APCs as well as directly with T and B cells within the SED. In addition to this, APCs (in 

particular DCs) can migrate to intrafollicular T cell areas in the Peyer’s patches (or mesenteric lymph 

nodes) for CD4+ priming, resulting in the formation of germinal centres (GCs), along with activated B 

cells (now a mature B cell) (Kang et al., 2018). The GCs are a crucial component for induction of 

antibody responses against antigenic material. Upon antigen activation (directly or indirectly through 

APCs and T cells), GC formation occurs within the follicles, orchestrated by follicular helper T cell 

activation. The GC comprises of two distinct zones, a light and dark zone. The mature B cell upon 

entering the GC (following T cell activation) express predominantly IgM and IgD antibodies on the 

cellular surface, and undergoes a process known as proliferative colonial expansion (or somatic 

hypermutation).  During this process, random mutations coding for the variable region (light and 

heavy chain) occur (through an enzyme called activation-induced cytidine deaminase (AID)), 

producing a large number of B cells with Fab diversity. These B cells then migrate within the GC to the 
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light zone – where interactions with both follicular helper T cells and DCs expressing the particular 

antigen occur, undergoing a process of selection and enhanced affinity. If the random mutations 

resulted in poor affinity binding between the antigen and newly expressed antibody on the B cell 

surface, the cell undergoes apoptosis. However, if successful binding occurs (through somatic hyper 

mutations (SHM) resulting in enhanced affinity), positive selection occurs and the B cell then 

undergoes a process known as class switching (Stebegg et al., 2018). This process again involves 

changes in the DNA coding for the antibody, however the variable region is now kept constant (in 

order to not detrimentally impact upon the affinity of the antibody – antigen interaction) and the 

constant region is altered. This genomic alteration is a result of recombinant deletions through AID, 

therefore the process of class switching is irreversible (Hoh and Boyd, 2018). Prior to class switching, 

antibodies are default IgM, but upon undergoing recombinant class switching (CSR) at specific points 

along the constant domain sequence for the heavy chain, deletions result in the production of IgD, 

IgG, IgE and IgA. Importantly, these antibodies have the same affinity (variable region) as the IgM; 

however, the alterations to the constant domain on the heavy chain results in different antibody 

isotypes with new effector functions (Stavnezer, 1996). Class switching can proceed down two paths, 

either T-cell dependent class switching or T-cell independent class switching. The former relies on the 

presence of CD4+ T cells expressing CD40 ligands within GCs of PPs binding to CD40 on the activated B 

cell. Follicular DCs with the specific antigen presented then can interact with the B cell receptor and 

initiate the B cell towards class switching and eventual differentiation into either long-lived memory 

B cells or plasma cells (secreting IgA). T-cell independent class switching to IgA can occur through TLR 

activation and CD40L activation through follicular DCs and a number of co-stimulatory molecules such 

as BAFF (B-cell activating factor) and APRIL (proliferation inducing ligand) (Cerutti, 2008). T cell-

dependent IgA class switching results in high-affinity antibodies and occurs within GCs, while T-cell 

independent class switching results in poorer affinity antibodies as a result of interactions between 

DCs and B cells in the lamina propia. Following CSR, IgA secreting plasma cells then exit the PPs to the 

blood circulatory system via the thoracic duct and migrate back to effector sites such as the lamina 

propia (where they produce soluble IgA) (Figure 1.3) via homing receptors as described previously 

(1.4.2.2) (Cerutti, 2008).  
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Figure 1.3 Schematic diagram of the generation of IgA producing plasma B cells. Antigen within the lumen can traverse the 

epithelial barrier via M cell transcytosis or directly sampled by APCs from the lumen. The antigen is passed onto underlying 

DCs / macrophages within the lamina propia where they uptake, process and present the antigen fragments on MHC II 

molecules. CD4 +T cells are primed and the formation of a germinal centre (GC) occurs within the PPs or mesenteric lymph 

nodes (MLNs). The primed T cells, in the presence of DCs presenting the antigen, can then activate B cells, which initiates 

somatic hypermutation (SHM) for Fab region variations, followed by class switching (CSR) if antigen affinity is maintained. 

These IgA+ B cells then leave the PPs / MLNs via the thoracic duct, entering the circulatory system. Due to the imprinting of 

homing receptors, these B cells then enter the lamina propia, mature and become IgA producing plasma B cells. Adapted 

from (Ramirez et al., 2017). 

1.5 Developing an oral vaccine against C. difficile 

The development of a safe, efficacious vaccine against C. difficile which can provide long-term 

immunity to toxin damage remains a challenge, as evidenced by Sanofi Pasteur’s decision to terminate 

their vaccine candidate in late stage clinical development. There are a number of potential reasons as 

to why vaccines cannot meet the expected criteria of protection against enteric toxins from C. difficile. 

For example, the compartmentalisation of the mucosal immune system. It is now understood that 

immunity, and adaptive immunity in particular, relies upon the homing of activated effector cells back 

to the site of induction. In addition to this, parenterally administered vaccines often fail to mount 

effective sIgA responses, therefore it is believed that in order to mount an effective immunological 

defence against enteric pathogens, oral administration of the vaccine must take place in order to 

induce localised vaccination at the mucosa within the GIT (Islam et al., 2019, Owen et al., 2013). 
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However, the oral route of administration of vaccination poses both opportunities and challenges. It 

remains the most patient friendly form of drug administration, due to its lack of invasiveness, reduced 

need for professional administration and minimal environmental implications by eliminating the use 

of needles as well as a reduction in needle-borne infections (Wilkhu and Perrie, 2015). The challenges 

of oral vaccination (section 1.4) is clearly exhibited in the disparity between the number of oral 

vaccines available on the market when compared to the vast number of enteric pathogens and 

resulting disease (Islam et al., 2019).  

As stated previously (section 1.4.1), the oral route results in a low acidic environment as well as 

degradative enzymes found throughout the tract, which can compromise antigen integrity during 

transit. The mucosal immune system throughout the GIT has inherent associated tolerance 

mechanisms in order to prevent unnecessary pro-inflammation when faced with commensal 

microorganisms and dietary proteins, thus the addition of free antigen without an effective adjuvant 

may result in poor vaccine efficacy. It is therefore hypothesised that by employing a delivery system, 

such as a lipid-based nanoparticle, some of these challenges can be overcome.  

 

1.5.1 Adjuvants 

Typically, vaccines containing purified antigen subunits result in poor immunostimulatory efficacy, as 

a result of limited antibody responses and poor T cell activation therefore requiring multiple boost 

immunisations to maintain protective qualities. Through the use of delivery systems to improve 

protection and delivery of sub-unit antigens and/or inclusion of adjuvants, immunological responses 

can be enhanced and tailored, meaning required doses of antigen can be reduced while maintaining 

effective vaccination (Reed et al., 2013). A prime example of these dose limiting qualities of adjuvants 

is the addition of AS04 to a vaccine for hepatitis B by GSK, which resulted in approximately a 30% 

reduction in immunisation dose-regimen (Levie et al., 2002).  

Adjuvants consist of a very broad spectrum of molecules which can be generally described as 

substances which boost the immunogenicity of an antigen (Apostólico et al., 2016). Due to their vast 

range of classification types, adjuvants act through a number of different mechanisms of action. 

Generally, adjuvants can be classified into either antigen delivery systems (such as microparticles, 

lipid-based nanoparticles, polymeric based nanoparticles, emulsions and mineral salts) or 

immunostimulatory compounds (such as poly(I:C), MPL and resiquimod) (Apostólico et al., 2016, 

Foged, 2011). While many of the mechanisms of action are still unclear, broadly speaking, antigen 

carriers can boost immunogenicity through the recruitment of innate immune cells such as dendritic 

cells (DCs) and macrophages and create pro-inflammation at the site of administration, while 
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immunostimulatory (or immunopotentiators) compounds, generally speaking, function through the 

activation of pattern-recognition receptors (PRRs) such as toll-like receptors (TLRs), to generate 

downstream inflammatory responses (Table 1.2) (Apostólico et al., 2016, Del Giudice et al., 2018, 

Petrovsky, 2015).  

Table 1.2 Examples of commonly used adjuvants, the corresponding components and how the adjuvant exerts its 
immunostimulatory effects.  

Adjuvant Component 
Possible mechanism of 

action 
Immune response References 

Alum Aluminium salts NLRP3 Inflammasome 
Enhanced antibody and 

Th2 type response 

(Awate et al., 2013) 

(Ghimire, 2015) 

MF59 
Squalene in water 

emulsion 

Immune cell recruitment, 

enhanced Ag uptake 

Enhanced antibody  and 

Th1 / Th2 type response 
(Reed et al., 2013) 

AS04 MPL and Alum TLR4 
Enhanced antibody and 

Th1 type response 
(Reed et al., 2013) 

Poly (I:C) Synthetic dsRNA TLR3 

Enhanced antibody and 

Th1 type response, 

activation of CD8+ T cells 

(Coffman et al., 

2010) 

CpG ODN Synthetic ssDNA TLR9 
Enhanced Th1 response 

and CD8+ T cells 

(Chatzikleanthous, 

2020) 

AS01 
Liposome based 

(MPL and QS-21) 
TLR4 

Enhanced antibody and 

promotion of antigen-

specific CD4+ T cells 

(Coccia et al., 2017) 

CAF01 

Cationic surfactant 

DDA and glycolipid 

immunoodulator 

TDB 

TLR2,3,4 and 7 
Strong TH1 and TH2 

type response. 

(Pedersen et al., 

2018) 

1.5.2 Liposomes as vaccine adjuvants 

Liposomes form from lipids when hydrated in aqueous media. They form spherical vesicles as a result 

of the amphiphilic nature of the individual lipids – with a hydrophilic head group and lipophilic tail, 

thus orientating accordingly to reduce hydrophobic – water interactions,  and can form with either a 

single lipid bilayer (known as unilamellar vesicles), as shown in Figure 1.1, or multiple lipid bilayers 

(multilamellar vesicles) (Gregoriadis, 2006). The physicochemical properties of the liposomes are 

primarily determined by the phospholipid composition used, the ratio between the specific 

phospholipids within the formulation and the method of production (Ahsan et al., 2002, Akbarzadeh 

et al., 2013). The use of liposomes as drug delivery systems can be highly advantageous, simply due 

to the liposomes physical attributes, their biocompatibility and low toxicity (Torchilin, 2005b). 

Liposomes can be loaded with a wide range of molecules, thus protecting them from degradative 
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environments within the body such as enzymes and bile salts in the GIT (Akbarzadeh et al., 2013). Due 

to the amphiphilic nature of the liposomes, lipophilic drugs can be trapped within the lipid bilayer of 

the liposome while water-soluble materials such as RNA and protein can be incorporated within the 

aqueous core (Torchilin, 2005b, Ramirez et al., 2017). The lipid composition used can determine the 

charge of the liposome, which can in turn determine cellular uptake mechanisms and mechanisms of 

action in vivo and thus it is possible to tailor liposomes for specific therapeutic needs.  This malleability 

of the liposomes allows them to function as an effective delivery system as they can simultaneously 

provide protection to therapeutic payloads while increasing bioavailability of the drug at the target 

site while exhibiting low-toxicity as well as good biodegradability (Akbarzadeh et al., 2013).  

 

 

Figure 1.4 Graphical representation of a liposome, composed of a bilayer of lipids with the hydrophilic head facing the 
aqueous environment and the hydrophobic tail imbedding within the bilayer. 

As a result of these favourable attributes, there are a number of liposomal formulations currently on 

the market (Figure 1.5). Products such as the anti-cancer formulation, Myocet, incorporates 

cyclophosphamide for the treatment of metastatic breast cancer, while Doxil (incorporating 

doxorubicin) can be used to treat a range of cancers including breast, ovarian and Kaposi’s sarcoma. 

Anti-fungal products such as Ambisome, contain amphotericin B which can be used to fight a range of 

fungal infections. (Carugo et al., 2016, Akinc et al., 2019). Furthermore, the first  product by the FDA  

for the delivery of siRNA (Patisiran) for the treatment of transthyretin-mediated amyloidosis using a 

lipid nanoparticle (DSPC, DLin-MC3-DMA and PEG2000-C-DMG) was approved in 2018  (Zhang et al., 

2020). Physical parameters of the liposomal formulations such as liposome particle size, lipid 

composition and surface charge can influence how the liposomal delivery system interacts with the 

biological environment, such as the mucosal barrier, whether they are absorbed via M cells, between 
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enterocytes or through the tips of intestinal villi (Wilkhu and Perrie, 2015). This is of significant 

importance as the route of which the liposomal-vaccine system is taken up can greatly impact on the 

type of immune response that it is capable of eliciting, therefore when designing a liposomal delivery 

system for pharmaceutical use, it is crucial that these physicochemical parameters such as particle size 

and zeta potential are capable of being highly reproducible during liposome manufacture.  

 

Figure 1.5 Overview of liposome-based products currently on the market, adapted from Bulbake et al. (Bulbake et al., 2017)  

1.5.3 Liposome physicochemical attributes as oral vaccine adjuvants 

The lipid components of the liposome vesicle are amphiphilic in composition, containing a hydrophilic 

head group composed of a phosphate group (with an organic molecule such as a choline attached to 

one side) and a glycerol molecule followed by the extension of two fatty acid chains (hydrophobic 

region, can be saturated or unsaturated) (Beltrán-Gracia et al., 2019). The assembly of individual lipids 

into liposomes can be generalised into two basic stages. The first is the formation of a symmetric 

bilayer within aqueous conditions – until the curvature energy favours bilayer bending, resulting in a 

stable vesicle forming (Figure 1.6). Lipid composition determines the critical packing parameter (CPP) 

– which relates the volume of the hydrophobic region, the effective chain length and the hydrophilic 

head group surface area, and thus can be used to predict the resulting structure of the aggregates. A 

calculated CPP value of  less ½ will likely result in micelle and cylindrical micelle formation while CPP 

values between ½ and less than 1 form vesicles (Khalil and Al-hakam, 2014). Furthermore, 
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environmental conditions such as pH, temperature of the aqueous media and even the manufacturing 

method applied can also impact upon the final vesicle characteristics (Lombardo et al., 2016).  

 

Figure 1.6 A graphical illustration of liposome formation. Initially, lipids form into a planar lipid disc when exposed to a 

threshold concentration of aqueous. The planar layer then begins to bend as a result of more favourable energy confirmation, 

eventually closing into a spherical bilayer (liposome).  

 

1.5.3.1 Lipid composition 

The combination of lipids employed in the formulation and any subsequent chemical attachments 

used to produce the liposomes will have a large impact on the resulting physicochemical properties 

exhibited, such as the overall surface charge of the liposomes being determined by the individual 

chemical properties of the lipids. Primarily positively charged liposomes have been shown to have 

increased adjuvant activity when compared to neutral and negatively charged particles. For example, 

the cationic adjuvant formulation 01 (CAF01), composed of a positively charged cationic surfactant 

dimethyldioctadecylammonium (DDA) and a glycolipid D-(+)- trehalose 6,6’-dibehenate (TDB), has 

been shown to increase immunogenicity of a number of antigens including Tuberculosis, HIV, 

Chlamydia and Malaria (Chadwick et al., 2009, van Dissel et al., 2014). Cationic liposomal formulations 

have been shown to have high mucoadhesive properties, due to the electrostatic interactions 

between the positively charged particles and the negatively charged  mucosa (Sercombe et al., 2015). 

In a liposomal mucoadhesion study, positively charged surface modification (stearylamine (SA)) was 



                                                                      

42 
 

compared with anionic phosphatidylserine (PS) based liposomes. The cationic liposomes prepared 

with SA were shown to exhibit the highest levels of mucoadhesion when compared to the anionic (PS) 

(Ahn and Park, 2016). However, in vivo studies have also shown potential increased toxicity from 

cationic particles, though this will be dose dependent (Chadwick et al., 2009). Several studies have 

also considered the use of negatively charged liposomal formulations and studies have shown 

increased uptake rates by Peyer’s patches (Wilkhu et al., 2013).  

Alongside selecting the appropriate lipid composition to determine physicochemical properties such 

as surface charge, the liposomes can also provide adequate protection for the antigen. Liposome 

formulations can be prone to degradation in the presence of bile salts, lipases and low acidity pH 

(Chadwick et al., 2009). Indeed, a study aimed at determining the effects of bile salts and pancreatic 

lipases on a range of liposome formulations with encapsulated carboxyfluorescein found that lipids 

with low transition temperatures, such as phosphatidylcholine (PC) and 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) resulted in the greatest leakage of loaded molecule. Lipids with higher 

transition temperatures such as  1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) and N-palmitoyl-D-erythro-sphingosylphosphorylcholine (SM) 

along with cholesterol, yielded the highest retention rates of loaded fluorescent dye during bile salt 

exposure (Kokkona et al., 2000).  

Bilayer modifications can be used to increase lipid composition stability throughout the GIT. The 

addition of cholesterol to the lipid bilayer is a well-known process to increase liposomal membrane 

stability. The addition of cholesterol to liposomal membranes reduces the required phase transition 

temperature by improving the packing dynamics of the lipids (Kaur et al., 2013). Addition of 

cholesterol at 50 mol% has been shown to improve membrane stability therefore reducing the 

permeability of the liposome bilayer (Kaur et al., 2013). The incorporation of bile salts within the lipid 

bilayer (known as bilosomes) has been shown to provide protection to loaded antigens in the presence 

of degradative enzymes from the GI tract while simultaneously providing an effective immune 

response. The bilosome formulation monopalmitoyl glycerol (MPG), cholesterol and dicetyl 

phosphate (DCP) 5:4:1 with 100 mM bile salts was assessed for stability within simulated gastric and 

intestinal fluid and showed high levels of antigen retention. When assessing the immune response in 

vivo, the bilosome carrier system provided greater antigen delivery when compared to free antigen 

alone and showed greater immune responses in ferret models (Wilkhu et al., 2013).  
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Table 1.3 Examples of commonly used lipids (name in abbreviation) with the molecular weight, chemical structure, transition 
temperature and common applications in liposomal form.  

Lipid name 

abbreviation 

Mw 

(g/mol) 
Chemical structure 

Transition 

Temperature 

(°C) 

Application 

DSPC 734 
 

55°C High Tc , increased 

rigidity and payload 

retention 

PS 825 
 

̴ 65°C (mix) Anionic, naturally 

occuring (brain 

derived). Potent 

macrophage 

interactions 

DOPS 810 

 

-11°C Synthetic brain PS 

substitute, similar 

properties yet 

enhanced stability 

DOTAP 663 

 

<5°C Widely used, cheap 

cationic lipid. 

Enhanced cellular 

interactions, 

particulary for 

transfection 

 

1.5.3.2 Vesicle size 

During the oral route of administration, M cells represent an intriguing target to mount effective 

immunological responses for enteric pathogens. Some research has undergone to identify optimal 

physicochemical properties, including the effect of the delivery systems vesicle size on M cell uptake. 

However, the literature relating particle size to uptake has no definitive consensus on the most ideal 

vesicle size for the most efficient uptake rates, with most studies suggesting optimal uptake to arise 

from particles below 1 µm or below 10 µm (Islam et al., 2019). Interestingly, increased uptake of 

nanoparticles has been demonstrated when comparing sizes of polymers comprised of poly-

(lactic:glycolic)-acid (PLGA), with vesicles within the 100 nm range resulting in improved uptake when 

comparing 100, 500, 1000 and 10,000 nm particles along the GIT of rats (along the duodenum and 

ileum). The results found improved Peyer’s patch uptake was significantly higher for 100 nm sized 

Naturally occurring lipid mixture 
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particles (30% and 27% respectively for duodenum and ileum), while all three of the other particle 

sizes tested resulted in under 10% uptake (Desai et al., 1996). This was true not only in terms of particle 

number, but also total mass up taken, thus indicating that for the greatest antigen uptake, particles 

within and around the 100 nm range could give the greatest potential for vaccine delivery systems. 

The disparity around a particle size consensus is likely attributed to the complexity involved around M 

cell and Peyer’s patch uptake mechanisms, with a multitude of factors likely playing a role such as 

delivery system composition, surface charge and antigen loading.  

As the human GI tract has such a large surface area, there are naturally differing levels of mucosal 

secretions associated with distinct areas within the tract. Polystyrene beads between the sizes of 0.5- 

2 µm have been shown to penetrate successfully through small intestinal mucus, while the inner 

colonic mucosal surface showed poor penetration (Chadwick et al., 2009). As well as small particles 

exhibiting an increased uptake rate at M cells, studies have shown that PLA (polylactic acid) 

microparticles were taken up by Peyer’s Patches up to 10 µm in diameter. However, the ultimate fate 

of the particles following Peyer’s patch uptake was found to differ according to vesicle size. 

Microparticles between the sizes of 5-10 µm were retained within the Peyer’s patches, while smaller 

vesicles were found to travel through lymphatic vessels, stimulating a more systemic, circulatory 

immune response, as opposed to the desired mucosal immune response (Eldridge et al., 1990).  

 

1.5.3.3 Liposomal targeting for enhanced immunological responses 

In addition to providing protection from the degradative environment of the GIT and providing 

improved uptake of the vaccine formulation through delivery system physicochemical properties, 

liposomal delivery systems have the ability to attach a number of different targeting molecules, such 

as specific ligands or the incorporation of targeted moieties within the formulation. By selective 

binding to specific cell types, the rate of uptake of the contents of the liposome at the desired location 

can be greatly enhanced (Gupta and Vyas, 2011, Hua, 2014). It has been shown that DSPC based 

liposomes conjugated to a specific lectin, Ulex europaeus agglutin-1 (UEA-1) designed to target mice 

M cells resulted in greater M-cell uptake compared to the liposomes without lectin modification. The 

immune response was measured by looking at sIgA antibodies – as Peyer’s patches are a main source 

for precursor IgA secreting B cells. UEA-1 coated liposomes were capable of eliciting increased IgA 

production, as well as eliciting significantly higher cytokine production rates (Interleukin-2 and 

interferon gamma) when compared to the uncoated liposomes (Clark et al., 2001). In addition, the 

adjuvant activity of liposomal formulation has been previously shown to be enhanced through the 

conjugation of recombinant subunit B of cholera toxin (rCTB) to the surface of small unilamellar 
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liposomes (DSPC, PC and cholesterol), increasing both sIgA and systemic IgG in mice following oral 

administration (Harokopakis et al., 1998). The incorporation of the anionic phospholipid 

phosphatidylserine (PS) into liposomal bilayers has also been used as a macrophage targeting systems 

(Shah et al., 2019). PS is heavily expressed on the inner leaflet of the mammalian cell membrane, 

however upon stress exposure or reduced membrane function, PS is disproportionately expressed on 

the outer leaflet, and is an important characteristic of apoptotic cells, thus acts as a macrophage 

targeting moiety (De et al., 2018).  This ability to attach ligands for selective targeting in the GI tract, 

incorporation of targeting moieties, along with providing protection and providing adjuvant activity, 

make liposomes a very attractive oral vaccine delivery system. 

 

1.5.3.4 Adjuvanticity of liposomes 

As vaccine development shifts from live-attenuated to subunit vaccines, greater emphasis has been 

applied to the production of vaccine formulations capable of eliciting relevant immunogenic profiles. 

Subunit antigens suffer from a reduced ability to induce maturation of DCs, thus limiting the 

subsequent adaptive immunological response. The use of adjuvants and/or delivery systems in the 

vaccine formulation can circumvent the reduction of immunogenicity found when administering 

subunit antigens by improving antigen delivery and uptake to relevant antigen presenting cells, 

providing protection to the payload from enzymatic degradation and the formation of a depot 

resulting in sustained antigen release (Vartak and Sucheck, 2016, Silva et al., 2016, Henriksen-Lacey et 

al., 2010b). Since their inception as antigen carriers (Allison and Gregoriadis, 1974), liposomes have 

been broadly investigated as antigen delivery systems by adjusting lipid composition, membrane 

fluidity, particle size and charge as well as the localization of the antigen (surface adsorbed or 

encapsulated within) (Perrie et al., 2016). Owing to their versatility, liposomes therefore offer 

tremendous possibilities as vaccine adjuvants for next generation vaccine therapies. The addition of 

the antigen within the vesicle (encapsulation) offers payload protection to protease degradation, 

while simultaneously altering the release profile of the antigen as the liposomal vesicle degrades. 

Alternatively, chemical or electrostatic surface adsorption of antigen onto cationic vesicles could 

enhance the ability of the APCs to interact with the antigen through TLRs (Pati et al., 2018). The size 

of the delivery system can impact upon the draining kinetics, thus altering immunological responses, 

with smaller vesicles being shown to leave the site of injection faster than their larger vesicle 

counterparts (Carstens et al., 2011) (Tandrup Schmidt et al., 2016). The effect of charge similarly plays 

a major role in the determining the extent of immunological responses following vaccination, 

influencing the draining ability of the vaccine formulation. Parenterally administered cationic 

liposomal formulations have been shown to generate a depot effect, where there is increased APC 
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interactions with the delivered antigen (Henriksen-Lacey et al., 2010b).  Furthermore, in regards to 

oral delivery, the encapsulation of antigen within liposomal vesicles as opposed to surface association 

via electrostatic interactions has been shown to provide improved localized IgA and systemic IgG when 

compared to admixed antigen and liposomes, although some potential questions arise in regards to 

how available the antigen can be to APCs  (Fujii et al., 1993, Bernasconi et al., 2016). In regards to 

liposomal vaccines undergoing clinical trials, a number of successful cationic liposomal adjuvant 

systems are showing promise. Cationic liposomal adjuvant CAF01 is currently undergoing Phase 1 trials 

as a novel vaccine candidate for Chlamydia, using a recombinant antigen (CTH522) to generate cell-

mediated immune responses (Abraham et al., 2019). In a similar Phase 1 trial, the safety and 

immunogenic efficacy of the CAF01 system in combination with a range of HIV peptides was assessed 

in Guinea-Bissau, West Africa, with 6/14 HIV-1 infected participants generating specific T-cell 

responses (Román et al., 2013). Wui et al have shown the effectiveness of their cationic liposomal 

vaccine formulation CIA09A, comprising a cationic liposome and TLR4 agonist de-O-acylated 

lipooligosaccharide to induce both humoral and cellular immunity in mouse models for Varicella zoster 

virus (VZV) (Wui et al., 2019).   

While liposomes have been extensively studied as vaccine delivery systems and a great deal of success 

has emerged in respect to enhanced immunological activity, there remains limited research in regards 

to their ability as oral vaccine delivery systems. This is due to the challenges associated with oral 

delivery, and in particular the effect acidic pH, lipases and bile salts have on liposomal membranes 

(Davitt and Lavelle, 2015). As discussed, a major point of entry for any delivery system to the 

associated gut lymphoid tissue is access via M cells on PPs, where the mucus layer is limited allowing 

for easier points of entry. Previous studies have shown that liposomes can cluster around FAE and are 

readily taken up by M cells, however there remains limited understanding as to what the preferential 

characteristics of the vesicles are in relation to enhanced uptake rates (Zhou and Neutra, 2002). 

Despite this apparent advantage of liposomal vesicles to access the underlying lymphoid tissue, 

limited success in regards to effective immunological responses is often common (Harokopakis et al., 

1998).  

Recently, some promising research has emerged relating to liposomes as oral vaccine carriers. Using 

a cationic liposome transfection product known as lipofectamine (DOSPA: DOPE 3:1 w/w), the delivery 

of the M1 gene for Influenza was achieved orally. Employing the cationic liposomal formulation 

resulted in both enhanced humoral and cell mediated responses, as well as relevant protection against 

influenza following respiratory challenge (Liu et al., 2014). A more complicated liposomal construct 

was manufactured by Deng et al, where a mannose-PEG-cholesterol conjugate was surface bound to 

liposomal formulation (soy PC, monophosphoryl lipid A) containing encapsulated BSA. The liposome 
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– conjugate was found to be approximately 300 nm and following oral mucosal immunisation, 

enhanced systemic IgG was observed as well as mucosal IgA (throughout the saliva, intestine and 

vaginal secretions) (Wang et al., 2014).  

As liposome manufacturing technology advances (as will be discussed further), as well as our 

understanding of how oral vaccination works, liposomes as adjuvant carriers offer a promising avenue 

of research. The versatility found across liposome formulations such as the use of cationic vesicles to 

enhance pro-inflammation, or the use of long-chain lipids with antigen encapsulated while 

simultaneously incorporating immunostimulatory components make this delivery system platform 

ideal for further mucosal vaccination research (Bernasconi et al., 2016).  

 

1.6 Traditional liposomal manufacturing techniques 

Currently, there are a number of ways of producing liposomes as delivery systems; however, they can 

be generally simplified into two main categories, a bottom-up approach or a top-down production 

approach. The top-down production approach incorporates a number of techniques which have been 

used to produce liposomes over a number of decades, and are very suitable for lab-scale use, yet these 

techniques often struggle in larger scale manufacturing systems. Batch production often falls short 

when manufacturing liposomal products in a rapid and cost effective manner in comparison to the 

more efficient continuous setups  (Elhissi et al., 2015).  

The lipid-film hydration technique (or Bangham method) was the first top-down production method 

to manufacture liposomes which involved the dissolution of lipids in organic solvent (such as 

chloroform, methanol mixtures), followed by solvent evaporation leaving a thin film of lipids covering 

the bottom of a flask. Upon hydration in aqueous media, multilamellar vesicles (MLV) can form, which 

are highly heterogeneous structures in terms of vesicle size, with concentric phospholipid spheres 

separated by aqueous phase (Nkanga et al., 2019, Akbarzadeh et al., 2013). The production of MLV 

requires further down-stream processing to produce a homogenous size distribution of vesicles. Such 

size reduction techniques to achieve small unilamellar vesicles (SUV) can include size extrusion, 

sonication or high-pressure homogenization (Kastner et al., 2014). Size reduction of vesicles by 

extrusion normally involves the use of a specific pore sized membrane, where MLV suspensions are 

passed through – either by hand held extrusion, or the use of a pump, in order to produce smaller and 

smaller vesicles. Vesicles that are too large to pass through the pores are blocked, and the pressure 

then ruptures the concentric vesicle layers and the process can be repeated until a homogenous 

population arises (Patty and Frisken, 2003, Frisken et al., 2000b). Sonication involves the use of 
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acoustic energy to break down the MLV into smaller more homogenous vesicles, while high-pressure 

homogenization uses kinetic energy to direct streams of vesicles at pressure to generate shear and 

impaction, reducing particle size and increasing population homogeneity (Anderluzzi et al., 2019). 

Each of these subsequent size reduction techniques required to achieve suitable size characteristics 

generates further complexity when attempting to scale-up production of these nanomedicines. 

Traditional manufacturing techniques such as lipid-film hydration and subsequent size reduction often 

generates inadequate volumes suitable for industrial scale manufacture, requiring the use of batch 

manufacturing (Kastner et al., 2014, Dimov et al., 2017, Worsham et al., 2019). Batch process 

manufacture operates through the production of material in bulk, the whole process is not designed 

to deal with fluctuations in product demand, and thus cannot readily scale down or up production 

when necessary. Furthermore, the bulk material is often tested off-line, meaning that if the product 

does not meet specific product specifications, large amounts material can be lost if the product does 

not meet quality criteria (Lee et al., 2015). This issue is highlighted by the liposomal formulation Doxil, 

an anti-cancer medication composing of doxorubicin encapsulated within a PEGylated liposomal 

formulation, where manufacturing issues involving standard violations resulted in a cease of 

production and a subsequent global Doxil shortage (Berger et al., 2014).  

 

1.6.1 Manufacturing of protein loaded liposomes 

The production of liposomal products incorporating protein (including sub-unit antigens) adds 

additional challenges to the manufacturing process. Processes that use high temperatures and 

pressure can induce denaturation of the protein. In addition to this, the presence of solvents, high 

ionic strength and fluctuations in pH can further alter physical and chemical stability of the protein. 

These denaturation events can result in irreversible association, hampering therapeutic effects 

(Forbes et al., 2019, Scharnagl et al., 2005). As a result of these complications, manufacturing of 

liposomal formulations containing protein must aim to limit the effect of these conditions. Table 1.4 

indicates some common methods used to manufacture protein loaded formulations, including 

techniques such as thin-film hydration and freeze-thaw cycling. Limitations pertaining to some of 

these methods include poor vesicle homogeneity and reproducibility, and in the case of thin-film 

hydration, further down-stream processing techniques are required to produce homogenous samples.  
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Table 1.4 Examples of commonly used methods for the manufacturing of liposomes entrapping protein within. The protein 
entrapped is listed, along with the liposomal formulation used, the manufacturing technique employed and the subsequent 
entrapment efficiency (loading efficiency).  

Protein Loaded Formulation 
Manufacturing 

Technique 
Loading Efficiency (Reference) 

Bovine Serum Albumin PC:Chol 
Dehydration – 

rehydration method 
28% (Chan et al., 2004) 

Bovine Serum Albumin Soybean PC:Chol 
Thin-film hydration 

method 
22-32% (Vila-Caballer et al., 2016) 

Ovalbumin PC:Chol 
Thin-film hydration 

method 
10% (Habjanec et al., 2006) 

Insulin 
Hydrogenated 

PC:Cholesterol 

Thin-film hydration 

method 

28% (4°C), 30% (20°C), 50% (40 

°C)(Huang and Wang, 2006) 

Acetylcholinesterase Egg PC 
Thin-film hydration 

method 
35% (Colletier et al., 2002) 

Superoxide dismutase 
DPPC:Chol, 

DSPC:Chol 

Unilamellar vesicles 

mixed with freeze- 

thaw cycling 

50% (Xu et al., 2012) 

 

 

1.6.2 Microfluidics as a production method 

A novel approach for liposome production involves the use of microfluidics, a bottom-up production 

method which can produce SUV in a microenvironment. Briefly, lipids dissolved in solvent are injected 

through nano-scale channels, where they are mixed with an aqueous stream. The two flows cross over 

each other, resulting in a nanoprecipitation reaction which is thought to produce the liposomes 

(Kastner et al., 2015).  Microfluidic manufacture of liposomes offers the advantage of production of 

SUV in a one step process, thus circumventing the need for further size reduction, which enables the 

user to reproducibly manufacture liposomes through the control of specific production parameters 

during microfluidic operation. Controlling the particles physicochemical attributes such as size, 

membrane fluidity and surface charge is essential to the design of vaccine adjuvant formulations as 

these attributes greatly impact upon the pharmacokinetic profile and thus the immunogenic profile 

of the vaccine formulation (Roces et al., 2019). These processing parameters that can be controlled 

during microfluidic production including the speed at which the aqueous and solvent phases are 

passed through the microfluidic cartridge (total flow rate or TFR), the ratio between the two phases 

(Flow rate ratio or FRR), initial lipid concentration used and choice of solvent. Microfluidics as a 

manufacturing method for nanomedicines offers further advantages compared to more traditional 
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approaches in terms of scalability. The microfluidics platform can function across a range of process 

volumes, from bench scale screening of formulations, up to industrial scale production (Forbes et al., 

2019).  

 

1.6.3 Continuous manufacturing  

Since the conceptualisation of Industry 4.0 in 2011, there has been an ever increasing demand on the 

pharmaceutical industry to innovate their core processes, such as manufacturing and data analysis 

protocols to push more towards digitization and automation. Currently, batch processing remains a 

staple for the pharmaceutical manufacturing industry, leading to potential inefficiencies throughout 

the supply chain (Ding, 2018). There is now more than ever a real need for innovative technologies to 

help push manufacturing in the pharmaceutical industry towards streamline production strategies. 

Technologies such as microfluidics, in combination with real-time data monitoring systems and 

efficient down-stream processing techniques could help shift the liposomal manufacturing industry 

towards digitization.  

Within our laboratories, we are attempting to develop a continuous online assembly of liposomes with 

the use of several novel pieces of equipment, such as an on-line particle sizer for continuous 

monitoring of liposome population sizes in real time, and the development of a one-step production 

purification system incorporating tangential flow filtration (TFF). Tangential flow filtration is a process 

which employs specific pore-sized membranes to remove salts or solvents from solutions and separate 

particulate solutions based on size discrepancy principles. Unlike direct flow filtration, the solution 

stream is passed parallel to the membrane surface, where the permeate is filtered off, whilst the 

remainder of the solution is circulated back through the system. The advantage of TFF compared to 

direct flow filtration is the reduced chance of membrane fouling occurring- the parallel flow does not 

form a direct layer over the membrane surface – therefore as the volume passed through the 

membrane increases over time, the filtrate flux rate remains high (Schwartz and Seeley, 1999). This 

process of production, down-stream purification and monitoring of product quality can be operated 

across a range of scales. 
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1.7 General aim and thesis objectives 

As a result of the complexities involved when administering oral antigen, it is hypothesised that 

mucosal vaccination against enteric bacterium C. difficile can be enhanced through the use of 

liposomal delivery systems. To address this, microfluidic manufacture of antigen loaded liposomes 

was investigated through the following objectives: 

 Determination of critical processing parameters during microfluidic manufacture of liposomal 

formulations. 

 Identification of rapid quantification techniques for the determination of antigen loading 

within a range of liposomal vesicles.   

 Optimise and validate the protein loading parameters for both entrapped and surface 

adsorbed antigen. 

 Establish suitable down-stream analytical and purification techniques that can function within 

a continuous manufacturing platform. 

 In vitro screening of liposomal formulations on THP-1 macrophage like cells. 

 Evaluation of in vivo efficacy in regards to antibody responses following oral administration of 

a range of liposomal formulations. 
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Chapter 2 

Scale-up production of 

liposomal delivery systems 

 

                                          

 

 

The work presented in this chapter has been published in: 

FORBES, N., HUSSAIN, M. T., BRIUGLIA, M. L., EDWARDS, D. P., TER HORST, J. H., SZITA, N. & PERRIE, Y. 2019. 

Rapid and scale-independent microfluidic manufacture of liposomes entrapping protein incorporating in-line 

purification and at-line size monitoring. International journal of pharmaceutics, 556, 68-81. 
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2.1 Introduction 

Traditional manufacturing techniques such as lipid-film hydration have been used to prepare 

liposomes for a number of decades and are still commonly used within laboratory settings (Bangham 

et al., 1965). Despite this, challenges still remain in relation to the lack of control of vesicle size and 

effective drug loading using this approach. Adapted techniques such as ethanol injection (lipids 

dissolved in solvent are injected into an aqueous buffer stream) and supercritical fluid method (lipids 

are subjected to repeated cycles of carbon dioxide and ethanol, resulting in liposome suspension 

formation) can offer better vesicle size control (Perrie et al., 2017). Microfluidics as a liposome 

manufacturing method involves the manipulation of liquids in a constrained microchannel chip 

(Forbes et al., 2019). The technique was first described by Jahn et al where the hydrodynamic focusing 

of lipids dissolved in solvent using aqueous buffer streams on a microfluidic cartridge was shown (Jahn 

et al., 2004). The resultant mixing of water miscible solvents containing lipids and aqueous buffer 

streams results in a change of polarity, where lipids then form into liposomes through 

nanoprecipitation. The architectural design of the chip dictates how the fluid streams interact, 

producing flows such as laminar or turbulent. For example, by employing a staggered herringbone 

micromixer (SHM), chaotic advection can be encouraged (as a result of the protruding structures 

within the channel), resulting in efficient fluid mixing between both solvent and aqueous fractions, 

resulting in nanoprecipitation where homogeneous liposomal vesicles are formed (Jahn et al., 2007). 

By employing microfluidics as a manufacturing platform, there is potential to de-risk liposome 

production by moving away from traditional batch manufacture – wherein exists increased financial 

risk and inefficient production streams, and with the appropriate downstream purification and at-line 

analytics, a push towards continuous liposomal manufacture could be realised (Worsham et al., 2019).  

The work within this chapter investigated microfluidics as a manufacturing platform for liposomes, 

while comparing this technique to more traditional maufacturing options, such as lipid film hydration 

followed by additional down-sizing steps including hand held extrusion and sonication. A range of 

lipids was investigated, including the addition of charged lipids (both cationic and anionic) and key 

microfluidic critical processing parameters were established. The functionality of microfluidics as a 

liposomal manufacturing platform within a continuous manufacturing stream was evaluated alongside 

a down stream purification technique that is capable of removing residual solvent. Finally the 

incorporation of real-time physicochemical analysis was tested in respect to achieving a continous 

manufacturing platform for liposomal products.  
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2.2 Aim and objectives 

The aim of the work outlined within this chapter was to develop a microfluidic manufacturing platform 

for liposomes. In order to achieve this, the objectives were:  

1. Evaluate the applicability of microfluidics compared to traditional “top-down” techniques.  

2. Identify the microfluidic critical operating parameters and determine how they impact on 

vesicle characteristics. 

3. Determine a suitable purification method which can be applied within a continuous 

manufacturing setting.  

 

2.3 Materials 

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) and L-α-phosphatidylserine (Brain PS, Porcine) were all purchased from Avanti Polar 

Lipids Inc., Alabaster, AL, US. Cholesterol (cholesterol), Sephadex® G-75 and 14,000 

(MWCO) dialysis tubing cellulose, phosphate buffered saline (PBS; pH 7.4) in tablet form were 

purchased from Sigma Aldrich Company Ltd., Poole, UK. Dil Stain (1,1′-Dioctadecyl-3,3,3′,3′- 

Tetramethylindocarbocyanine Perchlorate (‘Dil’; DilC18(3)) was purchased from Fisher Scientific, 

Loughborough, England, UK. Tris-base was obtained from IDN Biomedical Inc. (Aurora, OH, United 

States) and used to make 10 mM Tris buffer, adjusted to pH 7.4 using HCl.  Brain PS substitute 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS) was gifted from Avanti Polar Lipids Inc., 

Alabaster, AL, US. All solvents and chemicals used were of analytical grade.  

 

2.4 Methods 

2.4.1 Top-down liposome manufacture: Lipid-film hydration 

The lipid-film hydration method for the manufacturing of liposomes was conducted in the following 

manner. Lipids were dissolved at specific concentrations in a chloroform:methanol mixture (v/v 9:1) 

in a round bottom flask. The flasks were then placed under rotatory evaporation for 6 minutes at 200 

rpm, in a heated water bath (37°C) to remove solvent. The flasks then remained on the rotary 

evaporator for 10 minutes to allow trace organic solvent to evaporate. Hydration of the lipid film was 
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achieved by the addition of heated buffer solution (phosphate buffered saline, PBS) to the required 

transition temperature for each formulation (e.g. DSPC formulations: 55 °C), followed by multiple 

vortexing and re-heating cycles for 15 minutes.  

2.4.1.1 Size reduction: Hand-held extrusion 

Following lipid-film hydration, MLV must then be subsequently size reduced to produce SUVs. Hand-

held extrusion experiments were conducted on a Mini Extruder from Avanti Polar Lipids Inc., 

Alabaster, AL, US. Liposome formulations (1 mg/mL) were extruded through specific pore size 

membrane filters, starting from 0.4 µm, followed by 0.2 µm and ending with a final filter pore size of 

0.1 µm. Each sample is cycled through the membrane x10, while the sample is maintained at a 

temperature relevant to the transition temperature of the lipids within the formulation. 

2.4.1.2 Size reduction: Probe sonication 

Size reduction of MLV following lipid-film hydration using probe sonication was conducted on a 

Sonoplus HD 2070 (ultrasonic homogenizer, Bandelin, Berlin, Germany) at 40% amplitude in order to 

produce SUV. The probe tip was slightly submerged into the liposomal samples, and subjected to 

sonication over a specified time frame, with samples being removed every 1 minute for particle 

physicochemical analysis.  

 

2.4.2 Bottom-up microfluidic manufacture of liposomes 

The preparation of liposomes by microfluidics was conducted on the NanoAssemblr 

platform (Precision NanoSystems Inc., Vancouver, Canada). Selected lipids were dissolved in methanol 

(solvent phase) at specific concentrations and injected through one of the two inlets on the 

microfluidics staggered herringbone micromixer chip, whilst the aqueous phase (PBS; pH 7.3 ± 0.2 or 

TRIS; 10 mM pH 7.4) is injected into the second inlet. A number of production parameters can be 

controlled using the microfluidic platform software such as flow rate ratio (the ratio between the 

aqueous phase and the lipid phase) and the total flow rate (the speed at which the two inlets are 

injected through the chip). Flow rate ratios of 1:1, 3:1 and 5:1 were selected for testing as well as total 

flow rate speeds between 5 and 20 mL/min. 
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2.4.3 Purification of microfluidic formulations 

2.4.3.1 Dialysis 

In order to remove residual methanol after liposomal manufacture by microfluidics, dialysis was 

conducted. Briefly, 1 mL of the liposomal formulations were added to dialysis tubing (MWCO 14,000), 

clipped at both ends to stop sample leakage and subjected to magnetic stirring within 200 mL of 

appropriate buffer for 1 hour, in order for the concentration gradient to sufficiently remove the 

methanol from the liposome samples. Dialysis membrane (14,000 MWCO) was pre-treated in a 

solution of 2% sodium bicarbonate, 1 mM EDTA and 1 L of ultrapure water at 80°C for 2 hours under 

magnetic stirring. The membrane was then rinsed with water to remove any trace of pre-treated 

solution and stored in 20% EtOH.  

2.4.3.2 Gel filtration 

Sephadex® G-75 columns for solvent removal were prepared by weighing out 690 mg of Sephadex G-

75 beads and adding 10.2 mL of deionized water, then allowing the mixture to swell for 3 h by 

subjection to 90°C heating. The slurry mixture was then added to a column, ready for sample addition. 

Briefly, 2 mL of sample was added on top of the column and the liquid was discarded (solvent section), 

then 3 mL of buffer as elution volume was added on top to flush the liposomes out for further analysis.  

2.4.3.3 Tangential flow filtration 

Liposome samples were purified using Krosflo Research Iii tangential flow filtration (TFF) system fitted 

with an mPES (modified polyethersulfone) column with a pore size of 750 kD. For removal of solvent, 

liposomal samples were circulated through the column (21 mL/min) and purified through diafiltration, 

with fresh PBS being added at the same rate as the permeate leaving the column (for 12 diafiltrate 

volumes).  

 

2.4.4 Liposome recovery using fluorescence tracking 

To determine the recovery of liposomes across the different purification systems, liposomal 

formulations were prepared using microfluidics, with the addition of a lipophilic fluorescent dye 1,1’-

dioctadecyl-3,3,3’3-tetramethylindocarbocyanine (Dil excitation 549 nm, emission 565 nm). The dye 

was added to the solvent phase prior to liposome manufacture at a concentration of 0.2 mol%. The 

dye incorporates within the membrane of the liposomes during formation and liposome recovery can 

be quantified through the fluorescence readings of the dye post purification when compared 
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alongside a standard curve of known concentrations of liposomes in solvent with Dil incorporated. 

LOD and LOQ values for DiI curves were 0.06 and 0.19 mg/mL respectively.  

 

2.4.5 Dynamic light scattering: Physicochemical analysis (off-line and at-line) 

Dynamic light scattering (DLS) is a technique that can be used to measure particle size, generally below 

the micron range and dispersed within solution. DLS (Malvern Zetasizer Nano-ZS from Malvern 

Panalytical, Worcs., UK) was used to determine the Z-average (mean diameter) and polydispersity 

index (PDI) of the liposomal samples off-line. Measurements were maintained between attenuation 

6-9 by diluting vesicles in buffer (1/10) and all readings were conducted in triplicate at 25°C, using a 

refractive index of 1.330 and 1.59 for the dispersant and the material respectively. For at-line analytics, 

the Zetasizer AT (Malvern Panalytical Ltd, Malvern, UK) was used, under the same dilution factors as 

the aforementioned off-line system, with a flow rate of 5 mL/min (buffer) and 0.5 mL/min (sample).  

 

2.4.6 Gas chromatography: Quantification of residual solvent  

To measure residual solvent levels in samples following purification, gas chromatography was carried 

out using a Fisons Instruments™ GC 8000 series with helium gas. Calibration curves of specific 

methanol levels were used, alongside an internal standard (butanol). For each sample, the internal 

standard of butanol was also added to act as a proportionality indicator for measurements with a run 

time of 3 minutes. LOD and LOQ values for the curve were 0.01 and 0.05% respectively.  

 

2.4.7 Statistics 

Results are represented as mean ± SD with n = 3 independent batches unless stated otherwise. 

ANOVA tests were used to assess statistical significance between groups, with a Tukey’s post adhoc 

test (p value of less than 0.05).  

 



                                                                      

58 
 

2.5 Results and Discussion 

2.5.1 Comparison of liposomal manufacture: Top-down and bottom-up approaches 

In order to investigate the development of microfluidics as a liposome manufacturing platform, initial 

studies focused on the production and characterisation of DSPC:Chol (10:5 w/w) liposomes following 

a traditional top-down manufacturing technique: lipid-film hydration for the production of MLV, 

followed by two common lab-scale down-sizing techniques, hand-held extrusion and probe 

sonication. Figure 2.1 indicates the down-sizing of MLV following lipid-film hydration (pre-extrusion) 

across a range of decreasing pore sized extrusion membranes. Following lipid-film hydration, the 

vesicles exhibited a high range of heterogeneity (885 ± 427 nm, 0.54 ± 0.19 PDI), and following 

subsequent extrusion cycles, a trend of decreasing vesicle size was observed (451 ± 101 nm, 177 ± 3 

nm and 163 ± 19 nm) as the pore size of the extrusion membranes was reduced (400 nm, 200 nm and 

finally 100 nm). This trend of decreasing vesicle size was also observed in terms of heterogeneity of 

the liposome population (as indicated by a decrease in PDI values), with PDI values of 0.22 ± 0.16, 0.10 

± 0.01 and 0.09 ± 0.03 following extrusion cycles.  

 

Figure 2.1 Down-sizing using hand-held extrusion: Evaluating particle size (columns) and polydispersity index (circle) through 
a series of decreasing pore sized membranes during hand-held extrusion for liposomal formulation DSPC:Chol 10.5 (w/w) at 
a total lipid concentration of 1 mg/mL. Results represent mean ± SD, n =3 of independent batches. 
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Extrusion is a well-defined, common technique that can be used for the down-sizing of liposomes 

which also offers the additional benefit of some scalability (Wagner and Vorauer-Uhl, 2011). Extrusion 

of liposome samples involves the use of specific pore-sized membranes (commonly composed of 

polycarbonate), in which the liposome preparation (MLV) is forced through by either pressure pumps 

or syringe plunges. During this process, large vesicles elongate and rupture as they through the 

membrane, forming smaller vesicles, with the final size of the samples being dependent on the 

pressure applied and the number and choice of membrane sizes used (Patty and Frisken, 2003, Frisken 

et al., 2000b). For example, Mayer et al showed a direct correlation between mean diameter 

decreases in egg PC liposomes (243 ± 91, 151 ± 36 and 103 ± 20 nm) as the filter pore size decreased 

across a 400, 200 and 100 nm range. However, these liposome samples were passed through each 

extrusion membrane for 20 cycles, as opposed to the 10 cycles as conducted in Figure 2.1. A 

comparison study between down-sizing techniques for non-ionic surfactant based vesicles (Tween 

60:Cholesterol 60:40 molar ratio) prepared by lipid-film hydration found improved PDI values for 

extrusion (< 0.20) when compared to either homogenization (approximately 0.40) and probe 

sonication (approximately 0.45) after extrusion through 400 and 200 nm polycarbonate membranes 

(Nowroozi et al., 2018).  

In addition to extrusion as a down-sizing technique for MLV, probe sonication was also examined. 

Probe sonication is based upon the use of acoustic energy to disrupt MLV into SUV. Following 

sonication of MLV for up to 2 minutes, a decrease in vesicle size was observed from   ̴ 700 nm prior to 

sonication, to   ̴ 360 nm after 1 minute of sonication and down to   ̴ 320 nm after 2-minute sonication 

(Figure 2.2). A similar decrease in PDI was also noted (from 0.65 to 0.28 after 2 min sonication) (Figure 

2.2). A further drop in vesicle size was observed for the liposomal population after 3 minutes of 

sonication (  ̴ 280 nm), although this corresponded with an increase in PDI (0.48). Further sonication 

did not produce an addition drop in vesicle size with a final size of   ̴ 260 nm and a PDI of 0.39 after 5 

minutes (Figure 2.2).  
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Figure 2.2 Particle size (columns) and polydispersity index (circles) during probe sonication for liposomal formulation 
DSPC:Chol 10:5 (w/w) at a total lipid concentration of 1 mg/mL. Samples were DLS analysis were removed every minute 
during sonication exposure. Results represent mean ± SD, n =3 of independent batches. 

 

Sonication for liposome down-sizing uses acoustic energy to generate cavitation within the sample to 

reduce MLV into SUV. The degree of down-sizing is dependent on a range of sonication parameters 

which each ultimately influence the final vesicle size obtained (Silva et al., 2010). The duration that 

the MLV sample is subjected to sonication is a key parameter for determining final vesicle size, as the 

longer the sonication occurs, the mean liposome diameter decreases. Nam et al showed the effect of 

sonication duration on vesicle size and PDI for DSPC:Chol:POPG (27:20:3 w/w/w) liposomes produced 

by lipid-film hydration. Prior to sonication, MLV size was 1433 ± 143 nm, but following 5 minutes of 

sonication a significant reduction in vesicle size was found (down to 337 ± 67 nm). Continued 

sonication for up to 40 minutes resulted in minimal changes in vesicle size. Polydispersity index of the 

sample was also found to decrease for the first 5 minutes of sonication from approximately 0.45 down 

to 0.30 before reaching a plateau (Nam et al., 2018). Similar results were found within the findings in 

Figure 2.2 with a plateau of both PDI and average vesicle size being reached. However, sonication past 

5 minutes was not tested within this experimental design due to the excessive heat generated from 

the probe tip, which could lead to phospholipid degradation (Hong and Lim, 2015). Additional 

sonication parameters have previously been shown to impact upon final vesicle characteristics such 

as the intensity of the ultrasound energy during sonication, which leads to a decrease in the average 

diameter of the liposomes within the sample, as well as the distance of the probe sonicator source 

within the liposomal sample, although these parameters were outside of the scope of this 

investigation (Silva et al., 2010, Richardson et al., 2007).  
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In order to evaluate microfluidics as a potential manufacturing platform for liposomal formulations, 

the same formulation DSPC:Chol (10:5 w/w) was produced using the NanoAssemblr (Precision 

NanoSystems Inc.). Initially the microfluidic production parameters of flow rate ratio 3:1 and a total 

flow rate of 10 mL/min were chosen. To allow comparison to the lipid hydration/down-sizing methods, 

an initial lipid concentration of 4 mg/mL (resulting in a final total lipid concentration of 1 mg/mL across 

all techniques) was used. For removal of solvent following microfluidic production, dialysis was 

conducted. Figure 2.3 indicates the comparison of the physicochemical attributes of the three 

techniques. Both hand-held extrusion and microfluidics resulted in highly homogenous populations of 

vesicles (< 0.1 PDI), while probe sonication for 5 minutes resulted in a heterogeneous population (0.39 

PDI). In terms of vesicle size, each technique could produce different sized vesicles, with extrusion 

resulting in particles around 160 nm, sonication around 250 nm while microfluidics could produce 

small vesicles around 45 nm.  

 

Figure 2.3 Liposome manufacturing comparison. Particle size (columns) and polydispersity index (circles) for hand-held 
extrusion (100 nm membrane), probe sonication (subjected to sonication for 5 minutes) and microfluidics (3:1 flow rate ratio, 
10 mL/min total flow rate) for liposomal formulation DSPC:Chol 10:5 (w/w) at a final total lipid concentration of 1 mg/mL 
and purified using dialysis. Results represent mean ± SD, n =3 of independent batches. 
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down-sizing techniques such as sonication and extrusion being widely used (Cho et al., 2013). While 

extrusion offers benefits such as ease of scalabilty and high reproducibility, disadvantages include the 

requirement of the product to be maintained above transition temperatures, which can present issues 
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of product loss can result from down-sizing via extrusion, which can have detrimental financial 

implications for large-scale production (Wagner and Vorauer-Uhl, 2010). In the case of  sonication, 

whilst it is an established tool for the generation of SUV from MLV within the laboratory setting, there 

remains some issues pertaining to contamination of the sample from the titanium probe tip, which 

therefore must be subsequently removed by additional down-stream processing such as 

centrifugation (Akbarzadeh et al., 2013). This potential contamination can be avoided through 

employing bath sonicators (Khadke et al., 2018); however, issues still remain in regards to scalability 

of the process. Alternative down-sizing techniques exist that address this lack of scalability, inlcuding 

high pressure homogenisation. The technique applies high shear processing, by forcing liposome 

mixtures through adaptable chambers that direct two fluid channels against each other, resulting in 

both impaction and shear, leading to a size reduction and imrpoved PDI as the product is cycled 

repeatedly through (Anderluzzi et al., 2019). Although techniques such as this address scalability, the 

process is still inherently based upon batch production, where manufacturing and down-sizing are two 

separate components within the production chain. Microfluidics offers an alternative method for the 

production of liposomes. Manipulation of fluid streams in a microchannel environment allows for 

precise control and production of nanoparticles from a bottom up approach, circumventing the need 

for additional down-sizing.When comparing microfluidics to both sonication and extrusion, vesicles 

approximately 45 nm with high homogeneity were produced (PDI < 0.1) in a single step process (Figure 

2.3). Microfluidics has previously been demonstrated to rapdily produce nanoscale vesicles with high 

population homogeneity (Jahn et al., 2004, Kastner et al., 2014). In addition, processing parameters 

can be identified and manipulated, allowing for control of desired vesicle size (Jahn et al., 2007). 

Furthermore, microfluidics offers ease of scale-up and can be incorporated into continuous 

manufacturing systems, de-risking and streamlining the production of liposome products (Deshpande 

and Dekker, 2018).   
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2.5.2 Cholesterol content can be adjusted to control vesicle size 

Liposome production using traditional techniques such as lipid-film hydration generally require the 

phospholipid mixture to be above the transition temperature (Tc) of the lipid mixture in order for 

vesicles to form. This requirement of high temperature during manufacturing (for example DSPC lipid 

has a Tc of 55°C), presents challenges when working with thermosensitive moieties including proteins, 

where structural integrity is essential for therapeutic efficacy. Cholesterol is a common component in 

liposome formulations. Whilst cholesterol cannot form bilayers on its own, it can be incorporated into 

liposome bilayers at concentrations of up to 50 mol%. The inclusion of cholesterol within lipid mixtures 

has been shown to reduce/negate this requirement alongside DSPC lipid on a concentration basis, as 

well as increasing stability of the liposomes (Moghaddam et al., 2011, Mozafari, 2010). When using 

microfluidics, a heating block can be used to maintain solutions at specific, although production at 

ambient room temperature is preferable in terms of cost and stability. Therefore, in order to 

determine whether the bottom-up manufacturing method of microfluidics has the same Tc 

constraints as other methods, DSPC based liposomes with increasing concentrations of cholesterol 

were manufactured across a range of processing temperatures. Figure 2.4A indicates the average size 

of the vesicles following purification by dialysis. The addition of cholesterol to DSPC lipid at a weight 

to weight ratio of 10:1 (DSPC:Chol) resulted in vesicles around 150 nm, irrespective of the processing 

temperature. Increasing the cholesterol content resulted in a trend of decreasing vesicle size to 75 nm 

with the DSPC:Chol 10:3 (w/w) formulation down to 55 nm (10:4 DSPC:Chol w/w) and finally 45 nm 

(10:5 DSPC:Chol w/w) (Figure 2.4A). Again, the processing temperature during microfluidic 

manufacture did not impact upon vesicle size, with vesicles remaining the same size across all 

production temperatures tested (Figure 2.4A). The increasing cholesterol content and different 

production temperatures did not impact upon the homogeneity of the liposomal populations, with 

PDIs below 0.2 across all formulations and processing temperatures (Figure 2.4B).  
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Figure 2.4. The effect of cholesterol content and heating block temperature during microfluidic manufacture for the high 
transition temperature lipid DSPC (and subsequently purified using dialysis) were investigated in regards to (A) z-average 
(particle size) and (B) PDI. Results represent mean ± SD, n = 3 independent batches. 
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transition temperatures (Tc) of lipids has previously been demonstrated using differential scanning 
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DSPC Tc, with vesicle formation occurring across 10:1 – 10:5 DSPC:Chol w/w ratios (5 - 50% molar 

ratio).  

Manufacture by microfluidics therefore offers an advantage when working with liposomal vesicles in 

order to incorporate thermosensitive compounds such as vaccine antigens, as the requirement for 

high temperatures during liposome formation is circumvented. The bottom-up approach of liposome 

formation from individual lipid monomers by microfluidics may mean that energy constraints during 

traditional manufacture (where lipid-films are hydrated into vesicles) are not required – as a result the 

different formation mechanisms involved when lipids dissolved in organic solvent are mixed with 

aqueous phase. The primary factor influencing the liposomal size during microfluidic manufacture 

appears not to be Tc constraints, but the concentration of cholesterol, with smaller vesicles forming 

when cholesterol content is increased. As described previously, cholesterol can intercalate within 

cavities in the bilayer, altering packing of the lipid molecules and reducing the volume of occupied 

space by ordering of the phospholipid tails (Falck et al., 2004). It is hypothesised that this improved 

packing and reduction in free space throughout the bilayer results in the formation of smaller vesicles 

as cholesterol content is increased when vesicles are formed by microfluidics. 

 

2.5.3 Establishing normal operating parameters for microfluidics 

Given the ability of microfluidics to manufacture DSPC:Chol SUV with high population homogeneity in 

a rapid manner, further studies were carried out to determine the critical processing parameters for 

this manufacturing platform. Figure 2.5 again focuses on liposomal formulation DSPC:Chol (10:5 w/w) 

across a range of initial lipid concentrations (the concentration of the lipids in solvent phase prior to 

liposome formation by microfluidics) with fixed microfluiduic production parameters (3:1 FRR, 10 

mL/min TFR) in PBS pH 7.4. Across low lipid concentrations (0.3 – 2 mg/mL), a trend of decreasing 

vesicle size was observed as initial lipid concentration is increased (61 nm down to 45 nm), along with 

a corresponding decrease in PDI values (0.27 to 0.12) (p < 0.05). As intitial lipid concentration was 

further increased up to 4 mg/mL, vesicle size remained constant (around 45 nm), as well as PDI (< 0.1). 

At the highest concentration tested (10 mg/mL) a statistically significant increase in both Z-average 

and PDI was observed (51 nm, PDI 0.19) when compared to 4 mg/mL (Figure 2.5A) (p < 0.05).. In terms 

of zeta potential, all values for this formulation remained neutral (between -1 mV and -6 mV) across 

all of the concentration ranges tested (Figure 2.5B).  



                                                                      

66 
 

 

 

Figure 2.5.  Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, investigating the effect of initial total lipid 
concentration on physicochemical attributes: size (columns) and PDI (circle) (A) and zeta potential (B). Microfluidic 
parameters selected were flow rate ratio 3:1 and a total flow rate of 10 mL/min. Solvent purification was conducted by 
dialysis. Results represent mean ± SD, n = 3 of independent batches. 

 

During microfluidic production, a number of production parameters can be selected and adjusted, 

such as flow rate ratio and the total flow rate. In order to determine whether these production 

parameters ultimately impact upon the final attributes of the liposomes, the DSPC:Chol (10:5 w/w)  

formulation was selected for further analysis. Figure 2.6 indicates the effect of intitial lipid 

concentration across three selected flow rate ratios: 1:1, 3:1 and 5:1, with a fixed total flow rate speed 

of 10 mL/min. In general, all three flow rate ratios exhibit the same trend of decreasing vesicle size as 

initial lipid concentration is increased from 0.3 – 2 mg/mL. This is also apparent for the polydispersity 

index across all of the flow rate ratios. When comparing between the flow rate ratios, 1:1 (equal 

solvent to aqueous phase) resulted in larger vesicles when compared to both 3 and 5:1. This larger 
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vesicle size across the concentration range (230 nm – 125 nm) did not result in a loss of population 

homogeneity, with PDI values for the 1:1 FRR remaining less than 0.22 across all of the tested 

concentrations (Figure 2.6). An increase in aqueous phase (or a corresponding decrease in solvent 

phase) for FRR 3:1 resulted in smaller vesicles when compared to FRR 1:1, with physicochemical 

attributes spanning a size range of 115 nm – 49 nm and PDI values between 0.30 and 0.18. Finally, a 

FRR of 5:1 produced vesicles with similar attributes to 3:1, with sizes between 103 nm – 48 nm and 

PDI values between 0.35 and 0.18 (p>0.05) (Figure 2.6). 

 

Figure 2.6 Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, effect of initial total lipid concentration and flow rate 
ratio on physicochemical attributes: size (columns) and PDI (circles). Microfluidic parameters selected were flow rate ratio 
1:1, 3:1 and 5:1 and a total flow rate of 10 mL/min. Solvent purification was conducted by dialysis. Results represent 
mean ± SD, n = 3 of independent batches. 

 

The final microfluidic parameter that can be adjusted is the total flow rate – the speed at which both 

the phases pass through the microfluidic cartridge. In order to determine the impact this processing 

paramater has on nanoparticle attributes, DSPC:Chol (10:5 w/w) was selected at an initial total lipid 

concentration of 4 mg/mL, with a fixed flow rate ratio of 3:1. A range of production speeds were then 

assessed, ranging between 5 and 20 mL/min. Across the speeds tested, no statstically significant 

impact upon both Z-average and PDI was observed (Figure 2.7A), with vesicle sizes remaining 

consistently between 49 nm – 52 nm and PDI values between 0.10 – 0.13 (p>0.05). Figure 2.7B shows 

the intensity plots derived from the DLS software, again indicating the similarities between the 

formulations across specific speeds of manufacture.  
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Figure 2.7. Liposomal formulation DSPC:Chol (10:5 w/w) in methanol, effect of total flow rate on physicochemical attributes: 
size (columns) and PDI (circles) (A) and Intensity (%) (B). Microfluidic parameters selected were flow rate ratio 3:1 and  total 
flow rates between 5 – 20 mL/min. Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of 
independent batches. 

 

These results indicate the critical production parameters that influence the liposomal physicochemical 

characteristics following microfluidic manufacture for liposomal formulation DSPC:Chol (10:5 w/w). 

These studies indicate the influence of the initial total lipid concentration, with concentrations below 

2 mg/mL resulting in vesicles with PDI > 0.2 and less reproducibility (indicated by the larger error bars). 

In terms of vesicle size reproducibility and PDI values less than 0.15, initial lipid concentrations 

between 2-4 mg/mL were the only concentrations tested that could attain this criterion. Similar results 

were found when identifying optimal lipid concentrations using the same microfluidic chip 

architecture (staggered herringbone micromixer) by Joshi et al, where concentrations below 1 mg/mL, 

resulted in larger vesicles with poor reproducibility being produced using PC:Cholesterol (2:1 w/w), 

and concentrations greater than 1 mg/mL resulted in improved reproducibility (Joshi et al., 2016). 

However, the choice of microfluidic manufacturing setup also impacts on the effect of initial lipid 

concentration, as shown by Mijailovic et al, where a general trend of increasing vesicle size was found 

as the initial POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) concentration was increased 

when using microfluidic hydrodynamic focusing (where 3 micro channel inlets were etched into glass 

wafers) (Mijajlovic et al., 2013).  

Flow rate ratio and total flow rate are both microfluidic production parameters that can be adjusted 

and controlled through a software interface. The results in Figure 2.6 indicate the large influence that 

adjusting flow rate ratio has on vesicle characteristics. When using a flow rate ratio of 1:1, larger 

vesicles were formed (230 – 120 nm) when compared to both 3 and 5:1, and this increase in size did 
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not correspond to an increase in PDI. When manufacturing at a 3:1 or 5:1 FRR, smaller vesicles (50-60 

nm) can be manufactured, and at concentrations above 2 mg/mL, high population homogeneity can 

be maintained. Similar microfluidic results using a staggered herringbone micromixer have also 

indicated the influence that flow rate ratio has on the resulting vesicles, with average liposome size of 

the formulations at a flow rate ratio of 1:1 resulting in sizes above 200 nm, while a flow rate ratio of 

5:1 generating sizes around 50 nm (Kastner et al., 2014, Kastner et al., 2015). This general decrease in 

vesicle size as flow rate ratio is increased was also shown by Jahn et al and is attributed to the influence 

the flow rate ratio has on the resulting alcohol content of the formulation. At low flow rate ratios (1:1), 

the alcohol content within the chip is 50% post mixing, thus when the lipids first meet with aqueous 

phase, partial liposome self-assembly occurs at the interface of the two streams. As the mixing of the 

fluid streams increases, the liposomes are exposed to differing alcohol – aqueous concentrations, 

resulting disassembly and re-assembly as the liposomes vary above and below the critical alcohol 

content. At higher flow rates (3:1 and 5:1), this disassembly and re-assembly cycle is reduced, thus 

limiting the size of the liposomes produced (Jahn et al., 2007, Jahn et al., 2010). In a similar 

explanation, Zizzari et al described the reduction in size at higher flow rate ratios as a result of the size 

of the solvent stream within the microfluidic chip. The lipid disc forms at the interface of the of the 

two streams and bend, eventually forming into vesicles as the solvent concentration they are exposed 

to decreases. The longer the discs are exposed to concentrations of solvent above a critical point, the 

larger the vesicles grow before forming liposomes, thus at high solvent concentrations (1:1), larger 

vesicles are subsequently formed (Zizzari et al., 2017).  

While the microfluidic parameter FRR has been shown to impact upon vesicle characteristics through 

the exposure of different concentrations of solvent, the effect of the speed in which the vesicles are 

passed through the chip (between 5 – 20 mL/min) did not (Figure 2.7). Again, Joshi et al assessed the 

effect of total flow rate for PC:Chol (2:1 w/w) liposomes and found that manufacturing speeds 

between 5 – 15 mL/min did not impact significantly on liposomal average diameter and PDI (Joshi et 

al., 2016). Furthermore, an in depth investigation into the effect of total flow rate on liposomal 

formulations (using five formulations, representative of marketed liposomal products) using a Design 

of Experiments approach, using a staggered herringbone micromixer was conducted by Sedighi et al. 

While FRR was found to have a significant impact upon vesicle size,  total flow rates above 8 mL/min 

resulted in no significant changes to vesicle attributes (Sedighi et al., 2019).  

These results herein indicate that specific flow rate ratios can be adopted to tailor to specific vesicle 

size requirements (as long as normal operating parameters have been established for formulation 

concentration) and the speed of production can be increased to meet specific industrial demand, 

without impacting upon product quality.  
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2.5.4 The choice of organic solvent impacts upon formulation size 

When using microfluidics as a production platform, choosing an organic solvent to work with can be 

an important parameter. The choice of solvent must not only be compatible with the choice of lipid 

components in regards to both solubility and water miscibility, but also an understanding of how the 

solvent can impact upon formulation characteristics is critical. For liposome formation, efficient fluid 

mixing must occur between both solvent and aqueous streams, therefore the water miscibility of the 

particular solvent must be suitable.  As organic solvent carbon chain length increases, a decrease in 

water miscibility is observed (Forster et al., 1991). In order to assess the impact of different carbon 

chain length solvents on microfluidic manufacture, formulation DSPC:Chol (3:1 FRR, 15 mL/min) was 

selected. Figure 2.8 shows the average vesicle size of the liposomes manufactured using three 

different organic solvents, followed by purification by tangential flow filtration. Vesicles manufactured 

with methanol (MeOH) resulted in the smallest sizes (approximately 45 nm), this was then increased 

to 55.1 ± 3 nm when ethanol was tested. Finally, isopropyl alcohol (IPA) resulted in the largest 

liposomal sizes (83.3 ± 2 nm) (Figure 2.8). The PDI values for all of the formulations were found to be 

highly homogenous (<0.13 PDI for MeOH, EtOH and IPA).  

 

Figure 2.8. The effect of solvent during microfluidic manufacture of liposomal formulation DSPC:Chol (10:5 w/w) (3:1 FRR, 15 
mL/min) in methanol (MeOH), ethanol (EtOH) and isopropyl alcohol (IPA): size (columns) and PDI (circles). Solvent purification 
was conducted by tangential flow filtration. Results represent mean ± SD, n = 3 of independent batches. 

 

This study has indicated the importance of solvent choice in regards to vesicle characteristics. The size 

of liposomal formulation (DSPC:Chol 10:5 w/w) can be adjusted by employing solvents with differing 

carbon chain lengths. This can be explained by the rate of polarity change seen when both fluid 

streams mix within the microfluidic cartridge. As organic solvent polarity is reduced (e.g. IPA), the rate 
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of polarity change is therefore reduced during mixing, thus lipid bilayer discs can expand for longer, 

before finally bending into larger liposomes. When employing a higher polarity solvent (e.g. MeOH), 

a steeper polarity shift is observed, thus the lipid discs have less time to expand, forming smaller 

liposome vesicles (Webb et al., 2019).   

 

2.5.5 The effect of the inclusion of charged lipids on microfluidic manufacture 

By adjusting liposome charge, the pharmacokinetic profile of the liposomal formulation can be 

manipulated in order to meet specific requirements. The modification of liposome charge can be 

achieved through the inclusion of lipids with negative or positively charged head groups (Beltrán-

Gracia et al., 2019). For instance, cationic vesicles have been shown to have a preferential targeting 

ability towards angiogenic endothelium of tumours, as well as a strong association to cellular 

membranes – allowing them to be effective transfection systems for RNA and small proteins (Lonez 

et al., 2008, Krasnici et al., 2003). Furthermore, the inclusion of anionic lipids such as PS within 

liposomal formulations can actively target the vesicles to improve macrophage uptake, generating 

interest in terms of vaccine adjuvants (Geelen et al., 2012). Therefore, the next stage was to consider 

the formulation of charged liposomes using microfluidics. 

2.5.5.1 The addition of phosphatidylserine (PS) within liposomal formulation DSPC:Chol 

In order to determine the effect of anionic charged lipids, the addition of PS into the neutral 

formulation DSPC:Chol, PS was added incrementally and the impact investigated. PS was selected due 

to its potential as an immunostimulatory agent (Geelen et al., 2012). Three flow rate ratios were also 

assessed: 1, 3 and 5:1 in order to determine suitable operating parameters for the anionic formulation. 

As the concentration of PS was increased, a trend of increasing vesicle size was observed for flow rate 

ratio 1:1, increasing from approximately 80 nm up to 120 nm. This increase in vesicle size was not 

associated with an increase in PDI, with all values < 0.2. For flow rate ratios 3 and 5:1, vesicle size 

remained constant between approximately 40 - 50 nm irrespective of the amount of PS included 

within the formulation. Again, all vesicles measured were highly homogeneous (< 0.2 PDI) (Figure 

2.8A). In terms of zeta potential (Figure 2.9B), flow rate ratio 1:1 showed an association with increasing 

PS resulting in a decrease in zeta potential (from approximately -24 mV to -50 mV), while flow rate 

ratios 3 and 5:1 showed less of a trend. When comparing between flow rate ratios, 1:1 resulted in the 

most negative zeta potential readings, followed by 3:1 (-17 mV to -22 mV) and finally 5:1 (-4 mV to -

14 mV) (Figure 2.9B) 
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Figure 2.9. The effect of adding PS incrementally to the liposomal formulation DSPC:Chol, liposome size (bar) and PDI (circles) 
(A) and Zeta Potential (mV) (B) across three distinct flow rate ratios (1,3 and 5:1). Initial total lipid concentration was fixed at 
4 mg/mL and purification was conducted using dialysis. Results represent mean ± SD, n =3 of independent batches. 

 

For further studies, a 3:1 flow rate ratio was selected as it exhibited good PDI values, as well as a 

narrow size distribution with an anionic zeta potential while retaining favourable levels of organic 

solvent within the formulation post production (25%). As previously shown (Figure 2.5), initial lipid 

concentration can impact upon physicochemical attributes of the formulation, therefore a range of 

concentrations for formulation DSPC:Chol:PS (10:5:4 w/w) were assessed. Across the concentration 

ranges tested, no statistically significant differences in terms of vesicle size could be found, apart from 

the lowest concentration used (0.3 mg/mL), where vesicle sizes were significantly larger than any 
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other concentrations tested (p < 0.05) (Figure 2.10). All PDI values across 0.6 – 10 mg/mL were found 

to be homogeneous (PDI values < 0.29); however, the lowest concentration tested resulted in a slight 

increase in PDI (0.3) (Figure 2.10). Concentrations between 3-10 mg/mL were found to have the 

highest particle homogeneity, statistically significant from all other concentrations tested (< 0.2) (p < 

0.05). All zeta potentials for all concentrations (0.3 -10 mg/mL) were between -28 – -35 mV (data not 

shown).  

 

Figure 2.10. Liposomal formulation DSPC:Chol:PS (10:5:4 w/w) in methanol, effect of initial total lipid concentration on 
physicochemical attributes: size (columns) and PDI (circles). Microfluidic parameters selected were flow rate ratio 3:1 and a 
total flow rate of 10 mL/min. Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of 
independent batches. 

 

The inclusion of anionic lipid PS within DSPC:Chol when manufacturing through microfluidics was 

found to be most optimal for flow rate ratio 3:1, where comparably improved reproducibility was 

observed in terms of vesicle size, regardless of the quantities of PS added. Concentration ranges 

between 3 - 10 mg/mL were found to result in acceptable quality attributes (PDI < 0.2), with anionic 

zeta potentials (between -30 – -35 mV). This 3:1 flow rate ratio was also chosen by Khadke et al when 

manufacturing DSPC:Chol:PS (6:4:2.5 µmoles) by microfluidics with a staggered herringbone 

micromixer. While the vesicles were encapsulating H56 antigen, the PDI values for this formulation 

were found to be highly homogenous (<0.15) (Khadke et al., 2019). When incorporating increasing 

levels of PS (0,6,12 and 37 mol%) within DSPC:cholesterol:PEG2000-DSPE liposomes, Geelen et al 

found a slight trend towards decreasing vesicle size. From 136 ± 3 nm (0%), 120 ± 7 nm (6%), 111 ± 10 

nm (12%) to 97 ± 4 nm (37%). The PDI of the formulations remained below 0.3. While this 

manufacturing process is not entirely comparable to microfluidics (Geelen et al used lipid film 

hydration), and low levels of DSPE-PEG2000 were included, the data still exhibits the ability of 

homogenous vesicles to form with high quantities of PS within the bilayer (Geelen et al., 2012).  
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 The studies conducted within this chapter involved the use of naturally occurring brain PS (porcine), 

which is a natural mixture of varying lipids with altered fatty acid distribution. Typically these natural 

phospholipids are purified by solvent extraction and chromatographic based techniques and offer 

some disadvantages compared to synthetic lipids due to challenges with stability and the need for 

improved testing for biological contamination (Avanti Polar Lipids). Issues with brain PS stability as a 

result of oxidation and hydrolysis may result in the poor reproducibility observed in Figure 2.9, 

indicated by the large error bars. Therefore, as an alternative, a synthetic brain PS counterpart was 

acquired, DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) and assessed for its applicability as a 

synthetic substitute for brain PS during microfluidic manufacture.  

Figure 2.11 shows a comparative study between lipid formulation DSPC:Chol containing either 

naturally occurring brain PS or DOPS at a weight to weight ratio of 10:5:4 to DSPC:Chol:PS/DOPS 

respectively. The initial total lipid concentration was incrementally increased between 0.3 to 4 mg/mL 

and particle size, PDI and zeta potential were measured to observe the physicochemical characteristics 

between naturally occurring PS and the synthetic DOPS following microfluidic production (3:1 FRR, 10 

mL/min TFR) and dialysis for solvent removal. At the lowest total lipid concentration observed, there 

was no significant differences between the two formulations with naturally derived PS and synthetic 

DOPS both resulting in average particle sizes of 70 nm. As the initial total lipid concentration was 

increased, the PS formulation particle size generally decreased within a range between approximately 

50 nm, while the DOPS formulation showed a gradual decrease in particle size until reaching 50 nm. 

At the final concentration tested (4 mg/mL), there was no significant difference between the particle 

size of both formulations (50 nm and 52 nm for DOPS and PS formulations respectively) (p>0.05). 

Figure 2.11A additionally shows the PDI of the same formulations. As initial total lipid concentration 

is increased, a general trend in decreasing PDI can be observed. At the lowest concentration measured 

(0.3 mg/mL) PDI was measured at 0.24 and 0.29 for DOPS and PS formulations respectively. The 

general trend for both formulations shows a decrease in PDI as initial total lipid concentration is 

increased, however the rate of the decrease for DOPS formulation is much greater than that of the PS 

formulation. At the final concentration measured (4 mg/mL), DOPS formulation PDI was measured at 

0.07, while the PS formulation showed a PDI of 0.22. In the case of the zeta potential of the different 

formulations, all values were found to be between -28 to -38 mV, with no significant differences found 

between PS and DOPS formulations at each concentration tested (Figure 2.11B).  
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Figure 2.11. Liposomal bridging study for phsophatidylserine. Formulation DSPC:Chol:PS (10:5:4 w/w) and DSPC:Chol:DOPS 
(10:5:4 w/w) in methanol at a range of initial total lipid concentrations were compared for physicochemical attributes: size 
(columns) and PDI (circles) (A) and Zeta Potential (mV) (B). Microfluidic parameters selected were flow rate ratio 3:1 and a 
total flow rate of 10 mL/min. Solvent purification was conducted by dialysis. Results represent mean ± SD, n = 3 of 
independent batches. 

 

This bridging study was conducted in order to verify the applicability of a synthetic substitute for the 

naturally occurring brain PS. Across all lipid concentrations tested, the use of DOPS showed no 

statistically significant differences in terms of vesicle size and zeta potential when compared to the 

naturally occurring brain PS. When a concentration of DSPC:Chol:DOPS (10:5:4 w/w) at 4 mg/mL was 

used, highly reproducible particle attributes were obtained, with improved PDI values compared to 

the brain PS (PDI < 0.1).  These results were expected since the synthetic PS lipid has a defined chemical 

structure and therefore a fixed transition temperature (-11°C). However, the naturally occurring brain 
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PS is a mixture of components and therefore, it has a range of transition temperatures (based upon 

the range of fatty acid distributions)(Avanti Polar Lipids). Thus, the DOPS liposome formulations result 

in more homogeneous size populations when compared to PS liposomes. 

2.5.5.2 The effect of cationic lipid addition to DSPC:Chol formulation 

It is now evident that the microfluidic parameter flow rate ratio has an impact upon vesicle 

characteristics for both neutral and anionic formulations (Figure 2.6 and 2.9). To further explore the 

effects of including charged lipids during microfluidic manufacture, addition of the cationic lipid 

DOTAP was investigated. This lipid was chosen due to its ease of availability and its extensive use in 

both in vitro and in vivo applications (Simberg et al., 2004). DOTAP was added alongside DSPC:Chol in 

the same manner as PS, with incremental increases of DOTAP and a fixed initial lipid concentration of 

4 mg/mL. Three flow rate ratios were initially explored, with preliminary results indicating that flow 

rate ratios 3 and 5:1 resulted in highly heterogeneous populations (PDI > 0.6, data not shown), 

therefore further studies at the ratios were not carried out. For flow rate ratio 1:1, as DOTAP was 

added, a general trend of increasing vesicle size could be observed (approximately 62 nm – 86 nm), as 

well as an increase in PDI (0.07 – 0.32) (Figure 2.12A). In the case of zeta potential of the formulations, 

an increase was observed as more DOTAP was included within the formulation (26 mV – 58 mV), until 

a plateau was reached at 60 mV, where there were no further increases observed (Figure 2.12B). 
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Figure 2.12. The effect of adding DOTAP incrementally to the liposomal formulation DSPC:Chol, liposome size (bar) and PDI 
(circles) (A) and Zeta Potential (mV) (B) for flow rate ratio 1:1. Initial total lipid concentration was fixed at 4 mg/mL while 
purification was conducted by dialysis. Results represent mean ± SD, n =3 of independent batches. 

 

Following on from preliminary optimisation studies, a weight to weight ratio of 10:5:4 was chosen 

along with a microfluidic manufacturing flow rate ratio of 1:1 for further formulation optimisation. 

Again, studies focused on the effect of initial lipid concentration where a general trend of decreasing 

vesicle size was found as lipid concentration was increased. The reproducibility of the formulation was 

also related to the concentration used, with larger error bars occurring at low concentrations. The 

population homogeneity however was largely unaffected, with most values found below 0.31 PDI 

(with the exception of the highest concentration used, 10 mg/mL) (Figure 2.13).  
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Figure 2.13. The effect of initial lipid concentration on cationic liposomal formulation DSPC:Chol:DOTAP (10:5:4 w/w)  
liposome size (bar) and PDI (circles) for flow rate ratio 1:1, total flow rate 10 mL/min. Purification was conducted using 
dialysis. Results represent mean ± SD, n =3 of independent batches. 

 

Cationic liposomes have been widely researched in relation to their potential as vaccine adjuvants 

(Christensen et al., 2011). Through the inclusion of charged lipids such as 3-beta-[N-(N',N'-

dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol) or 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP), a positively charged liposome can effectively bind to the negatively charged 

membranes of cells as well as provide high encapsulation/association of negatively charged 

therapeutics such as siRNA or proteins (Petrilli et al., 2016). The inclusion of DOTAP into liposomes 

has been shown in vitro to stimulate DC maturation markers CD40, CD80 and CD86, while the 

substitution of the cationic lipid with a neutral phospholipid dioleoyl phosphatidyl ethanolamine 

(DOPE) resulted in a loss of maturation response (Soema et al., 2015). As well as indicating signs of 

innate immunity stimulation, DOTAP liposomes have shown promise generating both CD4+ and CD8+ 

T cell responses in mice when prepared by microfluidics, attributed by the authors to the small vesicle 

sizes (< 100 nm) obtained during this manufacturing method (Haseda et al., 2020). As a result of this 

relationship between vesicle size and charge and the resultant immunological profile, it is therefore 

crucial that operating parameters that are influential on vesicle characteristics are identified for 

cationic formulations. Investigation by Elsana et al using various DOTAP based liposomal formulations 

prepared by both lipid-film hydration and microfluidics found comparable results in relation to the 

effect of microfluidic operating parameters on liposomal vesicle size, where adjusting the flow rate 

ratio across 1,3 and 5:1 resulted in significant differences in vesicle size (Elsana et al., 2019). 

Furthermore, the use of flow rate ratio 1:1 for cationic formulation DOPE:DOTAP has been shown to 

generate particles below 100 nm with PDI values < 0.25 in TRIS buffer (100 mM) using a staggered 

herringbone micromixer chip (Lou et al., 2019). Conversely, microfluidic manufacture of cationic 
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adjuvant formulation DDA:TDB has been shown to be unsuitable using a 1:1 flow rate ratio with IPA. 

The formulation resulted in micron scale vesicles with poor homogeneity (>0.7) when manufactured 

at 1:1, however both 3 and 5:1 flow rate ratios resulted in nanoscale vesicles with improved PDI (<0.4) 

(Roces et al., 2019). The effect flow rate ratio has on cationic formulations is therefore substantial. 

However, it appears that specific formulations will require optimisation in order to determine the 

appropriate processing parameters. Therefore, as a result of the formulation optimisation conducted, 

normal operating parameters for liposomal formulation DSPC:Chol:DOTAP (10:5:4 w/w) were selected 

as 1:1 FRR, 4 mg/mL initial total lipid based on vesicle size (<100 nm), population homogeneity (< 0.3 

PDI) and positive zeta potential (approximately 50 – 60 mV).  

 

2.5.6 Down-stream processing: Formulation purification  

Unlike the top-down approach to liposome production, one drawback for a bottom-up microfluidic 

approach is the residual solvent within the sample post production. During lipid-film hydration, 

solvent is evaporated off prior to hydration, however during microfluidic production, the solvent 

remains within the liposome suspension post manufacture. This results in the need for a solvent 

removal step post production. There are a number of options available in regards to solvent 

purification for liposomal samples such as dialysis and gel filtration columns. However, purification 

methods such as these are time-consuming techniques that are problematic for large scale 

manufacturing. For up-scale manufacturing of liposomes, solvent purification techniques must be 

employed which can deal with large volumes of sample and reliably produce consistent product. For 

up-scale liposome production, microfluidic systems can be connected to a cross-flow filtration system 

for large scale volumes of sample. Tangential Flow Filtration (TFF) is a process which utilises specific 

pore-sized membranes to remove salts or solvents from solutions and separate particulates based on 

size discrepancy principles. Unlike direct flow filtration, the solution stream is passed parallel to the 

membrane surface, where the permeate is filtered off, while the remainder of the product (in our case 

our liposome vesicles) is circulated and retained within the system.  

In order to determine the suitability of these techniques for solvent purification, a range of liposomal 

formulations (neutral, anionic and cationic) were prepared by microfluidics, purified using either 

dialysis, gel filtration or TFF and then analysed for physicochemical attributes (Figure 2.14). For neutral 

formulation DSPC:Chol (10:5 w/w), dialysis and TFF showed no statistically significant differences in 

both vesicle size and PDI when compared to the vesicles manufactured by microfluidics (p>0.05). 

However, the use of the sephadex column for solvent purification resulted in an increase in both 

vesicle size and PDI (from approximately 54 nm, 0.14 PDI to 76 nm 0.25 PDI) (p < 0.05). When analysing 
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anionic formulation DSPC:Chol:PS (10:5:4 w/w), no substantial differences were observed in terms of 

vesicle size when comparing each technique to pre-purification vesicles, with all of the Z-average 

values between 44 – 59 nm. Cationic formulation DSPC:Chol:DOTAP showed no change following 

purification by dialysis, however this formulation could not be purified by sephadex column or TFF, 

due to column incompatibility with positively charged vesicles (as a result of the slightly negatively 

charged TFF column membrane) (Figure 2.14A). For both anionic and neutral formulations, the 

recovery post purification using dialysis was > 89%, while gel filtration recovery was found to be more 

inconsistent, with an average recovery greater than 83%. In the case of tangential flow filtration, high 

recovery was observed for both formulations tested (> 96%) (Figure 2.14B). Additionally, 

concentration of liposomal sample DSPC:Chol:PS (10:5:4 w/w) can be achieved using TFF (Figure 2.15) 

without negatively impacting upon vesicle size and PDI (56 – 63 nm, PDI approximately 0.24) up to a 

4-fold concentration of sample.  

 

Formulation Purification Technique Recovery (%) 

 Dialysis Gel Filtration (Sephadex) Tangential Flow Filtration (TFF) 

DSPC:Chol 94 83 97 

DSPC:Chol:PS 89 98 97 

Figure 2.14. (A) The effect of the choice of purification method applied to liposomal formulations manufactured by 
microfluidics. The liposome size (bar) and PDI (circles) are shown for liposomal formulations DSPC:Chol (10:5 w/w), 
DSPC:Chol:PS (10:5:4 w/w) and DSPC:Chol:DOTAP (10:5:4 w/w) after microfluidics, dialysis, Sephadex column and tangential 
flow filtration. (B) Recovery rate (%) measured by DiI of liposomal formulations DSPC:Chol (10:5 w/w) and DSPC:Chol:PS 
(10:5:4 w/w) manufactured by microfluidics and subsequently purified by dialysis, sephadex column or tangential flow 
filtration. Results represent mean ± SD, n = 3 of independent batches. 
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Fig 2.15. Concentration of liposomal formulation DSPC:Chol:PS (10:5:4 w/w) using tangential flow filtration. The liposomes 
were prepared at 4 mg/mL initial lipid concentration, 3:1 FRR, 10 mL/min TFR following microfluidics, followed by 1,2 and 4-
fold concentration steps. Particle Size (Z-Avg; represented by bars) and PDI (represented by discrete points). Results represent 
mean ± SD, n = 3 of independent batches. 

 

To confirm removal of residual solvent following microfluidic manufacture, gas chromatography was 

conducted on samples post TFF and dialysis. The European Medicines Agency issues acceptable 

residual solvent levels based on the guidelines proposed by the International Council for 

Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH Q3C). Acceptable 

residual methanol levels are proposed to be 3000 ppm and below, and this cut off is compared to both 

TFF and dialysis residual methanol levels following a specified protocol (20 mL of wash cycles for TFF, 

1 mL sample to 200 mL buffer for 1 hour under agitation for dialysis) (Figure 2.16). The results show 

that while 20 diafiltrate volumes during TFF purification is capable of reducing residual methanol levels 

well below ICH guidelines (< 0.05%), larger buffer volume than 200 mL may be required in order to 

reduce dialysis residual methanol levels below 0.3% v/v (3000 ppm).  

 

Figure 2.16. Residual solvent post TFF or dialysis for liposomal formulation DSPC:Chol (10:5 w/w) initial lipid concentration 4 
mg/mL, prepared at a flow rate ratio of 3:1 and 10 mL/min TFR, compared to the ICH guideline benchmark for residual 
methanol. Results in collaboration with Pierce Lyons, at the University of Strathclyde. Results represent mean ± SD, n =3 of 
independent batches. 
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Purification techniques such as sephadex size exclusion columns and dialysis can be well suited to lab 

scale purification of liposomes (Rashidinejad et al., 2014). Size exclusion columns (gel filtration) can 

separate small molecules from liposomes, although correct optimisation must be conducted in order 

to establish the elution volumes  of the components or risk overlapping elution peaks, leading to 

incorrect purification (Grabielle-Madelmont et al., 2003) Liposome samples with different sizes would 

require further optimisation, as liposome size impacts upon elution time (Vemuri and Rhodes, 1994). 

The data indicated here shows while liposomes can be purified following size exclusion, there were 

issues associated with reproducibility in terms of vesicle physicochemical attributes and recovery rates 

for liposomal formulation DSPC:Chol, which partly could be attributed to the variation in column 

packing when preparing the sephadex G75. Furthermore, findings by Ruysschaert et al showed some 

liposome retention during purification, however the retention was only transitory and full liposome 

recovery could be achieved by further washing and column repacking/depacking cycles (Ruysschaert 

et al., 2005). Therefore, inadequacies in product purification consistency, as well as the issue of sample 

dilution when using excess buffer for washing, could pose major challenges for large scale liposome 

purification using gel filtration (Lin and Qi, 2018). Dialysis can be used to separate molecules of 

different molecular weights by employing a dialysis bag with a pore size suitable enough to retain 

vesicles and allow the free movement of smaller molecules for sample purification (Lin and Qi, 2018). 

The results shown within this chapter indicate this technique is suitable for liposome purification, with 

no significant differences occurring in the physicochemical attributes of the vesicles before and after 

purification. While methanol values were shown to be reduced below 1%, further reduction beyond 

ICH guidelines would require the addition of a slightly larger buffer volume or increased duration. 

Dialysis is a cost-effective technique, which can be used effectively in the lab scale environment, 

however translation of this technique to large scale production is not practical.   

Tangential flow filtration is a well-established purification technique already applied throughout the 

food, biotechnology and pharmaceutical industry’s to remove contaminants, improve quality and 

concentrate product (Musumeci et al., 2018). By continuous addition of buffer known as the “feed”, 

washing of the sample occurs, with molecules above the molecular weight cut off of the column re-

circulating through the system – known as the “retentate”, while smaller molecules flow freely 

through the membrane and are washed out as “permeate”. As buffer is introduced at the same rate 

as leaving the system, over time the initial solvent concentrations are diluted out. Furthermore, 

sample concentration by tangential flow filtration during purification offers a potential solution to 

formulations which are limited by specific lipid solubility in solvents prior to microfluidic manufacture 

through concentration of low dose samples to required concentrations. The applicability of this 
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purification process shown here, combined with microfluidics, could improve the manufacturing and 

scalability prospects of liposomes.   

 

2.5.7 Continuous at-line particle sizing 

Using microfluidics as a high throughput production method, with a downstream purification system 

such as tangential flow filtration allows for an efficient manufacturing stream in contrast to bulky 

batch production. However, the ability to monitor critical quality attributes of the vesicles throughout 

the production/purification chain is essential in order to stop production and intervene if issues are 

detected with product quality. In order to determine whether this can be achieved in a liposome 

production chain, a real-time particle size monitor from Malvern (Zetasizer AT, Malvern Panalytical, 

UK) was investigated. The suitability of the system was compared to traditional off-line equipment 

(Zetasizer Nano ZS) for liposomal formulation DSPC:Chol (10:5 w/w) at two monitoring points: 

following microfluidic manufacture (post manufacture) and after solvent purification by TFF (post 

purification). The results indicate the ability of the at-line equipment to monitor vesicle size at both 

points (post manufacture and post purification), with no significant differences observed across at-

line or off-line systems, indicating the potential to incorporate a rapid at-line particle size analysis tool 

into a continuous manufacturing chain for liposomal delivery systems (Figure 2.17).  

 

Figure 2.17.  Size (bars) and PDI (circles) comparison for formulation DSPC:Chol (10:5 w/w) measured by two (At-line and Off-
line)  before and after purification by TFF. Results represent mean ± SD, n =3.  

 

The results indicate the ability of the at-line equipment to monitor vesicle size at both points (post 

manufacture, post purification), with no significant differences observed across at-line or off-line 
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systems, indicating the potential to incorporate a rapid at-line particle size analysis tool into a 

continuous manufacturing chain for liposomal delivery systems (Figure 2.17).  
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2.6 Conclusions 

The results within this chapter demonstrate the potential of microfluidics as a large scale 

manufacturing platform for liposome suspensions. A range of formulations were tested, and critical 

processing parameters were identified, including the impact of flow rate ratio and initial lipid 

concentration of the formulation. In the case of both neutral and anionic formulations DSPC:Chol (10:5 

w/w) and DSPC:Chol:PS (10:5:4 w.w) manufacture at a flow rate ratio of 3:1 and initial concentrations 

above 2 mg/mL were identified as the most optimal based upon vesicle size and PDI values, while 

cationic formulation DSPC:Chol:DOTAP (10:5:4 w/w) was optimised for 1:1 FRR manufacture. The 

addition of tangential flow filtration as a down-stream purification system was shown to reduce 

residual solvent levels to below acceptable levels outlined by ICH guidelines, without impacting upon 

the vesicles physicochemical characteristics. Alongside the addition of at-line analytical tools such as 

dynamic light scattering, this setup demonstrates elements that can be adopted within a continuous 

manufacturing process for liposomes. Following on from this established work using empty liposomal 

formulations, the next step within the process was to determine the loading ability of these optimised 

formulations using model antigen ovalbumin.  
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Chapter 3 

Method Validation for Protein 

Loading Quantification within 

liposomes 

                                              

 

The work presented in this chapter has been published in: 

HUSSAIN, M. T., FORBES, N. & PERRIE, Y. 2019. Comparative Analysis of Protein Quantification Methods for the 

Rapid Determination of Protein Loading in Liposomal Formulations. Pharmaceutics, 11, 39. 
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3.1 Introduction 

Proteins have become increasing modalities as therapeutics for a wide range of diseases, with 

particular interest within the field of vaccine development (Carter, 2011, Leader et al., 2008). The 

immunogenicity of subunit antigens or highly purified protein recombinants as vaccine antigens can 

be enhanced with the inclusion of a suitable adjuvant. Furthermore, challenging routes of 

administration, such as oral or intranasal, may require a delivery system to enhance the stability of 

the subunit antigen in order to generate effective vaccine responses (Gupta et al., 2013). Liposomes 

have been thoroughly investigated as drug delivery platforms, improving stability, favourably altering 

biodistribution profiles of therapeutics and enhancing tissue and cellular uptake (Sercombe et al., 

2015). The use of liposomal delivery systems as protein carriers offers flexibility in terms of how and 

where the protein is loaded – whether it is adsorbed onto the surface, or entrapped within the 

liposomal vesicles. These attributes have led to particular interest in the use of liposomes as vaccine 

carriers (Gregoriadis et al., 1999, Perrie et al., 2008, Perrie et al., 2017). Alongside advances in novel 

manufacturing techniques for liposomes such as microfluidics, a requirement for subsequent 

analytical techniques arises in order to rapidly quantify protein loading within liposomal delivery 

systems.  

At present, there are a number of protein quantification techniques available for use to determine the 

loading efficiencies in drug delivery systems such as bicinchoninic acid assay (BCA), high-performance 

liquid based chromatography (HPLC) and the use of fluorescently / chemically / radio – labelled protein 

(Haidar et al., 2008, Huang et al., 2015, Li et al., 2011a, E Christine Lutsiak et al., 2002, Xu et al., 2012, 

Henriksen-Lacey et al., 2010b, Schiltz et al., 1977). Fluorescent based techniques employ the use of 

commercially available fluorescent molecules or by chemically conjugating fluorophores to proteins. 

The loading efficiencies of the protein can then be determined indirectly by measuring un-loaded 

protein fluorescence (Liau et al., 2015). However, fluorophores are often large molecules and the 

conjugation of these to proteins for quantification purposes could impact upon the solubility and 

structural folding of these molecules (Henriksen-Lacey et al., 2010a). The use of radioisotopes as a 

detection method for protein quantification can be used as an alternative, less invasive method. 

Henriksen-Lacey et al showed that quantification of antigen loading could be achieved using a 

tuberculosis antigen, Ag85B-ESAT-6  radiolabelled with 125I (Henriksen-Lacey et al., 2010b). The BCA 

assay is a colorimetric based assay which is very common, simple to use and can be found within most 

laboratory settings (Krieg et al., 2005). The working solution depends upon colorimetric change, 

caused at first by the reduction of Cu2+ to Cu+ at a rate proportional to the amount of protein present. 

The Cu+ ions then bind two molecules of bicinchoninic acid, resulting in a colour change which can be 

measured through the adsorption of light at 562 nm. This two-step reaction establishes a direct 
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correlation between protein concentration and measureable colour change that can be conducted in 

in a microplate, allowing for large scale screening (Walker, 1996). However, limitations of the assay 

include distinct protein concentration limits and the possibility of interference from other agents 

present in the sample such as lipids. Unlike colorimetric based assays (like the BCA assay), reverse 

phase high performance chromatography (RP-HPLC) involves the separation of molecules based upon 

hydrophobicity. In reverse-phase chromatography, the stationary phase is hydrophobic, and elution 

of analytes occurs as the gradient of organic solvent increases over time (Aguilar, 2004). The use of 

RP-HPLC is a commonly adopted method for protein and peptide analysis due to its high selectivity 

and reproducibility (Kanie et al., 2008, Josic and Kovac, 2010).  

However, liposome loading using these methods tends to be achieved through quantification of free 

protein within the supernatant of the liposomes following separation by centrifugation; yet, this 

assumes that any protein not in the supernatant must be associated with the liposomes. Therefore, 

there is still a need to validate entrapment of protein within the liposomes, as opposed to the 

traditional, indirect approach. Furthermore, there is a need for a quantification technique that is rapid, 

which can be used to support formulation development and support large-scale protein loaded 

liposomal delivery system manufacture. In order to achieve this, two techniques (BCA and RP-HPLC) 

were compared to directly quantify encapsulated protein within liposomal vesicles.  
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3.2 Aim and Objectives 

The aim of the work within this chapter was to develop a method to quantify protein loading within 

liposomes. To achieve this two protein quantification methods (BCA and RP-HPLC) were investigated 

and validated. Method validation was conducted following ICH guidelines for both assays in a 

systematic tiered approach. To achieve this, the objectives of this work were: 

1. Compare the impact of liposome inclusion on protein quantification using BCA and HPLC. 

2. Assessing the effect of the presence of liposomal formulations and concentrations on 

interference using BCA assay.  

3. Comparing the impact of solubilisation mixture on protein quantification using BCA and HPLC. 

4. Determine the suitability of the techniques to quantify protein loading for neutral, anionic and 

cationic liposomal formulations. 
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3.3 Materials  

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) and L-α-phosphatidylserine (Brain PS, Porcine) were all purchased from Avanti Polar 

Lipids Inc., Alabaster, AL, US. Cholesterol (cholesterol), Ovalbumin (OVA), trifluoroacetic acid and 

D9777-100ft dialysis tubing cellulose were purchased from Sigma Aldrich Company Ltd., Poole, UK. A 

Jupiter column (C18 (300 Å), 5 µm, dimensions 4.60 × 150 mm pore size 100 Å) was used for HPLC 

analysis, purchased from Phenomenex., Macclesfield, UK. The Pierce™ micro BCA Protein Assay kit, 

HPLC grade methanol and 2-propanol (IPA) were purchased from Fisher Scientific, Loughborough, 

England, UK. All water and solvents used were HPLC grade.  

 

3.4 Methods 

3.4.1 Protein quantification techniques 

3.4.1.1 Micro BCA protein assay kit 

Protein quantification using Micro BCA (Pierce™ BCA Protein Assay Kit, Sigma Aldrich, Poole, UK) was 

carried out under manufacturer’s instructions. Briefly, samples were incubated up to 2 hours at 35°C, 

with 150 µL of sample required (150 µL) + 150 µL of the working reagent (25:24:1 of reagent A, B and 

C respectively). Calibration curves were kept as similar to the sample as possible, with the 

concentration of all components (such as lipid and buffer concentration) matched to the sample 

concentration and appropriate blanks were subtracted.  Absorbance was then measured at 562 nm 

using a Bio-rad 680 microplate reader. 

3.4.1.2 Reversed-phase high performance chromatography (RP-HPLC)  

To quantify the amount of model antigen ovalbumin on a Hewlitt Packard 1100 series (California, USA), 

a Jupiter 5 µ C18 column with security guard, pore size 300A from Phenomenex (Macclesfield, UK) was 

used. The selected HPLC method was: Mobile Phase A (0.1% TFA in distilled water) B (0.1% TFA in 

Methanol); with a gradient flow for a total run time of 25 minutes. Initially, A;B mix of 95:5 was used, 

increasing to 5:95 (A:B) by minute 10. This was maintained for a following 5 minutes, before a return 

to 95:5 (A:B) by minute 20. UV detection was conducted at 210 nm, with a column temperature of 

25°C and a flow rate of 1 mL/min, injection volume of 50 µL.  
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3.4.2 Liposome production  

The preparation of liposomes by microfluidics was conducted on the Nanoassemblr 

Platform (Precision Nanosystems Inc., Vancouver, Canada). Selected lipids were dissolved in methanol 

(solvent phase) at specific concentrations and injected through one of the two inlets on the 

microfluidics staggered herringbone micromixer cartridge, whilst the aqueous phase (PBS; pH 7.3 ± 0.2 

or TRIS; 10 mM pH 7.4) is injected into the second inlet. A flow rate ratio (FRR) of 3:1 was selected for 

neutral and anionic liposomal formulations, while 1:1 FRR was selected for cationic formulations as 

previously optimised. Total flow rates (TFR) between 10 -15 mL/min were selected.  

 

3.4.3. Liposome purification  

Following microfluidic production, purification of solvent from the sample is required. For “empty” 

liposomes, dialysis was conducted using Mw 14,000 Da membrane where the sample is loaded and 

sealed, before being submerged in 200 mL of equivalent buffer. The dialysis duration is 1 hour at room 

temperature under gentle agitation via magnetic stirring. Dialysis membrane (14,000 MWC) was pre-

treated in a solution of 2% sodium bicarbonate, 1 mM EDTA and 1litre of ultrapure water at 80°C for 

2 hours under magnetic stirring. The membrane was then rinsed with water to remove any trace of 

pre-treated solution and stored in 20% EtOH. For purification of ovalbumin loaded liposomes, samples 

were purified using Krosflo Research Iii tangential flow filtration system fitted with an mPES (modified 

polyethersulfone) column with a pore size of 750 kDa to support effective separation of the protein 

(OVA; 45 kDa) and the liposomes. Liposomal samples were circulated through the column and purified 

through difiltration, with fresh PBS being added at the same rate as the permeate leaving the column. 

 

3.4.4 Method validation 

Method validation for the techniques was assessed under a number of select criteria; linearity, limit 

of detection (LOD), limit of quantification (LOQ), precision and accuracy.  

3.4.4.1 Linearity 

Calibration curves were designed across a concentration range of 0.5 – 40 µg/mL using 9 different 

concentrations. The signal output (area (mV) and absorbance for HPLC and BCA respectively), was 

plotted against known concentrations to determine the equation of the straight line and regression 

coefficient (R²). 
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3.4.4.2 Limit of Detection and Limit of Quantification  

Limit of detection (LOD) and limit of quantification (LOQ) were calculated using the following 

equations (Equation 3.1 and 3.2). The standard deviation of the response (𝜎), divided by the gradient 

of the slope, multiplied by 3.3 or 10 (LOD and LOQ respectively).   

 

𝐿𝑂𝐷 = (3.3 ∗ (
𝜎

𝑆
)) 

 

𝐿𝑂𝑄 = (10 ∗ (
𝜎

𝑆
)) 

 

 

3.4.4.3 Accuracy, Repeatability and Precision 

Accuracy was calculated using the difference between theoretical and experimental values, taken at 

3 separate concentrations across the assay in triplicate using a low, medium and high concentration 

value (Equation 3.3) (Umrethia et al., 2010). The accuracy is reported as the difference between the 

mean and the accepted true value together (Guideline, 2005). 

 

                                                         𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =
(𝑇𝑟𝑢𝑒 𝑉𝑎𝑙𝑢𝑒−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒)∗100

𝑇𝑟𝑢𝑒 𝑉𝑎𝑙𝑢𝑒
   

 

The determination of Precision during method validation can be summarised into two levels: 

Repeatability and Intermediate Precision. Repeatability examines how close a set of results are that 

have been generated in a short period of time, while intermediate precision requires a larger sample 

mean as well as an external variation such as days or analysts (Guideline, 2005). 

 

Repeatability tests were conducted to examine intra-day precision for across three concentrations 

(low, medium and high) (Equation 3.4) (Guideline, 2005) . 

                                                          𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (
𝑆𝑡𝑑

𝑚𝑒𝑎𝑛
) ∗ 100% 

 

 

Equation 3.1 

Equation 3.2 

Equation 3.4 

Equation 3.3 
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While precision (Intermediate) tests were conducted for inter-day analysis. Precision was calculated 

covering three concentrations in triplicate over 3 days (RP-HPLC) or 5 days (micro BCA) using the 

following equation (Equation 3.5).  

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 (%) = (
𝑆𝑡𝑑

𝑚𝑒𝑎𝑛
) ∗ 100% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 3.5 
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3.5 Results and Discussion 

3.5.1 Quantification of ovalbumin to determine linearity 

To assess the ability of both the micro BCA and RP-HPLC to quantify protein loading, the model antigen 

ovalbumin was chosen. Initially, calibration curves were designed using ovalbumin solubilised in water 

at protein concentration ranges between 0.5 – 40 µg/mL in order to determine linearity. Calibration 

curves were initially generated by micro BCA to establish detection and quantification limits for 

ovalbumin solubilised in water, with intra-day repeatability generating three separate curves within 

the same day (Figure 3.1A). For inter-day precision, five calibration curves were developed over five 

separate days (Figure 3.1B). Intra-day repeatability and inter-day precision were calculated using the 

%RSD (Figure 3.1C and D respectively), across three concentrations, with all values falling within the 

accepted criteria range of ± 5%, as well as the R² values of all calibration curves being > 0.99.  LOD and 

LOQ values of 1.85 µg/mL and 5.61 µg/mL respectively were calculated by the average of the previous 

curves (Figure 3.1E), as well as accuracy of the assay over three concentrations (a low, medium and 

high value) as per ICH guidelines. All calculated accuracy measurements fell within the accepted range 

(95-105%) (Figure 3.1F). 

Following micro BCA analysis of ovalbumin in water, protein quantification was also measured using 

RP-HPLC using a gradient method across the same protein range (0.5 – 40 µg/mL). Linear relationships 

were observed (R² > 0.99) for both intra-day (Figure 3.2A) and inter-day (Figure 3.2B). Intra-day and 

inter-day precision presents %RSD values that again fall within the acceptable limits (within ± 5%) 

(Figure 3.2C, D). Using the average of the previous curves (Figure 3.2E), LOD and LOQ values were 

calculated at 2.41 and 7.31 µg/mL respectively, as well as accuracy values at all three concentrations 

tested again falling within the criteria range (95 – 105%) (Figure 3.2F).  
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Figure 3.1 The calibration curves for micro BCA with ovalbumin in water: Intra-day curves (A), Inter-day curves (generated 
over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were calculated across three different concentrations with 
%RSD shown. Finally, using the average curve (E), accuracy, LOD and LOQ values were determined (F). Results represent mean 
± SD, of at least n =3 of independent batches.      
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Figure 3.2 The calibration curves for RP-HPLC with ovalbumin in water: Intra-day curves (A), Inter-day curves (generated over 
5 separate days) (B). Intra-day (C) and inter-day (D) precision were calculated across three different concentrations with %RSD 
shown. Finally, using the average curve (E), accuracy, LOD and LOQ values were determined (F). Results represent mean ± SD, 
of at least n =3 of independent batches.      

 

Initial studies focused on the ability of these two techniques to quantify model antigen ovalbumin 

solubilised in water. Both techniques (micro BCA and RP-HPLC) were capable of determining 

ovalbumin concentrations to a high degree of linearity (R² > 0.99), with both of the techniques 

achieving precision and accuracy values within ICH guidelines (Figure 3.1F and 3.2F). Both LOD values 

from each of the techniques were approximately 2 µg/mL, however LOQ values for the RP-HPLC were 

found to be slightly less accurate (5.61 µg/mL for micro BCA compared to 7.31 µg/mL). These results 
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are contrary to the majority of the literature (Umrethia et al., 2010, Grotefend et al., 2012), with most 

of the studies showing much improved detection limits using RP-HPLC. However, it should be noted 

that RP-HPLC methods can be highly refined and the inherent sensitivity of the technique can lead to 

compounding variables such as column packing, the structural integrity of the column and ambient 

room temperature resulting in reduced quantification accuracy (Chang et al., 2016).  

 

3.5.2 Effect of liposome inclusion on protein quantification 

Given the ability of the two methods to produce a linear relationship between ovalbumin and output 

signal, with R² > 0.99 in all cases and high degrees of accuracy and precision (falling within ICH 

guidelines for method validation), the next step was to determine the impact of the presence of lipids 

during the protein quantification process. Previous experimentation from our laboratory has shown 

that the inclusion of lipids using the same RP-HPLC method used here did not interfere with protein 

quantification (Hussain et al., 2019); however, phospholipids have previously been shown to interfere 

with the BCA protein assay (Kessler and Fanestil, 1986). Therefore, to determine the impact of 

liposome interference, initial studies focused on neutral liposomal formulation (DSPC:Chol 10:5 w/w, 

3:1 FRR, 10 mL/min) produced using microfluidics, purified by dialysis, and mixed with the protein 

standards at a final concentration of 1 mg/mL per well. Protein was added at the same final 

concentration range as used previously (0.5 – 40 µg/mL) and the resulting blanks for micro BCA 

subtraction were produced with just liposomes (no ovalbumin present).  

Intra-day repeatability (Figure 3.3A) was generated on the same day, while inter-day was generated 

across 5 distinct days (Figure 3.3B), each indicating a highly linear relationship (R² > 0.99) for protein 

concentration in the presence of liposomes using micro BCA. The intra and inter-day repeatability and 

precision was then calculated. Intra-day repeatability values of 5% and below were obtained across 

all concentrations tested, likewise with the medium and high concentrations for inter-day precision, 

however the lowest concentration tested resulted in %RSD value of 9.67% (Figure 3.3C and D). The 

presence of liposomes in the samples did not impact upon the LOD or LOQ values following blank 

subtraction (1.07 and 3.24 µg/mL respectively) (Figure 3.3F), showing similar values to the micro BCA 

analysis of protein in water alone (Figure 3.2F). Accuracy values all fell within the accepted range 

(102.8 ± 0.61, 99.4 ± 2.07 and 100.6 ± 2.59%).  
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Figure 3.3 The calibration curves for micro BCA with ovalbumin and liposomes: Intra-day curves (A), Inter-day curves 
(generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were calculated across three different 
concentrations with %RSD shown. Finally, using the average curve (E), accuracy, LOD and LOQ values were determined (F). 
Results represent mean ± SD, of at least n =3 of independent batches.      
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As previously stated, phospholipids such PC and PS have been shown to interfere with the BCA protein 

assay  (Kessler and Fanestil, 1986). The results from a comprehensive study by Kessler et al indicated 

that while the interference was shown to be relatively linear with concentration, there was a risk 

associated with  high liposome concentrations leading to a loss of linearity (Kessler and Fanestil, 1986). 

Furthermore, the authors state that the degree of interference is variable depending on the type of 

phospholipid used. Given our results so far have indicated that ovalbumin concentrations can be 

linearly measured using micro BCA in the presence of a fixed concentration of liposomal formulation 

DSPC:Chol (10:5 w/w), it was then important to determine the effect of liposome interference on the 

assay across a range of liposome concentrations, as well as the impact that different lipid formulations 

has on the rate of liposome interference. Formulations DSPC:Chol (10:5 w/w), DSPC:Chol:PS (10:5:4 

w/w) and DSPC:Chol:DOTAP (10:5:4 w/w) were produced at a range of final concentrations (0.1 – 4 

mg/mL) using microfluidics and purified through dialysis to remove solvent and then tested for 

interference. The results show a gradual increase in absorbance as liposome concentration is 

increased, with all three formulations showing a high degree of linearity between absorbance and 

increasing liposome concentration (R² > 0.96) (Figure 3.4). Differences between the degree of 

interference can be seen across the liposomal formulations, with the cationic DOTAP liposomes 

resulting in the least, followed by both the anionic and neutral formulation 

 

Figure 3.4 The effect of increasing liposome concentration on micro BCA absorbance with no ovalbumin added. Three 
liposomal formulations were produced using microfluidics (FRR 3:1 and 1:1, TFR 10 mL/min), DSPC:Chol, DSPC:Chol:PS and 
DSPC:Chol:DOTAP and assessed for BCA absorbance interference. Results represent mean ± SD, of at least n =3 of independent 
batches.      
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large quantities of lipid. In the liposome concentration range tested here, linearity can still be 

maintained. However, at much higher liposome concentrations the assay would lose its linear 

association between absorbance and protein concentration as a result of the lipid interference. During 

protein loading, it is crucial that relevant liposome blanks are produced in order to accurately quantify 

the protein within the sample. This poses challenges when screening between different formulations, 

as individual formulation blanks will have to be produced in order to accurately quantify protein 

loading. At high lipid concentrations, when a potential loss of linearity can occur, it has been previously 

shown that the addition of 2% sodium dodecyl sulfate (SDS) can circumvent the interference increase 

by lipids (Morton and Evans, 1992).  

 

3.4.3 Effect of solubilisation agent on ovalbumin quantification 

Currently, it has been shown that it is possible to quantify ‘free’ (non-entrapped) protein in the 

presence of liposomes using both analytical techniques (micro BCA and HPLC). However, the aim of 

this chapter was to determine whether these techniques are capable of quantifying protein entrapped 

within liposomal vesicles. To achieve this, solubilisation of the liposomal bilayer is required to release 

the entrapped protein for quantification. Therefore, a previously published solubilisation technique 

(Fatouros and Antimisiaris, 2002) using 50/50 v/v IPA/buffer mixed with the liposomal sample at a 

ratio of 1:1 was initially tested. Ovalbumin was solubilised in water alongside solubilising solution 

(IPA/water 50/50 v/v), to a final protein concentration range between 0.5 – 40 µg/mL and subjected 

to both micro BCA and RP-HPLC analysis.  

In the case of micro BCA, both intra-day and inter-day data was found to remain highly reproducible, 

with high degrees of linearity observed (R2 > 0.99) in the presence of solubilisation agents (Figure 3.5A 

and B). The subsequent repeatability and precision analysis indicated that all concentrations remained 

within the ± 5% acceptance range, aside from the lowest concentration for inter-day precision (%RSD 

of 13.49) (Figure 3.5C and D). The average of the curves was then produced (Figure 3.5E), yielding LOD 

and LOQ values of 2.72 and 8.23 µg/mL respectively (Figure 3.5F). When the accuracy of the curve was 

determined, it was found that at high concentrations (35 µg/mL), the accuracy of the assay was 

diminished to 90.73 ± 8.92% (Figure 3.5F). When these results were contrasted to RP-HPLC, again high 

degrees of linearity were observed (R2 > 0.99) across both intra-day and inter-day measurements 

(Figure 3.6A and B). In the case of RP-HPLC, both repeatability and intermediate precision values fell 

within the acceptable range (Figure 3.6C and D), as well as accuracy values for the average of the 

curves at all three concentrations tested (Figure 3.6F).  
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Figure 3.5 The calibration curves for micro BCA with ovalbumin in the presence of solubilisation mixture (IPA/Buffer 50/50 
v/v): Intra-day curves (A), Inter-day curves (generated over 5 separate days) (B). Intra-day (C) and inter-day (D) precision were 
calculated across three different concentrations with %RSD shown. Finally, using the average curve (E), accuracy, LOD and 
LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of independent batches.      
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Figure 3.6 The calibration curves for RP-HPLC with ovalbumin in the presence of solubilisation mixture (IPA/Buffer 50/50 v/v): 
Intra-day curves (A), Inter-day curves (generated over 3 separate days) (B). Intra-day (C) and inter-day (D) precision were 
calculated across three different concentrations with %RSD shown. Finally, using the average curve (E), accuracy, LOD and 
LOQ values were determined (F). Results represent mean ± SD, of at least n =3 of independent batches.      
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In the presence of a previously published liposome solubilisation technique, both micro BCA and RP-

HPLC were capable of quantification of protein in a linear manner. Slight increases in LOD and LOQ 

values were found for both techniques when comparing against ovalbumin quantification in just water 

(Figure 3.1F and 3.2F). In the case of micro BCA, a loss in inter-day precision was observed for the 

lowest concentration. Interfering substances have previously been shown to affect protein 

quantification when using BCA. For example, when quantifying bovine serum albumin (BSA) in the 

presence of a cross-linking agent N-hydroxysuccinimide (NHS), it was found that errors in protein 

estimation was occurring due to the NHS interference with the Cu2+ ions in the working reagent. 

However, the inclusion of the NHS at a fixed concentration within the standard curve allowed for 

accurate protein estimation (Vashist and Dixit, 2011).  

 

3.4.4 Effect of ovalbumin quantification in the presence of liposomes and solubilisation 

mixture for micro BCA protein quantification 

Individually, both solvent and liposomes have been assessed to determine their impact on the ability 

of both RP-HPLC and micro BCA to quantify ovalbumin in a linear fashion. However, the quantification 

of protein loading within liposomal vesicles in a one-step process will require the ability of the assays 

to quantify the protein in the presence of both. As previously shown (Figure 3.4), liposomes result in 

an increase in interference in the BCA assay; yet, at the concentrations tested, this interference did 

not impact on the ability of the assay to determine protein concentration following blank control. 

Therefore, to test whether the inclusion of solubilisation agent in the presence of liposomes could 

result in a potentiation or inhibitory effect in the ability to quantify protein when present in 

combination, final protein concentrations of between 0.1 – 40 µg/mL were added alongside 

solubilisation mixture (50/50 v/v IPA/water with neutral liposomal formulation DSPC:Chol (10:5 w/w) 

at a final concentration per well of 1 mg/mL. 

Calibration curves were generated to determine intra and inter-day variability (Figure 3.7A and B), 

where all regression coefficients were found to be > 0. 98. Intra-day repeatability was determined 

using three calibration curves generated on the same day, with the lowest concentration tested falling 

outside of the acceptance criteria (7.64%) (Figure 3.7C), while inter-day precision was conducted using 

five curves over five separate days (Figure 3.7D), again resulting in a %RSD > ± 5% for the lowest 

concentration. However, all other concentrations fell within the acceptable range. An average of the 

curves was then determined (Figure 3.7E), leading to LOD and LOQ values of 2.36 and 7.14 µg/mL 

respectively. Accuracy of the assay was found to drift outside of the acceptable range at the highest 

concentration (110.13 ± 5.85%).  
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Figure 3.7 The calibration curves for micro BCA with ovalbumin in the presence of both liposomes (DSPC:Chol) and 
solubilisation mixture (IPA/Buffer 50/50 v/v): Intra-day curves (A), Inter-day curves (generated over 5 separate days) (B). 
Intra-day (C) and inter-day (D) precision were calculated across three different concentrations with %RSD shown. Finally, 
using the average curve (E), accuracy, LOD and LOQ values were determined (F). Results represent mean ± SD, of at least n 
=3 of independent batches.      
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3.4.5 Protein loading quantification within liposomal formulations: Comparative study 

between RP-HPLC and micro BCA 

Given the ability of both techniques to quantify protein in the presence of both liposomes and 

solubilisation agents, the final step was to compare the ability of both techniques to quantify loading 

of protein across a range of liposomal formulations. Three formulations were selected and protein 

was either entrapped (neutral and anionic liposomal formulations) or adsorbed onto the surface 

through electrostatic interactions (cationic liposomal formulation). Liposomal formulations were 

produced using microfluidics, with a flow rate ratio of 3:1 selected for neutral and anionic formulations 

and a flow rate ratio of 1:1 for cationic liposomal formulation and a total flow rate of 15 mL/min for 

all. Both neutral and anionic formulations were purified to remove unbound protein (while the 

unbound protein was not removed for the cationic formulation) and the samples were then subjected 

to both micro BCA and RP-HPLC to determine whether both techniques could quantify the protein 

loading efficiency. Table 3.1 shows the protein loading efficiency of each of the formulations, 

quantified by either BCA or HPLC over three replicates. Neutral formulation DSPC:Chol (10:5 w/w) 

showed an encapsulation efficiency of 36 ± 0.9%  and 36 ± 1.3% for UV-HPLC and BCA respectively. 

Similarly, anionic formulation DSPC:Chol:PS (10:5:4 w/w) showed 20 ± 0.0% and 20 ± 0.9% for RP-HPLC 

and BCA respectively. Finally, cationic liposomal formulation DSPC:Chol:DOTAP (10:5:4 w/w) resulted 

in RP-HPLC readings of 82 ± 3.1% and micro BCA readings of 106 ± 13.9%.   
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Table 3.1 Comparative protein loading for liposomal formulations DSPC:Chol (10:5 w/w), DSPC:Chol:PS (10:5:4 w/w) and 
DSPC:Chol:DOTAP (10:5:4 w/w) between two protein quantification techniques, RP-HPLC and micro BCA assay. 

 

With a wide range of analytical tools available for the use of protein quantification, understanding the 

limitations of these assays for determining protein loading within liposomal vesicles is essential 

(Lutsiak et al., 2002). Assessing the ability of two common protein quantification techniques, micro 

BCA and RP-HPLC to determine protein concentration within liposomal delivery systems has 

previously had limited robust testing. Understanding how these assays quantify protein in the 

presence of solubilisation agents and liposomes is essential if these methods are to be used for the 

quantification of protein loading in liposomal formulations in rapid manner.   

The ability of these two techniques to quantify the protein loading in a range of liposomal formulations 

was tested (Table 3.1). The neutral and anionic formulations showed high similarity in protein loading 

values between both RP-HPLC and micro BCA, indicating the accurate ability of the two techniques to 

quantify the protein loading within liposomal vesicles. In terms of protein loading values within 

liposomes, the results presented here are in line with other studies. Using a neutral liposomal 

formulation (PC:Chol:Tween-80 and Vitamin E) the incorporation of BSA using thin layer dispersion 

method was found to yield 33.6% loading efficiency (Liu et al., 2015). Similarly, Lutsiak et al showed a 

loading efficiency of 29% following Hepatitis B core peptide encapsulation within a liposomal 

formulation containing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), Cholesterol and 1,2-

Dimyristoyl-sn-glycero-3-ohpsphoglycerol (DMPG) using a modified freeze-thaw method for liposome 

production. In the case of the cationic formulation (DSPC:Chol:DOTAP) with protein electrostatically 

  
Encapsulation Efficiency (%) Protein Loaded (µg/mL)  

Liposomal formulation RP-HPLC BCA Assay RP-HPLC BCA Assay  

 

DSPC:Chol 

n=1 37 35 55 53  

n=2 35 36 53 54  

n=3 35 38 53 56  

Average ± SD 36 ± 0.9 36 ± 1.3 54 ± 1 54 ± 1.2  

DSPC:Chol:PS 

n=1 20 17 38 32  

n=2 20 19 37 35  

n=3 20 19 38 35  

Average ± SD 20 ± 0.0 18 ± 0.9 38 ± 0.5 34 ± 1.4  

DSPC:Chol:DOTAP 

n=1 86 119 129 179  

n=2 80 113 120 170  

n=3 79 87 119 130  

Average ± SD 82 ± 3.1 106 ± 13.9 123 ± 4.5 160 ± 21.3  
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adsorbed on the surface, poor correlation of protein loading between the two techniques was 

observed (Table 3.1). However, this result cannot be directly attributed to the inability of either of the 

two techniques to quantify the loaded ovalbumin. It is hypothesised that aggregation of the 

formulation with protein on the surface led to the conflicting protein loading values obtained, as 

highlighted by the large variation between replicates.  

Each of the techniques studied have both advantages and disadvantages associated with their use, 

and the choice of whether to implement either one will be based on what the aim of the quantification 

is. For example, when analysing a large number of samples (using a fixed formulation and liposome 

concentration), micro BCA analysis can be useful given the multi-well setup allowing for high 

throughput screening. In comparison, RP-HPLC offers ease of quantification, without the need for 

establishing appropriate blanks. Furthermore, RP-HPLC has widely been reported throughout the 

literature for its ability to quantify to high degrees of precision (Grotefend et al., 2012). However, 

while ovalbumin quantification was found to not be affected by liposome inclusion for RP-HPLC, 

indirect loss of quantification accuracy can occur through lipid and or protein column fouling. Within 

the biopharmaceutical industry, chromatography is commonly employed during down-stream 

processing in order to purify products, however protein interactions with column resin has been 

shown to impact upon column performance over time, therefore care should be taken when using 

this method for high throughput analysis (Pathak et al., 2017).  
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3.6 Conclusions 

Ovalbumin quantification techniques (RP-HPLC and micro BCA) were assessed for their ability to 

quantify loading within liposomal formulations. Both techniques were found to suitably detect protein 

concentrations (0.5 – 40 µg/mL) in a linear manner in the presence of liposomes and solubilisation 

agents. The choice of which method to select was found to be based upon the quantification need, 

where high-throughput screening for a single liposomal formulation would be suited to micro BCA 

analysis, while RP-HPLC analysis could be used for accurate determination of protein loading across 

different formulations. Given the suitability of the techniques to quantify protein loading within 

liposomal formulations, the following chapter can now assess the critical processing parameters 

involved when using microfluidics as a manufacturing platform for protein loaded liposomal 

formulations.  
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Chapter 4 

Microfluidics as a 

manufacturing platform for 

protein loaded liposomal 

formulations 

                  

 

The work presented in this chapter has been published in: 

FORBES, N., HUSSAIN, M. T., BRIUGLIA, M. L., EDWARDS, D. P., TER HORST, J. H., SZITA, N. & PERRIE, Y. 2019. 

Rapid and scale-independent microfluidic manufacture of liposomes entrapping protein incorporating in-line 

purification and at-line size monitoring. International journal of pharmaceutics, 556, 68-81. 
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4.1 Introduction 

The use of adjuvants and/or delivery systems in the vaccine formulation can circumvent the reduction 

of immunogenicity found when administering subunit antigens by improving antigen delivery and 

uptake to relevant antigen presenting cells through mechanisms such as depot formation (Vartak and 

Sucheck, 2016, Silva et al., 2016, Henriksen-Lacey et al., 2010b). Since their inception as antigen 

carriers (Allison and Gregoriadis, 1974), liposomes have been broadly investigated as antigen delivery 

systems by adjusting lipid composition, membrane fluidity, particle size and charge as well as the 

localization of the antigen (surface adsorbed or encapsulated within) (Perrie et al., 2016). Owing to 

their versatility, liposomes offer tremendous possibilities as vaccine adjuvants for next generation 

vaccine therapies. For example, employing a cationic liposomal formulation can result in high loading 

efficiencies by exploiting electrostatic interactions with anionic proteins and peptides, while neutral 

and anionic formulations can incorporate antigen within the aqueous core of the vesicle to reduce 

degradation (Seelig, 2004). However, a major limitation pertaining to the use of liposomes within 

vaccine formulations is the lack of efficient manufacturing techniques for large scale production and 

processing. As shown in chapter 2, microfluidics can produce empty liposomal vesicles in a rapid and 

scalable manner, therefore the next stage was to determine the suitability of the technique to 

manufacture protein loaded liposomes. Using the quantification tools established in Chapter 3, the 

encapsulation efficiency of model antigen ovalbumin within the aqueous core of both neutral and 

anionic liposomal formulations will be determined. Furthermore, despite microfluidics emerging as a 

valuable manufacturing tool for liposome production (Forbes et al., 2019, Kastner et al., 2015, Roces 

et al., 2019, Jahn et al., 2007), there is little to no literature available for its use as a tool for controlling 

surface adsorption of protein onto preformed cationic liposomes. Currently, there are a range of 

methods available for the production of cationic liposomal adjuvants incorporating protein. Prior to 

liposome formation, lipid films can be hydrated in protein solutions leading to a  mixture of entrapped 

and surface adsorbed protein (Heuts et al., 2018). Alternatively, following liposome production, the 

surface addition of protein can be typically added onto the surface of preformed liposomes by a 

number of techniques including dropwise addition or mixing liposome suspensions into protein 

mixtures  under stirring followed by brief incubation times (Chatin et al., 2015, Varypataki et al., 2017, 

Milicic et al., 2012). Due to the lack of automation associated with these techniques, formulation 

physicochemical attributes can vary between users and laboratories as a number of important 

variables cannot be tightly controlled. The rate at which the reagents are mixed during dropwise 

addition, the speed of which both liposome and protein mixtures are stirred at can impact upon the 

formulations final characteristics, therefore it is hypothesised that microfluidics could aid in the 

automation of protein adsorption onto cationic liposomes. The work in this chapter examined 
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microfluidics as a tool to produce protein loaded liposomal formulations. Both antigen adsorption 

(cationic formulations) and encapsulation (anionic and neutral formulations) were tested in terms of 

loading efficiency and how this impacts upon vesicle characteristics.  

 

4.2 Aim and objectives 

Previously, optimisation of techniques capable of quantifying protein in the presence of liposomes 

was achieved (Chapter 3), therefore the next step was to evaluate the protein loading efficacies for a 

range of liposomal formulations using microfluidics. In order to achieve this, the objectives were: 

1. Optimise and validate the purification processes for the removal of unentrapped protein.  

2. Identify the critical processing parameters for microfluidic production of neutral and anionic 

liposomes entrapping model antigen ovalbumin.  

3. Determine the suitability of microfluidics as an automated tool for the surface adsorption of 

protein onto preformed cationic liposomes.  

 

4.3 Materials 

4.3.1 Materials used for the preparation of liposomes 

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) and L-α-phosphatidylserine (Brain PS, Porcine), cationic surfactant 

dimethyldioctadecylammonium bromide (DDA) and the immunopotentiator trehalose 6,6’-

dibehenate (TDB) were all purchased from Avanti Polar Lipids Inc., Alabaster, AL, US. Cholesterol 

(cholesterol), ovalbumin (OVA), trifluoroacetic acid (TFA), 14,000 (MWCO) dialysis tubing cellulose 

and phosphate buffered saline (PBS; pH 7.4) in tablet form were purchased from Sigma Aldrich 

Company Ltd., Poole, UK. The Pierce™ BCA Protein Assay kit was purchased from Fisher Scientific, 

Loughborough, England, UK. Tris-base was obtained from IDN Biomedical Inc. (Aurora, OH, United 

States) and used to make 10 mM Tris buffer, adjusted to pH 7.4 using HCl. All solvents and chemicals 

used were of analytical grade.  
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4.4 Methods 

4.4.1 Traditional manufacture of protein loaded liposomes: Lipid-film hydration 

Lipids were dissolved at specific concentrations in a chloroform:methanol mixture (9:1 v/v) in  round 

bottom flasks. The flasks were then placed under rotatory evaporation for 6 minutes at 200 rpm, in a 

heated water bath (37°C) to remove solvent. The flasks then remained on the rotary evaporator for 

10 minutes to allow trace organic solvent to evaporate. Hydration of the lipid film was achieved by 

the addition of heated PBS 10 mM (to the appropriate transition temperature) with the inclusion of 

ovalbumin (0.25 mg/mL), followed by multiple vortexing and re-heating cycles for 15 minutes.  

4.4.1.1 Size reduction: Hand-held extrusion 

Following lipid-film hydration, MLV containing ovalbumin were then size reduced to produce SUV. 

Hand-held extrusion experiments were conducted on a Mini Extruder from Avanti Polar Lipids Inc., 

Alabaster, AL, US. Liposome formulations (1 mg/mL) were extruded through specific pore size 

membrane filters, starting from 0.5 µm, followed by 0.4 µm and ending with a final filter pore size of 

0.2 µm. Each sample is cycled through the membrane x10, while the sample is maintained at a 

temperature relevant to the transition temperature of the lipids within the formulation. 

 

4.4.2 Microfluidic manufacture of liposomes entrapping protein 

The preparation of liposomes by microfluidics was conducted on the NanoAssemblr Platform 

(Precision Nanosystems Inc., Vancouver, Canada). Selected lipids were dissolved in methanol (solvent 

phase) at specific concentrations and injected through one of the two inlets on the microfluidics 

staggered herringbone micromixer cartridge, whilst the aqueous phase (PBS; pH 7.3 ± 0.2) containing 

ovalbumin (varied concentrations) was injected into the second inlet. Flow rate ratios of 1:1, 3:1 and 

5:1 were selected and total flow rate speeds between 5 and 20 mL/min. Larger scale production of 

ovalbumin loaded liposomes was prepared using the NanoAssemblr® Blaze™ (10 mL to 1 L) using the 

same production parameters as previously optimised on the Benchtop system (3:1 FRR, 15 mL/min), 

using liposomal formulation DSPC:Chol. 

4.4.2.1 Purification of liposomes entrapping protein 

Liposome samples were purified using Krosflo Research Iii tangential flow filtration (TFF) system fitted 

with an mPES (modified polyethersulfone) column with a pore size of 750 kD. For removal of solvent 

and unentrapped protein, liposomal formulations were circulated through the column (21 mL/min) 

and purified through diafiltration, with fresh PBS being added at the same rate as the permeate leaving 
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the column. The diafiltrate volume was varied in order to determine the optimised volume needed to 

remove unentrapped protein.  

 

4.4.3 Microfluidic manufacture and complexation of cationic vesicles adsorbing protein 

4.4.3.1 Manufacture of empty vesicles 

For cationic liposomes, controlled surface antigen loading using microfluidics (complexation) was 

tested. Initially, empty cationic liposomes were manufactured in TRIS (10 mM pH 7.4), across a range 

of flow rate ratios and rates in order to determine suitable processing parameters. Two formulations 

(DSPC:Chol:DOTAP and DSPC:Chol:DDA) were prepared using methanol, while DDA:TDB was 

manufactured using IPA. The use of a heating block at 65°C was employed for formulation DDA:TDB 

in order to maintain the solubility of the lipids prior to microfluidic manufacture.  

4.4.3.2 Purification of empty formulations 

In order to remove residual solvent after liposomal manufacture by microfluidics, dialysis was 

conducted. Briefly, 1 mL of the liposomal formulations were added to dialysis tubing (MWCO 14,000), 

and subjected to magnetic stirring within 200 mL of appropriate buffer for 1 h. Dialysis membrane 

(14,000 MWCO) was pre-treated in a solution of 2% sodium bicarbonate, 1 mM EDTA and 1 L of 

ultrapure water at 80°C for 2 hours. The membrane was then rinsed with water to remove any trace 

of pre-treated solution and stored in 20% EtOH.  

4.4.3.3 Complexation of protein 

The controlled surface adsorption of protein onto preformed cationic vesicles (complexation) was 

tested by passing purified preformed cationic liposomes through the microfluidic system in one inlet, 

with TRIS (10 mM, pH 7.4) containing specific concentrations of ovalbumin added through the second 

inlet at a range of flow rate ratios (1, 3 and 5:1) and total flow rates (5-20 mL/min).  

 

4.4.4 Circular Dichroism 

The ovalbumin protein secondary structure was determined using Circular Dichroism (CD) after 

microfluidic manufacture and purification (TFF), as well as a comparison against native ovalbumin in 

PBS (0.3 mg/mL). The liposomes were made using 8 mg/mL initial lipid and 8 mg/mL initial ovalbumin 

at a 3:1 FRR and 15 mL/min TFR. The Chiroscan™- plus was used to analyse the samples with 20 µL 

placed in between two microscope slides and placed into a Suprasil® quartz absorption cuvette 
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(Hellma, Germany: path length of 1 mm). The measurement temperature was 25 °C and spectra was 

recorded between 180 to 260 nm, with each spectrum being the average of three runs.  

 

4.4.5 Dynamic light scattering (off-line) 

DLS (Malvern Zetasizer Nano-ZS from Malvern Panalytical, Worcs., UK) was used to determine the Z-

average (mean diameter) and polydispersity index (PDI) of the liposomal samples off-line. 

Measurements were maintained between attenuation 6-9 by diluting vesicles in buffer (1/10) and all 

readings were conducted in triplicate at 25°C, using an refractive index of 1.330  and 1.59 for the 

dispersant and the material respectively  

 

4.4.6 Protein quantification 

Protein quantification using Micro BCA (Pierce™ BCA Protein Assay Kit, Sigma Aldrich, Poole, UK) was 

carried out as optimised in chapter 3. Briefly, samples were incubated up to 2 hours at 35°C, with 150 

µL of sample required (150 µL) + 150 µL of the working reagent (25:24:1 of reagent A, B and C 

respectively). Calibration curves were kept as similar to the sample as possible, with the concentration 

of all components (such as lipid and solubilisation agents (50:50 v/v IPA: PBS)) matched to the sample 

concentration and appropriate blanks were subtracted. Absorbance was then measured at 562 nm 

using a Bio-rad 680 microplate reader. For larger scale samples manufactured by the NanoAssemblr 

Blaze, RP-HPLC (Shimadzu 2010-HT, Milton Keynes, UK)was used to quantify protein loading as 

previously described in Chapter 3. Briefly, a Jupiter 5 µ C18 column with security guard, pore size 300A 

from Phenomenex (Macclesfield, UK) was used. The selected HPLC method was: Mobile Phase A (0.1% 

TFA in distilled water) B (0.1% TFA in Methanol); with a gradient flow for a total run time of 25 minutes. 

Initially, A;B mix of 95:5 was used, increasing to 5:95 (A:B) by minute 10. This was maintained for a 

following 5 minutes, before a return to 95:5 (A:B) by minute 20. UV detection was conducted at 210 

nm, with a column temperature of 25°C and a flow rate of 1 mL/min, injection volume of 50 µL.  

 

4.4.7 Statistics 

Results are represented as mean ± SD with n = 3 independent batches unless stated otherwise. 

ANOVA tests were used to assess statistical significance between groups, with a Tukey’s post adhoc 

test (p value of less than 0.05).  
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4.5 Results and Discussion 

4.5.1 Tangential flow filtration as a purification tool for liposomes entrapping protein 

Prior to determining the suitability of microfluidics as a manufacturing platform for the production of 

protein loaded liposomes, it is crucial that a validated process for purification of these formulations is 

established. When determining the loading efficiency of neutral and anionic formulations following 

microfluidics, separation of unentrapped protein from the protein loaded liposomes is necessary. As 

previously shown in chapter 2, tangential flow filtration (TFF) is a technique suitable for high 

throughput solvent purification for neutral and anionic liposomes. To ensure protein removal via TFF, 

empty neutral liposomes (DSPC:Chol 10:5 w/w) were produced via microfluidics and purified to 

remove solvent. The liposomes (1 mg/mL) were then mixed in the presence of ovalbumin at specific 

protein concentrations (500, 1000 and 2000 µg/mL) and subjected to 20 wash cycles of TFF. Protein 

concentration within the permeate was then quantified by micro BCA to determine ovalbumin 

removal in the presence of liposomes. Purification of up to 2000 µg/mL (100% of initial content) of 

ovalbumin is achieved by 11 diafiltrate volumes, and given that none of the protein was entrapped 

within the vesicles, full removal of protein can therefore be achieved using this purification method 

(Figure 4.1).  

 

 

Figure 4.1 Removal of unentrapped ovalbumin using tangential flow filtration. Preformed “empty” liposomes DSPC:Chol (10:5 
w/w) prepared by microfluidics (4 mg/mL initial total lipid, 3:1 FRR and 15 mL/min TFR) were mixed with ovalbumin at final 
protein concentrations of 500, 1000 and 2000 µg/mL. Ovalbumin concentrations at each wash cycle was measured in the 
permeate using micro BCA. Results represent mean ± SD, n = 3 of independent batches.  
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4.5.2 Microfluidic manufacture of vesicles entrapping protein 

Once an appropriate purification technique was established for the removal of unentrapped protein, 

quantification of the protein loading efficiency of neutral and anionic formulations could be 

determined. Initial experiments compared the loading potential of formulations DSPC:Chol (10:5 w/w) 

and DSPC:Chol:PS (10:5:4 w/w) produced by microfluidics versus the traditional lipid film hydration 

followed by hand-held extrusion in order to down-size the vesicles. Both of the formulations 

manufactured by each technique were purified using tangential flow filtration in order to remove 

unentrapped ovalbumin and protein loading was then quantified using micro BCA (as per previously 

optimised in Chapter 3). Figure 4.2 shows the entrapment efficiency of both formulations, where 

liposomes produced by microfluidics resulted in high protein loading (29% and 20% for DSPC:Chol and 

DSPC:Chol:PS respectively; Figure 4.2A), while liposomes produced by lipid-film hydration and 

subsequent extrusion cycles through progressively smaller pore sizes  yielded poor loading (3.5 and 

1% respectively; Figure 4.2A). When comparing the vesicle size, in the case of DSPC:Chol, microfluidics 

produced smaller vesicles (65-70 nm) compared to lipid-film hydration and hand-held extrusion, with 

homogenous population distribution (<0.25 PDI). For formulation DSPC:Chol:PS, no differences could 

be observed in terms of vesicle size or PDI across both of the manufacturing methods (105 – 120 nm, 

<0.25 PDI) (Figure 4.2B).  

 

Figure 4.2 Manufacturing technique comparison for the production of protein loaded liposomal formulations entrapping 
protein. Neutral formulation DSPC:Chol (10:5 w/w) and anionic formulation DSPC:Chol:PS (10:5:4 w/w) were manufactured 
by microfluidics or lipid-film hydration followed by hend held extrusion. A final liposome and ovalbumin concentration of 1 
mg/mL and 0.18 mg/mL respectively were maintained across both techniques. A) Entrapment efficiency of the formulations, 
B) physicochemical attributes of the same formulations. Results represent mean ± SD, n = 3 of independent batches. 

 

Protein entrapped within liposomes and subsequent extrusion cycles for particle size reduction has 
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entrapping acetylcholinesterase (Colletier et al., 2002). MLV loading efficiencies of the enzyme was 

found to be initially high (approximately 25%); however, a rapid drop to approximately 5% was 

observed following the initial extrusion cycles. Interestingly, recovery of protein loading was then 

observed as the extrusion cycles were continued, yet if a new extrusion membrane was used, the 

authors found no loading recovery. Membrane extrusion for liposome size reduction is thought to 

function through the process of large vesicles (above the membrane pore size) rupturing as pressure 

is applied, and re-forming as smaller vesicles as they pass through the membrane (Frisken et al., 2000a, 

Patty and Frisken, 2003). Therefore, MLV entrapping protein are likely disrupted during the extrusion 

process, leaking previously entrapped protein. It is likely that this free protein then interacts with the 

membrane and is retained, therefore if new membranes are applied for further size reduction (as they 

were in Fig 4.2), recovery of protein loading will be inhibited, resulting in poor loading efficiencies 

(Colletier et al., 2002). In comparison, microfluidics as a manufacturing platform followed by down-

stream purification by TFF for the production of protein loaded liposomes yields high protein 

entrapment in a rapid and scalable manner.  

However, the ability of microfluidics to rapidly produce liposomes from lipids in organic solvents upon 

interaction with aqueous phase poses some issues in regards to solvent and protein interactions. 

Protein structural integrity, in particular relation to vaccine antigens, can determine how effective an 

immune response is, therefore ensuring ovalbumin secondary structure is retained throughout the 

production process is of high importance (Deressa et al., 2014). The native structure of protein tends 

to favour thermodynamically stable conformations under physiological conditions. The presence of 

organic solvents changes the polarity of the environment that the protein is exposed to, which can 

interfere with the hydrophobic interactions present within the protein, thus affecting structural 

folding (Taboada et al., 2007). Thus, circular dichroism was used to analyse and compare ovalbumin 

secondary structure following microfluidic manufacture (and subsequent TFF purification) against the 

native form of the protein in PBS pH 7.4 (Figure 4.3). Both spectra are similar to those reported within 

the literature, comprising of a mixture of α-helix and β-sheet with the characteristic  minima  peaks 

around 222 nm being slightly larger than the peak around 210 nm (Hu and Du, 2000). Therefore, it 

was concluded that the manufacture in the presence of 25% methanol, and subsequent TFF 

purification to return the sample to buffer conditions, did not impact upon the secondary structure of 

the final protein loaded liposome product.  

 



                                                                      

118 
 

 

Figure 4.3 The structural integrity of ovalbumin loaded into the liposomes measured by circular dichroism. DSPC:Chol 
(10:5 w/w) liposomes were prepared with ovalbumin (8 mg/mL initial total lipid and OVA, 3:1 FRR, 15 mL/min TFR) and 
purified via TFF. Spectra was measured across 180 – 260 nm. 

 

Following on from initial studies, the protein loading efficiency of the liposomal formulations was 

further studied with regards to the effect of increasing ovalbumin concentrations. Neutral formulation 

DSPC:Chol (10:5 w/w) and anionic formulation DSPC:Chol:PS (10:5:4 w/w) were selected at a fixed 

initial lipid concentration of 4 mg/mL. Figure 4.4A shows the entrapment efficiency of ovalbumin 

across a concentration range (0.1 – 20 mg/mL) as well as the amount of ovalbumin loaded for neutral 

DSPC:Chol (10:5 w/w). The data shows that up to approximately 2 mg/mL of initial ovalbumin, 

entrapment efficiencies remain above 25% (Figure 4.4A), while liposome size showed a slight increase 

from 55 – 85 nm, with PDI values < 0.3 for all concentrations (Figure 4.4B). The zeta potential for all of 

the ovalbumin concentrations remained near neutral (-5 mV to -10 mV) (Figure 4.4C). Further 

increases in initial ovalbumin concentration up to 20 mg/mL resulted in a significant drop in 

entrapment efficiency to 12% (Figure 4.4A) and a significant increase in particle physicochemical 

attributes (particle size > 700 nm, with poor polydispersity, data not shown).  
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Figure 4.4 The effect of protein concentration in aqueous phase on entrapment efficiency and liposomal physicochemical 
characteristics for a neutral liposomal formulation (DSPC:Chol 10:5 w/w) using initial total lipid concentration of 4 mg/mL, 
3:1 flow rate ratio and 15 mL/min TFR. (A) Entrapment efficiency (black circles) and protein loading (open circles) across initial 
ovalbumin concentrations for neutral liposomal formulation. (B) Average particle size and PDI, and C) Zeta Potential for the 
same formulation. Results represent mean ± SD, n = 3 of independent batches. 

 

Anionic liposomal formulation DSPC:Chol:PS (10:5:4 w/w) was then tested under the same process 

conditions (4 mg/mL initial total lipid, 3:1 FRR, 15 mL/min TFR) with incremental increases of initial 

ovalbumin concentration. Across an initial protein concentration range between 0.1 to 2 mg/mL, 

entrapment efficiencies generally showed a gradual decrease between 22% and 18%, with an increase 

in the total ovalbumin loaded (Figure 4.5A). Particle size of the loaded liposomes was found to be 

between 100 nm and 116 nm, while maintaining homogenous populations at all protein 

concentrations (<0.25 PDI) (Figure 4.5B). The zeta potential of the formulation remained unaffected 

by the protein incorporation, ranging between -26 mV to -33 mV (Figure 4.5C).  
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Figure 4.5 The effect of protein concentration in aqueous phase on entrapment efficiency and liposomal physicochemical 
characteristics for the anionic liposomal formulation (DSPC:Chol:PS 10:5:4 w/w) using an initial total lipid concentration of 
4 mg/mL, 3:1 flow rate ratio and 15 mL/min TFR. A) Entrapment efficiency (black circles) and protein loading (open circles) 
across initial ovalbumin concentrations for anionic liposomal formulation. B) Average particle size and PDI, and C) Zeta 
Potential for the same formulation. Results represent mean ± SD, n = 3 of independent batches. 

 

While both neutral and anionic liposomal formulations showed good entrapment across protein 

concentrations up to 2 mg/mL, differences could be observed between the two formulations. The 

decrease in entrapment efficiency seen with the anionic formulation (around 20%) compared to 

neutral DSPC:Chol (approximately 28%) is not uncommon. The incorporation of acetylcholinesterase 

within a range of liposomal formulations was assessed in a comprehensive study by Colletier et al 

identifying key elements that impact upon encapsulation efficiency. Neutral surface charge based 

vesicles (POPC) were found to achieve encapsulation efficiencies greater than 35%, however when 

negatively charged POPS was used, encapsulation efficiency dropped below 20%. This is likely a result 

of the electrostatic repulsion that occurs between the polar head group of the phospholipids and the 
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overall anionic peripheral charge of the ovalbumin (which has an isoelectric point of approximately  

pH 4.50), leading to a decrease in encapsulation (Colletier et al., 2002, Niu et al., 2014).  

 

4.5.3 Identification of critical microfluidic process parameters 

4.5.3.1 The effect of FRR on protein entrapment efficiency for neutral and anionic vesicles 

The microfluidic manufacture of liposomes allows for flexibility in relation to the choice of microfluidic 

operating parameters used during production. Given the effect these parameters such as flow rate 

ratio (FRR) and total flow rate (TFR) have on vesicle characteristics (shown in Chapter 2), 

understanding the effect these process parameters have on protein loading was studied next. Initially, 

the effect of FRR was studied for both DSPC:Chol and DSPC:Chol:PS formulations across 1:1, 3:1 and 

5:1. In order to isolate the impact that this process parameter has on ovalbumin entrapment 

efficiency, initial lipid and protein concentrations were adjusted so that the final liposome and protein 

concentrations were fixed across all FRR (1 mg/mL and 0.525 mg/mL for lipid and protein respectively). 

Despite this, FRR was found to impact upon entrapment efficiency for formulation DSPC:Chol, where 

3:1 resulted in approximately 25% and 5:1 14% (Figure 4.6A). When a FRR of 1:1 was applied, large 

levels of aggregation were observed, likely a result of interactions between 50% solvent and protein 

within the formulation, leading to poor purification (data not shown). Despite the decrease in 

encapsulation efficiency, vesicle size remained the same for both FRRs (60 – 70 nm); however, larger 

variance was observed when using the 5:1 (Figure 4.6B).  

 

 

Figure 4.6 The effect of microfluidic process parameter flow rate ratio on entrapment efficiency and liposomal 
physicochemical characteristics for the liposomal formulation (DSPC:Chol 10:5 w/w) (A and B respectively). Total final lipid 
concentration was fixed at 1 mg/mL, with a final ovalbumin concentration of 0.525 mg/mL and a total flow rate of 15 
mL/min. Results represent mean ± SD, n = 3 of independent batches. 
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Similar results were found when employing the anionic liposomal formulation DSPC:Chol:PS, where 

an increase in flow rate ratio from 3:1 to 5:1 resulted in a decrease in encapsulation efficiency of 

ovalbumin (approximately 20% to 9%) (Figure 4.7A). This decrease in encapsulation efficiency also 

correlated with a slight, but statistically significant (p<0.05) decrease in vesicle size from 111 nm to 

102 nm (Figure 4.7B).  

Figure 4.7 The effect of microfluidic process parameter flow rate ratio on entrapment efficiency and liposomal 
physicochemical characteristics for the liposomal formulation (DSPC:Chol:PS 10:5:4 w/w) (A and B respectively). Total final 
lipid concentration was fixed at 1 mg/mL, with a final ovalbumin concentration of 0.525 mg/mL and a total flow rate of 15 
mL/min. Results represent mean ± SD, n = 3 of independent batches. 

 

When determining the effect of the manufacturing parameter flow rate ratio on vesicle 

characteristics, it is important that other factors which could influence vesicle attributes are controlled 

for. As previously shown in chapter 2, lipid concentration influences the final vesicle size, therefore in 

order to account for this, the final lipid and ovalbumin concentrations for all flow rate ratios were 

matched. Despite this, differences were observed with the higher flow rate ratio (5:1) resulting in a 

significant reduction in encapsulation efficiency. The effect that the flow rate ratio has on 

encapsulation efficiency of liposomes during microfluidics is well documented (Leung et al., 2018, 

Cheng et al., 2010, Forbes et al., 2019, Roces et al., 2020, Webb et al., 2020). This may be a result of 

the shift in the interface between aqueous and organic streams, where at equal flow rate ratios (1:1), 

the mixing interface occurs at the centre of the channel. When the flow rate ratios are then increased 

(3:1, 5:1), the liquid interface shifts, impacting upon the fluid stream (Oellers et al., 2017, Carugo et 

al., 2016). This shift in how the fluid streams merge within the channel could therefore have 

consequences on how the lipid and protein phases interact, resulting in a change in encapsulation 

efficiency.  
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4.5.3.2 The effect of TFR on protein entrapment efficiency for neutral and anionic vesicles 

The next microfluidic parameter to assess was total flow rate. Both formulations (DSPC:Chol and 

DSPC:Chol:PS) were assessed for their ability to entrap ovalbumin across manufacturing flow rate 

speeds between 5-20 mL/min, while a fixed FRR of 3:1 was selected. At manufacturing speeds above 

10 mL/min, encapsulation efficiencies approximately 20 -28% were found for both formulations, 

however at the lowest production total flow rate (5 mL/min), a reduction in entrapment efficiency 

was found (11-13%) (Figure 4.8A and C). Despite this, no significant changes in physicochemical 

attributes could be found across all flow rates for both formulations (Figure 4.8B and D), in accordance 

with the trends observed in chapter 2 (Figure 2.7).  

 

 

Figure 4.8 The effect of microfluidic process parameter total flow rate on entrapment efficiency and liposomal 
physicochemical characteristics for the liposomal formulation DSPC:Chol 10:5 w/w (A and B) and DSPC:Chol:PS 10:5:4 w/w (C 
and D). Total final lipid concentration was fixed at 1 mg/mL, with a final ovalbumin concentration of 0.525 mg/mL (initial 
concentrations of 4 mg/mL and 0.7 mg/mL respectively) and a flow rate ratio of 3:1. Results represent mean ± SD, n = 3 of 
independent batches. 

 

When production speeds of 10 mL/min and greater were applied, good encapsulation efficiencies 
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comparing microfluidic cartridge architectures (including a staggered herringbone micromixer, like the 

one used in these experiments), where encapsulation efficiencies of ovalbumin were found to be 

approximately 30% for 12, 15 and 20 mL/min with no significant differences observed (Webb et al., 

2020). Furthermore, when optimising various PLGA nanoparticle formulations, total flow rate during 

microfluidic manufacture was shown to have no impact on antigen encapsulation efficiency for PLGA 

75:25 and PLGA 85:15 (Roces et al., 2020). While flow rates above 10 mL/min have been found to 

result in little to no effect, slow production speeds (<10 mL/min) have previously been shown to exert 

a negative impact upon encapsulation efficiency. Roces et al found poor loading for PLGA 50:50 at 5 

mL/min TFR (approximately 12%) (Roces et al., 2020). Additionally, total flow rate has been implicated 

to impact upon encapsulation when using phospholipid based nanoparticles, where higher mixing 

rates have been associated with improved loading using microfluidics (Correia et al., 2017). During 

large scale and GMP production of protein loaded nanoparticles, high throughput speeds are often 

employed (> 60 mL/min), therefore a loss of encapsulation efficiency as a result of low speeds (5 

mL/min) will likely  not be an issue (Webb et al., 2020, Forbes et al., 2019).  

 

4.5.4 Tangential flow filtration as a tool for the concentration of protein loaded vesicles 

Tangential flow filtration has been previously applied in a range of industries for the concentration of 

extracellular vesicles in an efficient and scalable manner with limited damage to the physicochemical 

characteristics of the product (Busatto et al., 2018, Casey et al., 2011, Cooper et al., 2011). Given the 

entrapment efficiencies shown here using microfluidics (typically between 20-30%), the ability to 

entrap high concentrations of protein in an efficient manner may be limited if there is a need for high 

dose therapeutics or vaccines. Therefore, to determine whether tangential flow filtration can be 

applied to concentrate protein loaded liposomes, anionic formulation DSPC:Chol:PS (10:5:4 w/w) was 

selected and manufactured by microfluidics, as a result of the lower protein loading found when using 

this anionic formulation. The sample was loaded with ovalbumin and subsequently purified as 

described previously. Following purification, a sample was removed for analysis of physicochemical 

characteristics, as well as protein quantification. Table 4.1 shows that as the sample is concentrated 

from 2 mL down to 1 mL, physicochemical attributes of the particles remain unchanged, while the 

protein concentration can be doubled.  
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Table 4.1 The effect of product concentration using Tangential flow filtration. Liposomal sample DSPC:Chol:PS (10:5:4 w/w) 
initial total lipid of 4 mg/mL, FRR 3:1 and TFR 10 mL/min was loaded with initial ovalbumin concentration of 15 mg/mL. The 
product was purified and then concentrated from 2 mL to 1 mL and assessed for protein concentration and vesicle 
physicochemical attributes.  

Volume 

(mL) 

Ovalbumin 

Concentration 

(mg/mL) 

Z-Average 

(d.nm) 
Polydispersity Index 

2 0.51 182.7 ± 8 0.37 ± 0.01 

1 0.94 188.5 ± 12 0.39 ± 0.02 

 

 

4.5.5 Scale independent manufacture of protein loaded liposomes 

Currently, various processing parameters influencing protein loading within neutral and anionic 

liposomal formulations have been established, including flow rate ratio, total flow rate and initial 

protein concentration. The next step was to determine whether the manufacturing and purification 

process could be scaled up in order to meet large scale production demands. Two batches of 

DSPC:Chol (10:5 w/w) loaded with ovalbumin were manufactured, one on bench-scale 

(NanoAssemblr, 1-15 mL production volume range) and the other larger scale (Blaze, 10 mL – 1 L 

production volume range). The formulations were then purified using TFF to remove unentrapped 

protein and solvent and protein quantification was measured using RP-HPLC. Figure 4.9A indicates the 

reproducibility of the results across both of the manufacturing scales in terms of particle size (53 and 

48 nm) and protein loading achieved (34 and 38%). When comparing intensity plots derived from 

dynamic light scattering for both formulations, highly comparable plots could be observed (Figure 

4.9B). These results indicate the potential microfluidics has as both a large scale manufacturing and 

bench-scale developmental platform for protein loaded liposomal formulations entrapping protein, 

alongside down-stream processing techniques such as TFF.  
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Figure 4.9 Scale-independent production study. Liposomal formulation DSPC:Chol (10:5 w/w) was manufactured at a 3:1 FRR, 
15 mL/min TFR at a concentration of 4 mg/mL (initial 0.25 mg/mL ovalbumin) using both NanoAssemblr (2 mL) and Blaze (20 
mL). (A) Particle size, PDI and loading efficiency for both batches, (B) overlay of the intensity plots derived from dynamic light 
scattering.  

 

4.5.6 Microfluidic complexation using cationic vesicles 

Up until now, the protein loading optimisation using microfluidics has been conducted using neutral 

and anionic formulations where the protein has been entrapped within the aqueous core of the 

vesicles. However, the inclusion of cationic lipids to vaccine adjuvant formulations is common practice 

to enhance immune responses towards specific antigens (Schwendener, 2014). When employing 

cationic liposomes as vaccine adjuvants, protein can be surface adsorbed to the cationic liposomes 

taking advantage of the electrostatic disparity between the vesicles surface and anionic moieties 

within the protein. Furthermore, increases in immunogenicity when compared to anionic and neutral 

vesicles have been observed, potentially a result of non-specific cellular toxicity as well as increases in 

depot formation at the site of injections, enhancing APC interaction (Agger et al., 2008, Shi and Rock, 

2002, Henriksen-Lacey et al., 2010c). Therefore, in order to screen a range of formulations for both in 

vitro and in vivo efficacy, cationic formulations with surface adsorbed antigen were developed. 

4.5.6.1 Optimisation of empty vesicles: Microfluidic parameters 

Prior to protein adsorption optimisation, initial experiments focused on the microfluidic parameters 

for the manufacture of the empty vesicles. In order to determine the critical process parameters 

during microfluidic manufacture for positively charged vesicles, three cationic liposomal formulations 

were selected and screened for the effect of flow rate ratio (FRR) on particle size, PDI and surface 

charge while total flow rate was fixed at 15 mL/min, as a result of previous optimisation work done 

using this microfluidic system in our laboratory. Cationic formulations DSPC:Chol:DOTAP, 

DSPC:Chol:DDA were selected, using a weight to weight ratio of 10:5:4 as previously optimised 
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(chapter 2), while DDA:TDB was selected at 5:1 w/w (Christensen, 2017). Results in Figure 4.10 show 

that as the flow rate ratio between aqueous and solvent phases increases from 1:1 – 5:1 there is a 

gradual trend of increasing vesicle size for DSPC:Chol:DOTAP liposomes (72 ± 7 nm to 90 ± 10 nm). 

However, this increase in particle size resulted in a decrease in particle homogeneity with both 3 and 

5:1 FRRs resulting in PDIs of approximately 0.6, while the 1:1 FRR resulted in a PDI value of 0.14 ± 0.06 

(Figure 4.10). All three FRRs resulted in vesicles that were highly cationic (55 – 65 mV; Figure 4.10). To 

determine whether this trend could be found by substituting cationic lipid DOTAP with a cationic, 

micelle forming surfactant – DDA was selected due to its potential TH-1 stimulating effects. Unlike 

DOTAP, a 1:1 FRR resulted in vesicle sizes of 46 ± 1.6 nm while increasing the FRR to 3 and 5:1 led to 

no significant changes in particle sizes (46.5 ± 2.6 nm and 47 ± 3.4 nm respectively). Polydispersity 

index showed a slight increase as the FRR increases from 1 to 5:1 (0.22 ± 0.03, 0.27 ± 0.04 and 0.26 ± 

0.03 respectively; Figure 4.10). All of the vesicles exhibited highly cationic surface charges (30 – 50 

mV). Finally, cationic adjuvant liposomal formulation DDA:TDB was produced by microfluidics to 

determine the impact of flow rate ratio on vesicle size and homogeneity. The effect of flow rate ratio 

on formulation DDA:TDB was much more apparent in comparison to the two previous cationic 

formulations tested. Flow rate ratio 1:1 resulted in micrometer scale vesicles > 2500 nm (data not 

shown) with high levels of heterogeneity (PDI 0.98). Following manufacture at 3:1 FRR, vesicle size 

decreased significantly to 142 ± 9.2 nm with a PDI of 0.3 ± 0.08 (p < 0.05). This trend of decreasing 

vesicle size was also found for FRR 5:1 (130 ± 51 nm); however, the homogeneity of the formulation 

was lost, with a PDI of 0.6 ± 0.3. Zeta potentials were found to be between 40 – 50 mV across all three 

flow rate ratios (Figure 4.10) 

 

Figure 4.10 The effect of flow rate ratio on empty cationic liposomal formulations produced by microfluidics. Particles were 
prepared at at 3.6 mg/mL (DDA:TDB 5:1 w/w, IPA) and 4 mg/mL (DSPC:Chol:DOTAP/DDA 10:5:4 w/w, methanol) initial total 
lipid, with TRIS buffer 10 mM, pH 7,4 as aqueous phase. A total flow rate of 15 mL/min was selected, while flow rate ratios 
were increased through 1,3 and 5:1. For solvent purification, dialysis was conducted using TRIS buffer Average particle size 
(columns), polydispersity Index (PDI) (circles) and Zeta Potential (mV) (values) are shown. Results represent mean ± SD from 
three independent batches. 
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Previous work from our laboratory has shown the influence that flow rate ratio on the staggered 

herringbone micromixer has on particle size and homogeneity for both neutral and anionic 

formulations (Forbes et al., 2019, Webb et al., 2020, Roces et al., 2020). When manufacturing cationic 

vesicles, Lou et al selected the 1:1 flow ratio when formulating both DOPE:DDA and DOPE:DOTAP 

liposomes due to favourable PDI values (<0.25), while Kastner et al also showed agreeable PDI values 

when using the 1:1 FRR for DOPE:DOTAP (<0.25) when compared to 3 and 5:1 (Lou et al., 2019, Kastner 

et al., 2014). The unsuitability of DDA:TDB with a low FRR of 1:1 has previously been shown by Roces 

et al, where the resulting particles were micrometre in scale, alongside very high heterogeneity with 

PDI values greater than 0.7 (Roces et al., 2019). Similarly, a FRR of 3:1 was selected as the most optimal 

processing parameter, due to the low size and importantly, low PDI values (<0.3). The authors 

attributed this high variance in particle physicochemical attributes to the effect of the flow streams in 

the staggered herringbone micromixer chip. A FRR of 1:1 results in an equal stream size of aqueous to 

solvent, while increasing the FRR reduces the size of the aqueous stream, resulting in smaller particles 

forming. The results from these studies indicate that the influence flow rate ratio has on formulation 

characteristics may be formulation specific, and general rules and trends for formulations cannot be 

assumed.  

4.5.6.2 Microfluidic complexation: Identifying critical process parameters 

We have hypothesized that by automating the surface adsorption of ovalbumin onto cationic vesicles, 

the resulting particle physicochemical attributes can be tightly controlled through the use of  

microfluidic processing parameters. In order to determine whether microfluidics can be used to 

control the surface adsorption of model antigen ovalbumin onto preformed cationic liposomes, 

DSPC:Chol:DOTAP and DSPC:Chol:DDA were selected for further investigation. The formulations were 

manufactured, purified to remove solvent and re-injected into the microfluidics system inlet, with 

ovalbumin in buffer (TRIS 10 mM) going through the second inlet. In order to reduce any confounding 

variables and to keep the ratio of liposome to protein constant, both the liposome concentration and 

ovalbumin concentration were adjusted to maintain a final ratio of 1:0.1 mg/mL (10:1 liposome: 

protein).  

Initial studies focused on the effect of total flow rate on vesicle physicochemical attributes following 

complexation. The cationic liposomal formulation, DSPC:Chol:DDA (initial total lipid concentration of 

4 mg/mL) was initially manufactured using a flow rate ratio of 1:1 to produce the empty vesicles. 

Following dialysis for solvent purification, controlled complexation was conducted by passing the 

particles back through the microfluidics system at a flow rate ratio of 1:1, with a final ovalbumin 

concentration of 0.1 mg/mL (10:1 liposome to protein ratio). To evaluate the effect of processing 
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speeds on complexation characteristics, total flow rates between 5 and 20 mL/min were chosen. 

Figure 4.11 shows the particle size and PDI values for the four total flow rates tested. The slowest 

speed of 5 mL/min resulted in vesicle sizes of 204 ± 5.0 nm with a homogenous polydispersity index 

of 0.18. These results were highly comparable to the 10 mL/min speed, where the resulting particles 

were found to be 209 ± 9.3 nm with PDI values of 0.19. However, as the speed was increased to 15 

and 20 mL/min, particle size variations could be observed. A total flow rate of 15 mL/min resulted in 

larger vesicles at 233 ± 8.8 nm, while 20 mL/min exhibited vesicles at 218 ± 7.4 nm. The polydispersity 

index of these two faster flow rates also showed higher values when compared to 5 and 10 mL/min, 

with values of 0.22 and 0.21 being found for 15 and 20 mL/min rates respectively. The surface charge 

of the four total flow rates remained unaffected, with all surface charges being found between 35 – 

37 mV. 

 

Figure 4.11 The effect of total flow rate on cationic liposomal formulations during complexation. Empty DSPC:Chol:DDA 10:5:4 
w/w was prepared in TRIS buffer 10 mM, pH 7.4 at a flow rate ratio of 1:1 and  purified by dialysis. The purified particles were 
then passed back through the NanoAssemblr in one inlet, with ovalbumin in TRIS passed through the second inlet using a 
fixed flow rate ratio of 1:1. Total flow rates of 5,10,15 and 20 mL/min were assessed and a final liposome: ovalbumin ratio of 
10:1 w/w was chosen. Average particle size (columns) and polydispersity Index (PDI) (circles) are shown with zeta potential 
in text above. Results represent mean ± SD from three independent batches. 

 

As shown previously, FRR has a significant impact upon vesicle formation by varying the size of the 

fluid streams, therefore 1, 3 and 5:1 FRRs were tested to assess the impact this could have on the 

ovalbumin surface adsorption onto the cationic vesicles, while the total flow rate was fixed at 15 

mL/min. The results from Figure 4.12 show both DSPC:Chol:DOTAP and DSPC:Chol:DDA (final lipid 

concentration of 1 mg/mL) with 0.1 mg/mL ovalbumin surface adsorbed, across the three FRRs.  A FRR 

of 1:1 results in larger vesicles of 224 ± 23 nm, while 3 and 5:1 resulted in smaller vesicles of 140 ± 2.3 
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nm and 151 ± 5.1 nm respectively for DSPC:Chol:DOTAP, with all flow rate ratios being significantly 

different (p<0.05). Interestingly, the difference in the size of the vesicles did not correspond to a 

difference in homogeneity of the vesicle populations, with all three of the formulations resulting in 

PDI values less than 0.19 (Figure 4.12). Zeta potentials of the three FRRs were found to remain cationic, 

between 31 and 37 mV (Figure 4.12). Unlike the DOTAP formulation, there is a trend of low FRRs 

resulting in the smallest vesicle sizes following antigen adsorption for DSPC:Chol:DDA. FRR is shown 

to have a significant impact on vesicle size, with 1:1 resulting in vesicles around 233 ± 8.8 nm, while 3 

and 5:1 increased the vesicle sizes to 272 ± 18.8 nm and 335 ± 34.8 nm respectively (p<0.05). This 

trend was also observed slightly with the PDI values for the vesicles, with 1:1 resulting in the greatest 

homogeneity and 3 and 5:1 increasing the PDI value gradually (0.22, 0.23 and 0.29 respectively; Figure 

4.12). The surface charge of the DSPC:Chol:DDA particles following ovalbumin adsorption was 

unaffected by the FRR chosen, with 1,3 and 5:1 FRRs resulting in cationic surface charges of 34 ± 1, 31 

± 1 and 29 ± 1 mV respectively (Figure 4.12).  

 

Figure 4.12 The effect of flow rate ratio on cationic liposomal formulations during complexation. Empty 
DSPC:Chol:DOTAP/DDA 10:5:4 w/w were prepared in TRIS buffer 10 mM, pH 7.4 at a flow rate ratio of 1:1 and  purified by 
dialysis. The purified particles were then passed back through the NanoAssemblr in one inlet, with ovalbumin in TRIS passed 
through the second inlet at three flow rate ratios (1, 3 and 5:1) using a fixed total flow rate of 15 mL/min. Both final lipid and 
ovalbumin concentrations were fixed at 1 mg/mL and 0.1 mg/mL respectively. Average particle size (columns) and 
polydispersity Index (PDI) (circles) are shown with zeta potential in text above. Results represent mean ± SD from three 
independent batches. 

 

 

Despite all of the final liposome and ovalbumin concentrations being fixed, the flow rate ratios have 

a significant impact on the final size of the ovalbumin adsorbed vesicles. When cationic vesicles are 
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exposed to net negatively charged protein such as ovalbumin, the electrostatic binding can be 

described as a uniform coverage of the liposomal vesicles by the protein which is related to the overall 

surface charge of the liposomes, vesicle size and protein concentration (Letizia et al., 2007). Currently, 

complexation experiments have been conducted using a liposome to protein ratio of 10:1 (1 mg/mL 

final liposome concentration with 0.1 mg/mL ovalbumin). To determine whether this ratio is a key 

parameter for final particle physicochemical characteristics, cationic formulation DSPC:Chol:DDA 

(10:5:4 w/w) was again selected and liposome to protein ratio was incrementally adjusted from 10:1 

w/w to 1:3 w/w.  As the concentration of ovalbumin was increased from 10:1 to 3:1 ratio a trend of 

increasing vesicle size can be observed (Figure 4.13A). Across low concentrations of ovalbumin (10:1 

– 7:1) vesicle sizes remained within the nanoscale and PDI remained <0.25, however when ovalbumin 

concentrations increased to both 5 and 3:1 w/w ratios vesicle size dramatically increased (1248 ± 94 

nm and 4551 ± 767 nm respectively), with heterogeneous PDI values (>0.3). However, when 

ovalbumin was increased to a 1:1 ratio with the liposomes, vesicle size greatly decreased again to 232 

± 12 nm with a PDI value of 0.14. This trend was then further observed as ovalbumin was increased to 

an excess ratio of 1:3, where vesicle size was measured at 168 ± 3 nm and a PDI value of 0.11 (Figure 

4.13A). The surface charge of the vesicles surface coated with ovalbumin following complexation is 

shown in Figure 4.13B. As the ovalbumin concentration is increased, a steady decrease in surface 

charge can be observed from 53 mV (10:0) down to -19 mV (1:1), however a surface charge plateau 

can be seen after 1:1, where the addition of higher concentrations of ovalbumin did not affect the 

overall surface charge of the particles (Figure 4.13B).  

 

 

 

 



                                                                      

132 
 

 

 

Figure 4.13 The effect of liposome to protein ratio following complexation. DSPC:Chol:DDA (10:5:4 w/w) was produced at an 
initial total lipid concentration of 4 mg/mL in methanol, with TRIS 10 mM pH 7.4 as aqueous phase. Following purification, 
complexation was conducted by passing the liposomes back through the NanoAssemblr alongside ovalbumin in TRIS at a flow 
rate ratio of 1:1. Final lbumin concentrations were scaled from 10:1 to 1:3. (A) Average particle size (columns) and 
polydispersity Index (PDI) (circles) are shown (B) Average Zeta Potential (mV). Results represent mean ± SD from three 
independent batches. 

The adsorption of the negatively charged protein (ovalbumin) onto the cationic vesicles surface has 

previously been shown within our laboratory to result in an increase in vesicle size as well as a 

reduction in the overall surface charge of the complexes (Chatzikleanthous et al., 2020). These results 

demonstrate that liposome to protein ratio is a critical process parameter, which will be essential for 

designing nanoscale systems with homogenous populations. Previous work conducted by Sarker et al 

have shown similar results when investigating the effect of synthetic cationic lipids and albumin ratios 

during complexation at pH 7.4. The team showed an increase in vesicle size as lipid concentration was 

decreased. At a ratio of 60:15 w/w lipid: albumin vesicle size was found to be 883 nm with a surface 

charge of 35 ± 3 mV, and as the lipid component was increased to 300:15 w/w lipid: albumin, vesicle 
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size decreased to 357 nm with a surface charge of 47 ± 2 mV. While the manufacturing method for 

this complexation was manual mixing, as opposed to microfluidics, it is evident that as protein 

increases in comparison to the cationic liposome component, vesicle size increases. However, the 

authors did not continue this investigation to protein excess (as was done here) and no polydispersity 

index values were mentioned. The authors did however attribute the decrease in surface charge to 

the gradual neutralization of the cationic vesicles surface, while size increases were a result of an 

increase in aggregation points for the albumin liposome complexes, resulting in larger vesicle 

aggregates (Sarker et al., 2014). Similar findings are also observed when producing lipoplexes (cationic 

liposome and DNA complexes). The ratio of lipid and DNA charge has been shown to be  critical during 

the mixing process, where charge ratios between 1:1 and 2:1 (lipid to DNA charge) result in the largest 

vesicles, while less balanced ratios (e.g. 4:1 or 1:2) yielded smaller lipoplex diameters (Xu et al., 1999). 

Based on these results, this controlled microfluidic mixing protocol was adapted and used for the 

production of liposomal formulations used in vitro (Chapter 5) and in vivo (Chapter 6). 
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4.6 Conclusions 

The results demonstrate the applicability of microfluidics as a manufacturing platform for the 

production of both neutral and anionic liposomal formulations incorporating model antigen 

ovalbumin. Critical process parameters for efficient loading are established, including both FRR and 

TFR, where the optimal conditions were found to be 3:1 and speeds of 10 mL/min and aove. The use 

of tangential flow filtration as a purification and concentration system for formulations incorporating 

protein was demonstrated, as well as a proof-of-concept scale-out study where larger volumes of 

DSPC:Chol liposomes entrapping protein are mapped to the bench scale production. Finally, the use 

of microfluidics as an automated tool for controlling the surface adsorption of ovalbumin onto 

preformed cationic vesicles is shown and key processing parameters are identified to be FRR, as well 

as the ratio between the liposome and protein components. To see how these protein loaded 

formulations function as immune adjuvants, selected formulations will next be tested in vitro on a 

macrophage like cell line, where cellular association, antigen processing and effect on cell surface 

marker expression will be examined.  
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Chapter 5 

In vitro vaccine study: cellular 

association, antigen 

processing and surface 

marker expression 
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5.1 Introduction 

Mononuclear phagocytes such as monocytes, macrophages and dendritic cells (DCs) play a critical role 

within the immune system, connecting the innate branch of immunity to memory through antigen 

processing and presentation. Peripheral monocytes can act as precursors to both macrophages and 

DCs, differentiating into a range of specialised functions such maturation into inflammatory 

macrophages in response to inflammation as a result of injury or infection (Jakubzick et al., 2017, 

Randolph et al., 2008). Previously, sessile classification of surface cellular markers was used to identify 

these cells. However advancements in techniques such as flow cytometry has led to the realisation 

that these markers are not so definitive and many are shared by different mononuclear phagocytes 

to varying degrees of expression, based on tissue localisation and the environmental stimuli they are 

exposed to (Guilliams et al., 2014, Daigneault et al., 2010). The recognition of foreign organisms (and 

self-associated antigens) through a range of pattern recognition receptors (PRRs) enables these cell 

types to orchestrate appropriate immune responses through cytokine and chemokine production and 

primary activation of naive T cells (Randolph et al., 2008). Antigen presenting cells (APC), such as 

macrophages and DCs, phagocytise foreign material, process the material, and load the peptide 

fragments onto their major histocompatibility complex (MHC) I or II for antigen-presentation (Savina 

and Amigorena, 2007). Once an APC has encountered and processed an antigen, a decrease in 

phagocytic ability and an altered expression rate of specific activation markers occurs including 

upregulation of MHC II expression on the cellular surface (Banchereau and Steinman, 1998, Berges et 

al., 2005). During this presentation phase, co-stimulatory molecules are necessary along with the 

primary binding of processed antigen to the T-cell antigen receptor (TCR). Examples of essential co-

stimulatory molecules for T cell activation is the cluster of differentiation 40 and 80 (CD40, CD80) 

found on the APC (Martinez et al., 2008). For example, Lynch et al have previously shown that 

macrophages exposed to virulent ribotypes of C. difficile surface layer proteins produced high levels 

of pro-inflammatory cytokines and cell surface markers, such as the up regulation of CD40, CD80 and 

MHC II (Lynch et al., 2017, Ryan et al., 2011).  

The use of nanocarrier systems, including liposomes, to promote antigen delivery and thus enhance 

vaccine efficacy offers a range of advantages given the inherent flexibility of these delivery systems. 

As shown in Chapter 4, liposomal formulations can be manufactured by microfluidics in a range of 

sizes, different lipid compositions and surface charges, as well as different antigen loading locations 

(entrapped or surface adsorbed). These attributes can greatly impact upon what type of immune 

response is generated. For example, in vivo studies have shown that through microfluidic 

manufacturing of small cationic vesicles (< 50 nm) composed of DOPE:DOTAP or DOPE:DDA, lymphatic 

accumulation can be increased when compared to their larger vesicle counterparts (500 – 750 nm), 
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which were found to persist  longer at the injection site (Lou et al., 2019). Furthermore, the effect of 

bilayer rigidity has been shown to impact upon immune response through a bias towards Th1- type 

classification. Cationic liposomes composed of DDA:TDB (rigid) were found to result in an 100-fold 

increase in APCs expressing CD40 and CD86 co-stimulatory molecules when compared to a more fluid 

liposomal counterpart (DODA:TDB), a result of the retention of the DDA:TDB and antigen at the 

injection site (Christensen et al., 2012). The effect of modifying surface charge by employing cationic 

lipid components to produce positively charged vesicles as vaccine adjuvants has been thoroughly 

explored, taking advantage of the electrostatic attractions of the positively charged liposomal surface 

and negatively charged cell surface for high degrees of adsorption (Korsholm et al., 2012).  

Given the diversity in physicochemical properties available when choosing a delivery system and the 

subsequent impact this has upon in vivo pharmacokinetic profile, a deeper understanding of how 

these physicochemical alterations affect cellular mechanisms could prove valuable. Currently, there 

remains some controversy in relation to the correlation between in vitro immunological models and 

their in vivo counterparts, making it difficult to translate  between the two systems (Kelly et al., 2011). 

For example, monocyte/macrophage cytokine inhibition/ activation following exposure to various 

liposomal formulations (varying in size and charge) was found to show limited correlation to the 

bioactivity found in both rat and rabbit models (Epstein-Barash et al., 2010). Standard cell cultures are 

generally conducted in static fluid flow conditions, with foreign serum (FBS) and grown in a single-cell 

type environment, which can impact upon gene expression and therefore impact on in vitro in vivo 

correlations (Paunovska et al., 2018). However, despite the high degree of complexity associated with 

in vivo immunological models, in vitro models are often employed during the nonclinical stage of drug 

and vaccine development. Specific models can be used to predict blood compatibility and potential 

anaphylactic reactions are screened by monitoring complement activation in vitro (Zamboni et al., 

2018). Furthermore, common markers such as phagocytosis and pro-inflammatory cytokine induction 

has been shown to generate predictive data across both in vivo and in vitro models, and in the case of 

identifying cytokine storm induction, the in vitro model employing human peripheral blood 

mononuclear cells was found to accurately predict outcomes when compared with both rat and non-

human primate models (Zamboni et al., 2018, Dobrovolskaia, 2015).  

In relation to the use of primary macrophages within in vitro experimentation, some challenges arise 

due to difficulties associated with the need for extraction from individual donors resulting in large 

phenotypic variability and low cell numbers, therefore immortalized monocytic cell lines can be 

employed to potentially overcome some of these issues (Daigneault et al., 2010). In these studies, the 

immortalized human monocytic cell line THP-1 was selected (originally sourced from the peripheral 

blood of an individual with acute leukaemia) as it is widely used as a model in vitro system for the 
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study of monocytes due to its ease of cultivation, relatively fast growth rate and homogenous genetic 

makeup. (Bosshart and Heinzelmann, 2016, Chanput et al., 2014). The THP-1 monocytic cell line has 

been shown to be capable of differentiation, through incubation of particular stimuli, into both 

macrophage-like phenotypes or immature and mature DCs with phenotypes comparable to that of 

donor cells (Berges et al., 2005, Daigneault et al., 2010).  Here, a previously established protocol using 

VD3 has been adopted to differentiate the monocytes into cells that exhibit more macrophage-like 

characteristics. 

The objectives of these studies were to determine whether a simplified in vitro model using 

macrophage-like cells could be used as a rapid screening tool for liposomal vaccine formulations in 

order to help direct the delivery system selection process for vaccine development. Vesicle 

association, antigen processing using DQ-OVA and the tracking of specific activation markers on the 

cells surface following exposure to the formulations is assessed.  

 

5.2 Aim and Objectives 

The aim of this chapter was to screen a range of liposomal formulations in an in vitro setting to 

determine their ability as vaccine adjuvants. A number of formulations were selected ranging in 

adjuvanticty, vesicle surface charge and where the antigen is located (entrapped within, or surface 

exposed). Using a monocyte/macrophage cell line, some of these cellular mechanisms which can 

impact upon the immunological efficacy of a delivery system in vivo are investigated. In order to 

achieve this, the objectives within this chapter were to: 

 Determine the cellular association of the formulations incorporating antigen (ovalbumin). 

 Evaluate the ability of the cells to then process the antigen (using a fluorescently labelled 

ovalbumin – DQ-OVA) across the formulations selected for testing. 

 Finally, investigate whether these formulations (and their antigen) can impact upon the 

surface marker expression of the cells.  
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5.3 Materials 

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cationic surfactant 

dimethyldioctadecylammonium bromide (DDA) and immunopotentiator trehalose 6,6′-dibehenate 

(TDB) were all purchased from Avanti Polar Lipids Inc., Alabaster, AL, US. Cholesterol and ovalbumin 

(OVA) were purchased from Sigma Aldrich Company Ltd., Poole, UK. Tris-base was obtained from IDN 

Biomedical Inc. (Aurora, OH, United States) and used to make 10 mM Tris buffer, adjusted to pH 7.4 

using HCl. For dialysis purification, Biotech CE Tubing MWCO 300 kD was used (Spectrum Inc., Breda, 

The Netherlands). Methanol, 2-propanol (IPA) and Dil Stain (1,1′-Dioctadecyl-3,3,3′,3′- 

Tetramethylindocarbocyanine Perchlorate (‘Dil’; DilC18(3)) were purchased from Fisher Scientific, 

Loughborough, England, UK. Formaldehyde 4% in PBS was purchased from Alfa Aesar, Thermo Fisher 

Scientific, Lancashire, UK. 1α,25-Dihydroxyvitamin D3 (Vitamin D3) was purchased from Enzo Life 

Sciences, Exeter, UK. RPMI medium 1640 (+ L-Glutamine), Phosphate buffered saline pH 7.4 (1x) and 

Fetal bovine serum (FBS) were ordered from Gibco, Life technologies, Thermo Scientific., Hampstead, 

England, UK. Monoclonal antibodys Anti-Hu HLA-DR (APC- eFluor), Anti-Hu CD40 (eFluor 450), Anti-hu 

CD80 (PE-Cyanine7), CD14 and DQtm ovalbumin conjugate and UltraComp eBeads were purchased 

from Invitrogen, Thermo Scienfitic (Life Technologies Ltd), Renfrew, UK. Fc Block (Human Trustain FcX) 

was purchased from Biolegend, London, UK. All water and solvents used were HPLC grade. THP-1 cells 

were kindly gifted from Dr. Dino Rotondo (SIPBS, University of Strathclyde, Glasgow) while 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS) was gifted from Avanti Polar Lipids Inc., 

Alabaster, AL, US.  

5.4 Methods 

5.4.1 Liposome manufacture and purification 

The preparation of liposomes by microfluidics was conducted on the NanoAssemblr Platform 

(Precision NanoSystems Inc., Vancouver Canada). Formulations DSPC:Chol (2:1 w/w), DSPC:Chol:DOPS 

(10:5:4 w/w), DDA:TDB (5:1 w/w) and DSPC:Chol:DDA (10:5:4 w/w) were selected for investigation. 

Lipid stocks had 0.2 mol% of DiIC added following dissolution in methanol (or in the case of DDA: TDB, 

IPA). Liposomes were manufactured using a flow rate ratio of 3:1, 15 mL/min total flow rate to a final 

liposome concentration of 4 mg/mL. For the cationic formulations DSPC:Chol:DDA and DDA:TDB, TRIS 

buffer 10 mM pH 7.4 was used as aqueous phase. Following production, purification of residual solvent 

was conducted by dialysis (1 mL sample to 200 mL buffer for 1 h under magnetic stirring), before the 

addition of DQ-OVA to the surface of the liposomes at a final concentration of 100 µg/mL. For neutral 

and anionic formulations DSPC:Chol and DSPC:Chol:DOPS respectively, DQ-OVA was loaded in-line 
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during manufacture at a final concentration of 0.525 mg/mL with PBS. The samples were then purified 

for both solvent and un-encapsulated ovalbumin using 24 h dialysis, with buffer exchange every 2 h, 

followed by overnight dialysis under fast magnetic stirring. Following purification, all the completed 

liposome formulations were then diluted in serum-free RPMI media, before treatment to the cells (at 

a final well concentration of 10 µg/mL).  

 

5.4.2 THP-1 culture and differentiation  

The human monocyte/macrophage-like cell line THP-1 was cultured in complete RPMI media (10% 

fetal bovine serum, 1% penicillin-streptomycin) and kept at 37°C, 5% CO2. In order to differentiate the 

monocytic cells into macrophage like phenotypes, a previously published protocol was followed 

(Daigneault et al., 2010, Henriksen-Lacey et al., 2011b). Briefly, cells were adjusted to 5x105/mL and 

100nM Vitamin D3 was added before a 48h incubation at 37°C, 5% C02. Cell counting was conducted 

using a haemocytometer grid, where the average of the sets of 16 corner squares was counted by light 

microscopy, multiplied by 104 and then multiplied by any dilution factors (as per manufacturer’s 

instructions).  

 

5.4.3 Liposome association and DQ-OVA studies 

DQ-OVA is designed for the study of antigen processing, is a self-quenched conjugate of ovalbumin 

and upon proteolytic degradation, exhibits bright green fluorescence. DiIC is a hydrophobic dye (which 

exhibits red fluorescence) that accumulates within the liposomal bilayer, thus can be incorporated 

into the lipid stock prior to liposome manufacturing and used to evaluate liposome association to cells. 

Once differentiated, the macrophage-like THP-1 cells were added at a density of 1x106 / / mL (2.4 mL 

per well) to a 24-well plate in serum-free RPMI. Liposome formulations were added to the wells at a 

final concentration of 10 µg/mL containing both DQ-OVA and DiIC. For ovalbumin controls, DQ-OVA 

alone was added in TRIS buffer and serum-free RPMI at the same concentration as the liposome 

samples, while negative control wells received just serum-free RPMI. Time-points were mixed and 

removed from the incubator (37°C, 5% CO2) at 0, 30, 60, 120, 180, 240 and 1440 minutes. After the 

200 µL samples were removed, they were added to 500 µL FACS-buffer and centrifuged at 300 g for 5 

minutes. The pellet was then resuspended in 4% paraformaldehyde and incubated for 20 minutes at 

4°C in the dark. The FACS-buffer wash cycle was then repeated twice more before being resuspended 

in 200 µL FACS buffer and transferred to a 96-well plate for FACS analysis.  
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5.4.4 Activation markers 

In order to assess the phenotypic changes of the differentiated THP-1 macrophage-like cells following 

liposome formulation exposure, a number of cellular markers were selected. The differentiated THP-

1 cells were again plated at a final concentration of 1x106 /mL and exposed to the liposomal 

formulations, ovalbumin controls and negative controls as described above. Following a 24 h 

incubation, samples were removed and centrifuged with 500 µL FACS buffer at 300 g for 5 minutes 

(twice), followed by the addition of 10 µL of Fc-block. The samples were incubated for 10 minutes at 

4°C, before the addition of 50 µL of antibody mix (CD14, CD40, CD80 and MHC II diluted 1:200 in FACS-

buffer). The samples and antibody mixtures were then further incubated for 30 minutes in the dark at 

4°C. The samples were then washed in FACS buffer three more times, before being resuspended in 

200 µL of FACS buffer and transferred to a 96-well plate for FACS analysis. 

 

5.4.5 Flow cytometry analysis 

Flow cytometry was conducted on the Attune NxT Flow Cytometer coupled with an Attune NxT 

Autosampler for 96-well plate measurements, while data was analysed using the Kaluza analysis 

software v2.1.1. During analysis, a minimum of 10,000 events were recorded for each sample. Multi-

colour compensation for the antibody panel was conducted on UltraComp ebeads from Invitrogen, 

briefly antibodies (1:200) were incubated with a drop of beads at 4°C in the dark, before wash cycles 

and transfer to a FACS tube. DQ-OVA and DiIC compensation were prepared in the same manner, 

however instead of beads, differentiated THP-1 cells and liposome formulation were used. MFI 

(median fluorescence intensity) and Geo-Mean was calculated using the Kaluza analysis software 

(v2.1) 

 

5.4.6 Statistical analysis 

Results are represented as mean ± SD with n = 3 independent batches unless stated otherwise. 

ANOVA tests were used to assess statistical significance between groups with a Tukey’s post adhoc 

test (p value of less than 0.05).  
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5.5 Results and Discussion 

To investigate the impact of liposome formulation on cell association and/or uptake, antigen 

processing and expression of surface markers on differentiated THP-1 cells, four liposome 

formulations were selected. Table 5.1 outlines the physicochemical attributes of the four 

formulations: DSPC:Chol (10:5 w/w), DSPC:Chol:DOPS (10:5:4 w/w), DSPC:Chol:DDA (10:5:5 w/w) and 

DDA:TDB (5:1 w/w) following microfluidic manufacture. All formulations contained 0.2 mol% DiI 

within the bilayer of the liposomes, in order to detect the association ability of the formulations and 

the THP-1 differentiated cells. The physicochemical attributes of these formulations were in-line with 

the previous studies in Chapters 2 and 4. The liposome concentrations added per well (10 µg/mL) were 

selected based upon previously reported studies for cationic liposomes (DDA:TDB) using the THP-1 

cell line (Kaur et al., 2013), while the DQ-OVA concentration was matched based on previous results 

from Chapter 4. The gating strategy used for analysis is shown in Figure 5.1, briefly singlets were 

selected (FSC-H vs FSC-A), followed by the gating of the THP-1 cells (SSC-A vs FSC-A). For the calculation 

of % positive cells, unstained controls were gated to   ̴2% in order to compensate for auto fluorescence.  

 

Table 5.1 Physicochemical attributes (size, PDI and zeta potential) of the four formulations DSPC:Chol (10:5 w/w) 
DSPC:Chol:DOPS (10:5:4 w/w), DSPC:Chol:DDA (10:5:4 w/w) and DDA:TDB (5:1 w/w). Neutral and anionic formulations were 
dialyzed over night to remove unentrapped DQ-OVA, while cationics were dialyzed for 1 h to remove solvent before the 
addition of fluorescent protein. Results represent mean ± SD, n = 3.  

 

 

Formulation Size (d.nm) PDI Zeta Potential (mV) 

DSPC:Chol 65.6 ± 4 0.23 ± 0.02 -5.5 ± 3.0 

DSPC:Chol:DOPS 111.8 ± 4 0.22 ± 0.05 -30.1 ± 4.3 

DSPC:Chol:DDA 44.8 ± 1 0.25 ± 0.01 48.0 ± 9.8 

DDA:TDB 141.4 ± 4 0.23 ± 0.01 39.4 ± 3.0 
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Figure 5.1 Gating strategy for the identification of differentiated THP-1 cells, with example DQ-OVA and DiIC gating (selected 
at 2% for auto fluorescence). The example shown is the negative control (RPMI) THP-1 cells with no liposomal formulation 
added.  

 

5.5.1 Determination of cellular association using a range of liposomal formulations 

It should be stated that cellular association does not necessarily correlate to cellular internalisation, 

and without the use of optical or microscopic techniques, it can be a significant challenge when using 

cationic vesicles to differentiate between the two, therefore within this chapter the term association 

is used (Hou et al., 2016). Macrophage phagocytic receptors that are typically responsible for 

nanoparticle internalisation include TLRs, Mannose/lectin receptors (such as C-type lectin and 

mannan), Fc receptors and scavenger receptors (Gustafson et al., 2015). While determination of 

different uptake mechanisms can be achieved through incubation at 4°C to determine endocytosis, 

the scope of this study was focused primarily on simultaneous determination of association, followed 

by antigen processing (which is a critical factor in determining the suitability of a delivery system to 

enhance APC processing compared to free antigen alone). Figure 5.2 indicates the association of the 

formulations over a 24 h time period, as well as the control (cells without liposomes present). From 

these results it can be seen that both the neutral (DSPC:Chol) and anionic formulations 

(DSPC:Chol:DOPS) showed poor initial cellular association (Figure 5.2A). Initially, less than 3% of the 

THP-1 showed DSPC:Chol association (Figure 5.2B), however with this formulation an increase in % Dil 

positive cells was noted over time; within the following 4 h, up to 55% of the THP-1 exhibited DiI 
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fluorescence, and at 24 h the % of Dil positive cells was no different compared to the cationic 

formulations with all being >95% (Figure 5.2C).  When considering the anionic liposome formulation 

(DSPC:Chol:DOPS), these liposomes promoted the slowest rate of cellular association (Figure 5.2A). 

Initially, a gradual association was observed, increasing up to 9% within the within the first 4 h of 

incubation (Figure 5.2B) and reaching   ̴ 70% of the cells showed DiI fluorescence after 24 h (Figure 

5.2C). At both 4 h and 24 h, the % Dil positive cells were significantly (p <0.05) lower than both the 

neutral and cationic formulations. Conversely, it can be seen that both cationic formulations 

DSPC:Chol:DDA and DDA:TDB showed high association with the THP-1 (greater than 80% of the cells 

showed DiI fluorescence) as soon as the formulations were added to the cell well. Formulation 

DSPC:Chol:DDA then displayed over 90% DiI positive cells across the following 4 h, while DDA:TDB 

indicated above 85% DiI positive cells (Figure 5.2B). At the final time point of 24 h, both cationic 

formulations and neutral formulation DSPC:Chol showed strong association (>95%), however anionic 

formulation DSPC:Chol:DOPS was found have significantly reduced association in comparison (p<0.05) 

(Figure 5.2C).  

 

 

Figure 5.2 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal formulations containing DiIC 
within the membrane. Time points were removed across 24 h incubation, with unstained controls receiving just serum-free 
RPMI (A). Time points 1 h (B) and 24 h (C) comparison for DiIC %positive cells, with unstained controls receiving just serum-
free RPMI. Results represent mean ± SD, n = 3. 
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The use of fluorescent dyes within nanoparticles is a common strategy employed for in vivo and in 

vitro studies (Torchilin, 2005a, Hak et al., 2012). DiIC is a lipophilic membrane carbocyanine stain, 

which exhibits strong fluorescence when embedded within a lipid bilayer, yet weak fluorescence 

outside, making it an ideal marker for such studies. The applicability of a range of fluorescent dyes in 

nanoparticles was explored by Snipstad et al where a range of dyes and nanoparticle systems were 

tested in vitro at 37°C with PC3 cells. The results showed that the use of DiI within liposome systems 

was highly retained within the vesicle bilayer, and no fluorescent leakage was observed (Snipstad et 

al., 2017). This indicates that the association observed in Figure 5.2 is likely due to the delivery system 

association with the THP-1 cells, and not free dye. The highly associative cationic formulations shown 

in this study are in line with the current understanding of cationic vesicle interactions with cells. The 

electrostatic interactions between the cationic delivery system and anionic cellular surface has been 

used across a range of therapeutic areas, including the use of gene delivery (Kelly et al., 2011). In their 

studies to further elucidate the effect of liposome bilayer composition on monocyte derived dendritic 

cell uptake, Foged et al found that cationic TAP-based liposomes had strong association (over 90%), 

resulting in intracellular localisation, following a 2 h incubation period. The authors also reviewed the 

impact negatively charged liposome formulations had on association, using anionic formulations 

containing either phosphatidyl serine (PS) or phosphatidyl glycerol (PG). Following 2 h incubation, 

results shown are comparable to the data shown in Figure 5.2, with under 5% of the anionic 

formulations associating with the dendritic cells (Foged et al., 2004). Similarly, TAP-liposomes 

(dimyristoyl trimethylammonium propane), PS-based liposomes (anionic, targeting) and PG-based 

liposomes (anionic) have previously been compared for liposome interaction with dendritic cells. After 

4 h, little interaction was observed outside of the TAP-based liposomes. However after 48 h 

incubation, almost all cells showed fluorescence regardless of the formulation. When the MFI was 

calculated, the cationic vesicles resulted in the greatest fluorescence, followed by PS-liposomes and 

then the anionic PG-liposomes (Arigita et al., 2003). In a similar study, Khadke et al compared SUV 

formulations composed of DSPC and cholesterol, with the addition of either PS or DMPG. At the final 

time point measured, DSPC:Chol:PS exhibited significantly higher %positive cells associated with 

liposomes when compared to the DMPG formulation (approximately 80% compared to 40%), again 

indicating the favourable association macrophages have for PS-based liposomal formulations (Khadke 

et al., 2019).  

It should be noted that these associative studies within this chapter were conducted in serum-free 

RPMI. While under in vivo conditions within a biological system following parenteral injection, a 

protein corona will form around the cationic delivery system via electrostatic interactions with 

biomolecules in the blood, which has previously been demonstrated to affect cell interaction. The 
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composition of the biomolecules associated to the surface of the delivery system has shown to result 

in different uptake mechanisms, despite the composition of the delivery system remaining constant 

(Francia et al., 2019). Work within our laboratory has recently investigated the effect of cellular 

association exposed to DOTAP and DDA based cationic formulations in the presence of FCS-free media 

and complete media (5% FCS). When cellular association was plotted as a percentage of DilC + cells, 

the presence of 5% FCS was found to have no impact, however MFI values indicated a lowering of 

intensity when conducted in FCS-free media, although the trends observed between +/-FCS were 

similar  (Anderluzzi et al., 2020). Lou et al similarly investigated the effect FCS and FCS free media has 

on both cationic and ionizable lipid nanoparticle formulations in regards to cellular association and 

found no significant differences between FCS free and 5% FCS media when comparing  MFI values (Lou 

et al., 2020).  

 When delivering oral nanoparticles, complex protein interactions are also likely to occur through-out 

the GI tract. Various enzymes, food components and other GI components may interact with the 

nanoparticles as they traverse, dependent on a wide range of factors including the nanoparticles 

physicochemical attributes (Berardi and Baldelli Bombelli, 2019).  

While the associative nature of the cationic vesicles in Figure 5.2 is well documented within the 

literature, PS-based liposomal formulations have previously been shown to improve uptake and 

interaction with APCs when compared to neutral based compositions. The inclusion of PS into PC 

based MLVs enhanced the formulations phagocytosis by macrophages when compared to PC-based 

liposomes (Ahsan et al., 2002). Similarly, DOPS:Chol liposomes have shown a 5-fold increase in uptake 

compared to DOPC-based liposomes using a THP-1 model cell line (Kelly et al., 2011). The lipid ratio 

and PS molarity within the formulation has also been shown to impact upon association and 

internalisation when using murine macrophages. Liposomes containing DSPC, Gd-DOTA-DSPE, 

cholesterol, PEG2000-DSPE and varying mol% PS (0, 6, 12 and 37) found the optimum level of PS for 

internalization to be 6 mol%. The authors attributed this to the fact that within murine biological 

membranes, cells express between 2-10 mol% naturally occurring PS, thus it is likely that natural 

selection has tailored macrophages to effectively interact with these levels of PS (Geelen et al., 2012). 

Within the studies conducted in this chapter, PS was set at approximately 16 mol%, which would result 

in a more anionic zeta potential and therefore an increase in electrostatic repulsion between the 

vesicles and the cellular membranes, which may explain why DOPS based liposomes within this study 

showed poor cellular association in comparison to the other formulations at 24 h. In addition to this, 

the studies conducted by Geelan et al incorporated 5 mol% of PEG2000-DSPE within all of the 

formulations, which will reduce the electrostatic repulsion between the vesicles and cells, potentially 

enhancing association.  
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5.5.2 The effect of liposomal delivery systems on the rate of antigen processing using DQ-

OVA 

While associative studies using DiIC were conducted for determining formulation association with the 

differentiated THP-1 monocytes, a simultaneous investigation was carried out using DQ-OVA in order 

to understand the ability of the cells to process the antigen being delivered by the different liposomal 

formulations. DQ-OVA is a self-quenched substrate, that only exhibits fluorescence following 

breakdown by proteases. DQ-OVA was adsorbed onto the surface of the two cationic formulations 

(DDA:TDB and DSPC:Chol:DDA) and entrapped within DSPC:Chol and DSPC:Chol:DOPS to an 

approximate final concentration of 100 µg/mL prior to the addition of the formulation to serum-free 

RPMI as described in the methods section. Free DQ-OVA control was also added to the cells without 

a delivery system at the same concentration. Figure 5.3 shows the % positive cells marked with DQ-

OVA fluorescence over time, analysed by flow cytometry. Delivering DQ-OVA using the neutral 

formulation (DSPC:Chol) promoted 11% of the cells being positive for DQ-OVA fluorescence after 4 h, 

with a steady increase to 67% at 24 h (Figure 5.3A). In the case of the anionic liposome formulation 

(DSPC:Chol:DOPS), 13% of the cells showed DQ-OVA fluorescence after 4 h (Figure 5.3B). However, 

following 24 h incubation, this increased to approximately 84% of the measured cells expressing DQ-

OVA fluorescence, the highest out of all the formulations tested (Figure 5.3C). Free DQ-OVA control 

also resulted in protease breakdown over time, with approximately 50% of the cells measuring 

fluorescence positive after 24 h (Figure 5.3). Within the first 4 h, both cationic formulations exhibited 

the fastest fluorescence shift, with DDA:TDB resulting in approximately 20% of the cells being DQ-OVA 

positive after 4 h (Figure 5.3A). This trend was further pronounced with DSPC:Chol:DDA, where a sharp 

increase in DQ-OVA positive cells was found at 4 h (  ̴ 65%). In the case of DDA:TDB, the final time point 

at 24 h showed a steady increase in DQ-OVA processing, reaching 64% DQ-OVA positive cells (Figure 

5.3C). Interestingly, DSPC:Chol:DDA DQ-OVA positive cells remained relatively steady between 4 - 24 

h, exhibiting no notable increase in DQ-OVA fluorescence, where 73% of the cells exhibited 

fluorescence at the final time point (Figure 5.3). By the 24 h time point, formulations DSPC:Chol, 

DSPC:Chol:DOPS and DSPC:Chol:DDA all resulted in statistically significant increases in %DQ-OVA 

positive cells when compared to free antigen alone (p<0.05).  
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Figure 5.3 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal formulations containing DQ-OVA 
adsorbed to the surface or entrapped within. Time points were removed across 24 h incubation, with unstained controls 
receiving just serum-free RPMI or free OVA without a liposomal formulation (A). Time points 1 h (B) and 24 h (C) comparison 
for DQ-OVA % positive cells, with unstained controls receiving just serum-free RPMI. Results represent mean ± SD, n = 3. 

 

When comparing the rate of processing in relation to the association (% Processing / % Association), 

it can be seen that when using both neutral and anionic formulations (DSPC:Chol:DOPS, DSPC:Chol), 

poor association and processing occurs by the 1 h time point. In contrast, both cationic formulations 

result in rapid association, and in the case of DSPC:Chol:DDA, significant processing by 1 h. By 24 h, 

neutral formulation DSPC:Chol and both of the cationic formulations (DDA:TDB and DSPC:Chol:DDA) 

showed similar rates of processing / association, while anionic formulation DSPC:Chol:DOPS showed 

the highest degree of processing (Figure 5.4).  
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Figure 5.4 DQ-OVA processing (%) vs association (%) for the four liposomal formulations DSPC:Chol, DSPC:Chol:DOPS, 
DSPC:Chol:DDA and DDA:TDB at time points 1 h (closed symbol) and 24 h (open symbols). Results represent mean ± SD, n = 3 

 

The results in section 5.5.2 have indicated the benefits of using a liposome based delivery system for 

enhancing the processing of antigen when compared to free antigen alone, increasing DQ-OVA 

processing rates significantly (in case of DSPC:Chol, DSPC:Chol:DOPS and DSPC:Chol:DDA, p<0.05). 

Employing the use of a liposomal delivery system is well documented for improving antigen uptake 

and processing in vitro by antigen processing cells (Cruz-Leal et al., 2014). By the 1 h time point, poor 

association and therefore processing can be seen with both neutral and anionic formulations – likely 

a result of limited interaction between THP-1 cells and liposomal vesicles. Both DSPC:Chol:DDA and 

DDA:TDB conversely show high association – due to the electrostatic disparities attracting and 

enhancing membrane interactions. However, the processing rate of DSPC:Chol:DDA initially was found 

to be accelerated in comparison to DDA:TDB. This could be explained by the difference in composition 

of the liposomal vesicles. Benne et al investigated the correlation between liposomal rigidity and the 

impact this has upon bone-marrow derived DCs (BMDCs) association and then subsequent regulatory 

T-cell activation. Using primarily anionic and neutral formulations, the study found that an increase in 

carbon chain length (by employing lipids such as DSPC), enhanced both association and subsequent 

adaptive immune response activation. While the mechanisms behind the enhanced regulatory T cell 

activation requires further investigation (whether or not rigidity enhances processing, presentation, 

co-stimulatory marker expression etc.), it is clear from the study that the composition of the liposomal 

formulation is a critical factor in how the vesicles interact with APCs (Benne et al., 2020).  

By the 24 h time point, the results shown here indicate that the greatest number of cells expressing 

DQ-OVA fluorescence resulted from the anionic DSPC:Chol:DOPS formulation, despite the low 

association rate (Figure 5.4). This may indicate that for anionic vesicles, whilst initially association was 
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poor, potentially due to repulsive electrostatic interactions between the anionic liposomal vesicles 

and negative cellular surface, the inclusion of DOPS accelerates the processing of the delivered 

antigen. Indeed, the addition of DOPS within the DSPC:Chol formulation increased the DQ-OVA 

positive cells by approximately 17% when compared to DSPC:Chol alone (Figure 5.3). In a similar study, 

Mori et al investigated both PS and PC-based liposomal formulations with DQ-OVA conjugated to the 

surface of the liposomes and then subsequently incubated with macrophages (hybridoma clone 

No.39). The authors found that the liposomal formulation with PS included had improved antigen 

processing (2-fold increase in MFI) and presentation (approximately a 3-fold increase in MFI) when 

compared to the PC counterpart (Mori et al., 2005). Similarly, PS conjugated onto the surface of 

dioleoylphosphatidylethanolamine, dioleoylphosphatidylcholine, oleoyl phosphatidylglycerol acid 

and cholesterol (4:3:2:7 w/w) liposomes improved the delivery and subsequent T helper and cytotoxic 

T cell responses compared to non-PS liposomes. This is a result of the mechanisms that occur during 

apoptotic clearance by macrophages and dendritic cells. Phosphatidylserine is natively expressed in 

within the inner leaflet of all eukaryotic membranes, and therefore is hidden externally under normal 

conditions. However, upon cellular stress (or programmed apoptosis), the cell then externalises PS, 

presenting it within the outer membrane. This then acts as a potent signal for APC interactions, via 

the binding to Tim 4 and Tim 1 receptors on DCs and macrophages, enhancing uptake (Ichihashi et al., 

2013, Birge et al., 2016).  

Both cationic vesicles investigated within this study (Figure 5.3) resulted in 73% and 67% DQ-OVA 

positive cells for DSPC:Chol:DDA and DDA:TDB respectively (at the final time point), on average lower 

than the anionic DSPC:Chol:DOPS (84%) formulation (yet not statistically significant, p>0.05), despite 

an accelerated number of cells showing DQ-OVA fluorescence within the first 4 h. Cationic liposomes 

have been shown to show improved internalization by a range of APCs when compared to both neutral 

and anionic as a result of electrostatic interactions between the two membranes (Watson et al., 2012). 

As shown in Figure 5.2, high numbers of cells were found to have DiIC liposomes associated, yet this 

did not translate into comparable DQ-OVA fluorescence (Figure 5.4). There are a number of 

explanations as to why this could be occurring. Cationic liposomes have known cellular toxicity, 

dependent on both the choice of lipid composition and the liposome dose administered to the cells. 

The direct mechanisms of how cationic nanoparticles exert damage to biological cells remains unclear, 

however a number of mechanisms have been reported including excessive reactive oxygen species 

(ROS) production, autophagy and an increase in inflammatory cytokines (Petersen and Nelson, 2010, 

Tzeng et al., 2016). Using human liver-derived hepatoma cells (HepG2), DOTAP based cationic 

liposomes were screened for their cytotoxic effects and were found to be highly concentration 

dependent. At a dose of 25 µg/mL, cationic vesicles resulted in a loss of approximately 14% cell 
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viability, however this increased to above 90% when the liposome dose was increased to 3200 µg/mL 

(Li et al., 2018). Data generated from our own laboratory has previously shown the differences in lipid 

composition and their impact upon cell viability on baby hamster kidney cells (BHK). Cationic liposome 

formulations (DOPE:DOTAP or DOPE:DDA, 1:1 w/w) manufactured by microfluidics were added at a 

range of concentrations, where DOTAP based formulations were found to be less cytotoxic (viability 

up to 33 µg/mL) when compared to DDA (viability up to 11 µg/mL) (Anderluzzi et al., 2020). In the case 

of the studies here in Figure 5.3, cationic liposome doses were kept to a final concentration of 10 

µg/mL in order to minimise any potential cytotoxicity, therefore the loss of processing found when 

comparing both cationic formulations to DSPC:Chol:DOPS may not be a result of cytotoxicity. In this 

case, aggregation between the cationic vesicles and cellular bodies could lead to poor surface area 

distribution, thus reducing the ability of the cell population within the well to gain access to the DQ-

OVA adsorbed on the surface of the liposomes for processing. Additionally, cationic vesicles have been 

shown to release within the cytosol of the cell due to the rupturing of the endosomal and phagosomal 

membranes (Watson et al., 2012).  This may impact upon the rate of the degradation process of the 

DQ-OVA when compared to anionic and neutral formulations as the reduced time within the 

endosome and therefore the subsequent lysosome, may reduce the rate of DQ-OVA fluorescence 

expression. Finally, cationic vesicles can associate with the cellular membrane through electrostatic 

interaction, however over time this association can damage the integrity of the cellular membrane, 

resulting in leakage of cystolic material which can impact upon the cellular mechanisms for 

internalisation and therefore, the downstream antigen processing (Leroueil et al., 2007, Chen et al., 

2009).  

 

5.5.3 Cellular surface marker expression following liposomal delivery system incubation 

In an attempt to understand how these specific delivery systems were impacting on macrophages, a 

range of co-stimulatory molecules were selected to track following 24 h incubation. The specific 

expression of these co-stimulatory molecules is essential for APCs during antigen presentation, as they 

determine the interaction with T-lymphocytes, therefore dictating which way the immune system 

generates adaptive immunity. Figure 5.5 indicates the % positive cells expression of co-stimulatory 

molecules CD14, CD40, CD80 and MHC II following 24 h incubation with formulations DSPC:Chol, 

DSPC:Chol:DOPS, DDA:TDB and DSPC:Chol:DDA and both controls, free ovalbumin and serum-free 

RPMI (negative control). These markers were selected because they are critical markers for APC 

maturation (Qu et al., 2018). When APCs process antigen, and upon presentation of peptidic 

fragments onto MHC II, T cells then bind via T cell receptors (TCR). Alongside this epitope specific 
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binding, co-stimulatory molecules must be present in order to activate T cell responses. These co-

stimulatory molecules include CD80/86 and CD40 on the APC surface (Planelles et al., 2003).  

For co-stimulatory cell surface molecules CD14 and CD40, no biologically relevant changes in 

expression compared to negative controls could be observed regardless of the liposomal formulation 

administered (Figure 5.5). However, co-stimulatory molecule CD80 showed significantly higher 

(p<0.05) %positive cells expressing CD80 whenever a liposomal formulation (regardless of the 

formulation) was employed in comparison to free ovalbumin and the negative control (serum-free 

RPMI). When comparing between formulations, no statistically significant differences could be 

observed between any of the formulations with DSPC:Chol,  DDA:TDB and DSPC:Chol:DOPS resulting 

in % positive CD80 expression of 13.49 ± 2.3%, 12.42 ± 0.4% and 13.23 ± 0.57% respectively; while 

DSPC:Chol:DDA showed a slight decrease in CD80 % cells in comparison (10.7 ± 0.1%) (p>0.05). 

When investigating the impact of the delivery systems on MHC II expression, no statistically 

significant differences could be observed across all formulations when compared to free antigen 

alone (p>0.05; Figure 5.5). In the case of DDA:TDB,  a statistically significant decrease in % positive 

MHC II cells could be observed when compared to both DSPC:Chol and DSPC:Chol:DOPS alone 

(p<0.05). Similar results were found when analysing for mean fluorescence intensity (MFI). In the 

case of CD14, no statistically significant changes in MFI could be observed for all formulations when 

compared to free antigen alone (p>0.05) with the exception of cationic formulation DSPC:Chol:DDA, 

where a statistically significant decrease in MFI was found (p<0.05) (Figure 5.6A). For CD40, no 

statistically significant changes could be found for all formulations when compared against free 

antigen alone (p>0.05) (Figure 5.6B). In the case of CD80, both DSPC:Chol and DSPC:Chol:DOPS 

formulations were found to show a statistically significant increase in MFI (p<0.05), while cationic 

formulations DSPC:Chol:DDA and DDA:TDB were found to have no significant impact (Figure 5.6C). 

Finally, for MHC II MFI, DSPC:Chol:DDA was found to be the only formulation capable of eliciting a 

statistically significant increase  (p<0.05) (Figure 5.6D).  
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Figure 5.5 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal formulations for 24 h incubation, 
with negative controls receiving serum-free RPMI or just free ovalbumin. % Positive cells with surface co-stimulatory 
molecules CD14, CD40, CD80 and MHC II were analysed with FACs using specified antibodies. Results represent mean ± SD, 
n = 3. 
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Figure 5.6 Differentiated THP-1 macrophage-like cells were co-cultured with four liposomal formulations for 24 h incubation, 
with negative controls receiving serum-free RPMI. MFI (median) of cell surface co-stimulatory molecules CD14, CD40, CD80 
and MHC II (A, B, C and D respectively) were analysed with FACs using specified antibodies. Results represent mean ± SD, 
n = 3. 

Liposomes can be used to improve the delivery of antigen cargo to APCs and then ultimately to 

generate adaptive immunity. Nonetheless, the choice of liposome composition and the choice of 

antigen can impact upon how the antigen is processed and therefore subsequently determines the 

outcome and degree of the adaptive immunity. For example, novel liposomes incorporating lipids 

from non-pathogenic bacterial strains have been shown to elicit strong activation of BMDCs, 

increasing pro-inflammatory cytokines (IL-6, IL-12 and TNF-alpha) as well as increasing CD80, CD86 

and MHC II expression when compared to conventional PC-based liposomes (EggPC:Cholesterol; 

(Faisal et al., 2011). Therefore, the co-stimulation marker results shown within this chapter (Figures 

5.5 – 5.6) can potentially give some insight into which type of immune response is being elicited. While 
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CD14 expression showed minimal differences in % positive cells, both cationic formulations resulted 

in a decrease in median fluorescence intensity, indicating reduced cellular surface expression. 

Conversely, both neutral and anionic formulations resulted in an increase of CD14 expression, 

however the number of % positive cells did not change when compared to the negative controls.  

The effect of liposomal formulation incubation on cultured dendritic cells and the subsequent effect 

on activation markers was previously studied in vitro by Arigita et al. Dimyristoyl 

phosphatidylcholine and cholesterol based liposomes had PS, PG and 1,2-dimyristoyl-3-

trimethylammonium-propane (14:0 TAP) added, and the formulations were exposed to DCs for 48 h 

with activation markers CD40, CD80 and MHC II expression subsequently being analysed by FACs. The 

authors found slight increases in activation across all the formulations, but the addition of PorA (an 

antigen from Neisseria meningitides) was found to enhance the markers expression rates. These 

results indicate that while the studies conducted within this chapter were terminated at the 24 h time 

point (half of that conducted by Arigita et al), the effect of the antigen associated with liposomes (in 

our case ovalbumin) may have more impact upon the route of APC activation when compared to the 

effect of the delivery system (Arigita et al., 2003). Similar results were shown when studying activation 

markers MHC II and CD80 on DCs incubated with plain (PC:PG:Chol) and mannosylated liposomes, 

little changes could be observed in expression levels of the dendritic cells without the inclusion of LPS 

(Espuelas et al., 2008). Again, the inclusion of tri-mannose containing liposomes, mono-mannose and 

PC-PS based liposomes was shown to only slightly impact upon markers CD40 and CD80 in murine 

dendritic cells, potentially due to down-regulation of immune responses as a result of a different up-

take mechanism (via C-type lectin receptors) when compared to LPS, although mannosylated, PC and 

PS-based liposomes were found to significantly increase MHC II and CD80 expression when compared 

to free ovalbumin in solution alone, in accordance with some of the data shown within this chapter 

(White et al., 2006, Copland et al., 2003). It has also been shown that the extent of the activation 

marker expression may be linked to the delivery systems in a concentration dependent manner. 

Gordon et al using chitosan nanoparticles (CNPs) either unloaded or loaded with FITC-labelled 

ovalbumin and incubated with murine DCs found significant increases in MHC II and CD86 expression 

only at high dose concentrations (1 mg/mL) of particles. The delivery system doses used within this 

study were fixed at 10 µg/mL final concentration, therefore a potential dose optimisation may be 

required for these formulations to elicit significant changes in activation marker expression. 

Interestingly, the results also showed a significant loss of activation marker expression when 

ovalbumin was loaded with the CNPs compared to empty particles, furthering the understanding that 

the choice of antigen within the delivery system may act as a primary factor in determining the 

outcome of the immune response (Gordon et al., 2008).  
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5.6 Conclusions 

Within this chapter, the in vitro applicability of four liposomal formulations was assessed for 

association, antigen processing and downstream activation marker expression following incubation 

with differentiated THP-1 macrophage-like cells. In line with current understanding of cellular 

interactions, both cationic formulations resulted in high degrees of association with the macrophage-

like cells across all time points, while both neutral and anionic formulations showed strong, yet lagged 

association in comparison. The ability of the cells to then process the delivered antigen cargo was 

determined using a self-quenched model antigen, DQ-OVA. The results indicated that all of the 

liposomal formulations tested increased the rate of DQ-OVA fluorescence (and therefore antigen 

processing by the cells) when compared to the administered free DQ-OVA control by 24 h Despite 

resulting in the lowest rate of association, DSPC:Chol:DOPS exhibited the highest degree of % positive 

cells for DQ-OVA fluorescence compared to neutral and both cationic formulations (DSPC:Chol:DDA 

and DDA:TDB). Following association and antigen processing studies, the liposomal formulations were 

then tested for their ability to activate specific cell surface markers and co-stimulatory molecules. 

Expression of CD14, CD40 and MHC II showed limited biologically relevant changes across all 

formulations tested, however a highly significant increase in both MFI and %positive cells was 

observed for CD80 when employing any of the delivery systems in comparison to free antigen and 

negative controls. The results within this chapter indicate the ability of the tested delivery systems to 

associate with THP-1 macrophage-like cells and therefore increase the rate of antigen processing 

when compared to free antigen alone. Given these in vitro results, the next step was to test the in vivo 

efficacy in regards to antibody responses following liposomal delivery of model antigen ovalbumin.   
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Chapter 6 

Oral administration of 

liposomes manufactured by 

microfluidics: Mucosal and 

systemic antibody responses 
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6.1 Introduction 

Vaccine immunisation via the oral route of administration allows for localised immune responses 

within specific locations throughout the G.I tract, allowing for effective defence systems against 

enteric pathogens (Cole et al., 2018). Through gut-associated lymphoid tissue (GALT) delivery, both 

localised mucosal antibody defences and systemic responses can be achieved, generally unlike 

parenteral administration routes (Parker et al., 2018). Alongside clinical advantages, further benefits 

in relation to ease of administration due to the lack of needle based injections and patient compliance 

further cement oral immunisation as a highly sought after administration route. However, challenges 

associated with poor uptake, antigen stability in the gastric environment as a result of the acidic pH 

and degradative enzymes has led to a very limited number of oral vaccines licensed for market (Davitt 

and Lavelle, 2015). In addition, evolutionary mechanisms has led to the development of a tolerant 

immunological state found throughout the GALT, a necessary adaption to limit the damage of 

potential inflammatory responses towards ingested antigen and commensal bacteria residing within 

the gut (Satitsuksanoa et al., 2018). It is believed that these limitations can be overcome by using 

nanoparticle delivery systems to offer protection to the antigen payload, enhance M cell uptake and 

therefore elicit immunologically relevant antibody responses (Lavelle and O’Hagan, 2006, Russell-

Jones, 2000). A key component to the generation of an effective immune response against enteric 

pathogens and toxins is the generation of secretory IgA (sIgA). This antibody is the most abundant 

throughout the mucosal tissue and functions through the binding and therefore neutralisation of its 

specific epitope, rendering toxins and bacteria harmless, due to an inability to bind and interact with 

epithelial cells (Boyaka, 2017, Mantis et al., 2011). Liposomes have shown some promise in relation 

to oral vaccination, where enhanced IgA and IgG responses can be elicited to their respective antigen 

cargo (Shakya et al., 2016, Kang et al., 2018). To further investigate this, within this chapter a range of 

liposomal formulations were manufactured by microfluidics, both entrapping and surface loading 

model antigen ovalbumin. The formulations were characterised in terms of vesicle size and zeta 

potential, as well as the impact an acidic environment (pH 1.2) has on the vesicles physicochemical 

attributes and ability to retain antigen. Finally, the in vivo efficacy is determined for the formulations 

and their ability to generate both localised mucosal and systemic antibody responses is quantified 

through ELISA.  
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6.2 Aim and objectives 

The aim of this chapter was to manufacture protein loaded liposomal formulations by microfluidics 

and determine the in vivo efficacy in regards to both mucosal and systemic IgA and IgG responses. 

These formulations covered a range of attributes including charge, antigen positioning (encapsulated 

or surface associated) and inclusion of different immunostimulatory components. In order to achieve 

this, the objectives were: 

 Determine the physicochemical attributes and antigen retention of the formulations 

incorporating protein when subjected to acidic pH. 

 Analyse the antibody responses of the liposomal formulations following oral administration.  

 Assess the effect of the inclusion of immunostimulatory compounds in the formulations and 

their ability to enhance antibody responses. 

 

6.3 Materials 

6.3.1 Materials used for the preparation of liposomes 

The 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP), L-α-phosphatidylserine (PS) (Brain, Porcine) (sodium salt), cationic surfactant 

dimethyldioctadecylammonium bromide (DDA) and immunopotentiator trehalose 6,6′-dibehenate 

(TDB), were all purchased from Avanti Polar Lipids Inc., Alabaster, AL, US. Cholesterol and ovalbumin 

(OVA) were purchased from Sigma Aldrich Company Ltd., Poole, UK. Monopalmitoyl glycerol (MPG) 

was purchased from Larodan Labs, Sweden. Phosphate buffered saline was acquired from Oxoid Ltd., 

Basingstoke, UK. Tris-base was obtained from IDN Biomedical Inc. (Aurora, OH, United States) and 

used to make 10 mM Tris buffer, adjusted to pH 7.4 using HCl. For purification, Biotech CE Tubing 

MWCO 300 kD or a modified polyethersulfone (mPES) 750 kD MWCO hollow fibre column was used 

in conjunction with Tangential Flow Filtration (TFF) (Spectrum Inc., Breda, The Netherlands). TMB 

substrate solution, bovine serum albumin (BSA) as well as solvents (methanol (MeOH) and isopropanol 

(IPA)) were purchased from ThermoFisher Scientific, Loughborough, England, UK. Cholera Toxin from 

Vibrio cholera (95%), N-Succinimidyl 3-(2-pyridyldithio) propionate (SPDP), DL-Dithiothreitol (>98%) 

(DTT), L-Cysteine (>97%), L-Lysine (>98%) were purchased from Sigma Aldrich. Bio-Spin size exclusion 

chromatography column P-6 (approximately 6000 Da cut off) was purchased from Bio-Rad 

Laboratories Ltd., Perth, UK. Tween, Ethylenediaminetetraacetic acid (EDTA) and sodium carbonate 
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were purchased from commercial suppliers. Goat anti-mouse IgG and IgA H&L (HRP) were purchased 

from Abcam, Cambridge, England, UK.  All water and solvents used were HPLC grade. Lipids 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-carboxamide] (sodium salt) (18:1 PE 

MCC) were gifted from Avanti Polar Lipids Inc., Alabaster, AL, US.  

 

6.4 Methods 

6.4.1 Liposome manufacture and purification 

6.4.1.1 Anionic and neutral formulations entrapping protein 

The preparation of liposomes by microfluidics was conducted on the NanoAssemblr Platform 

(Precision Nanosystems Inc., Vancouver, Canada). Anionic and neutral formulations DSPC:Chol (2:1 

w/w), DSPC:Chol:DOPS (10:5:4 w/w), DSPC:Chol:PS (10:5:4 w/w) and MPG:Chol:PS (10:5:4 w/w) were 

initially dissolved in methanol and manufactured using microfluidic parameters 3:1 FRR (flow rate 

ratio) and 15 mL/min TFR (total flow rate) with initial total lipid concentrations between 10 – 15 

mg/mL. Ovalbumin was loaded in-line in PBS pH 7.4 in the second inlet at concentrations between 6 

– 8.5 mg/mL. These formulations were purified using Krosflo Research Iii tangential flow filtration 

system (Waltham, MA, USA) fitted with an mPES (modified polyethersulfone) column with a pore size 

of 750 kD. For removal of solvent and unentrapped protein, liposomal samples were circulated 

through the column and purified through difiltration, with fresh PBS being added at the same rate as 

the permeate leaving the column. Following purification, formulations entrapping protein were then 

concentrated using TFF, in order to have a final ovalbumin concentration of 1 mg/mL (as previously 

optimised).  

6.4.1.2 Cationic formulations 

For the cationic formulations manufactured by microfluidics, DSPC:Chol:DDA (10:5:5 w/w, initial total 

lipid 30 mg/mL), DSPC:Chol:DOTAP (10:5:2 w/w, initial total lipid 10 mg/mL) and DDA:TDB (5:1 w/w, 

initial total lipid 12 mg/mL) TRIS buffer 10 mM pH 7.4 was used as aqueous phase. The formulation 

DSPC:Chol:DOTAP was dissolved in MeOH and the microfluidic parameters used were: 1:1 FRR, 15 

mL/min TFR. Following production, subsequent solvent removal was conducted by dialysis and then 

ovalbumin adsorption was conducted by re-circulating the pre-formed liposomes through the 

NanoAssemblr with ovalbumin in the second inlet (complexation) (FRR 5:1, 15 mL/min TFR). 

Formulation DDA:TDB was dissolved in IPA before manufacturing (FRR 3:1, 15 mL/min TFR). Addition 

of ovalbumin to the surface of the particles was then conducted via complexation (FRR 3:1, 15 mL/min 
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TFR). Finally, formulation DSPC:Chol:DDA was loaded in-line (liposome formation and ovalbumin 

addition was conducted at the same time using microfluidics) using the following production 

parameters FRR 3:1, 15 mL/min TFR. Dialysis was then conducted to remove solvent. The final 

ovalbumin concentration for all cationic formulations was the same as the neutral and anionic vesicles, 

1 mg/mL.  

6.4.1.3 Cholera Toxin conjugation process 

The conjugation of modified cholera toxin (CT) protocol was adapted from a previously published 

protocol, based on the addition of thiol groups to lysine residues on the cholera toxin and then 

subsequent reaction with the maleimide group of the lipid component (Harokopakis et al., 1995). 

Briefly, cholera toxin was dissolved in PBS pH 7.4 and incubated with SPDP (amine-reactive reagent) 

at a molar ratio of CT:SPDP 1:10 for 30 minutes in a dark room. The reaction was quenched by the 

addition of 10 µL of 20 mM L-Lysine (PBS pH 7.4), followed by a reduction reaction by the addition of 

5 µL of DTT (7.7 mg/mL in di H20). To purify the modified protein from unwanted by products, a Bio-

Spin (Bio-Rad Laboratories) size exclusion chromatography column was used as per the 

manufacturer’s instructions. For coupling of the cholera toxin thiol groups to the liposomes, 5% total 

lipid molarity of 18:1 PE MCC (PE lipid containing maleimide group) was added to formulation 

DSPC:Chol, and the manufactured liposomes were subsequently incubated with the modified CT 

overnight at 4°C. The reaction was quenched by the addition of 10 µL of L-cysteine (20 mM in PBS pH 

7.4). The liposome CT mix was then purified to remove unconjugated protein using TFF. The cholera 

toxin conjugation concentration was optimised to achieve approximately 100 µg/mL (20 µg / dose).  

 

6.4.2 Dynamic light scattering: Physicochemical analysis and pH autotitration  

Dynamic Light Scattering (DLS) was used to analyse the intensity mean diameter (z-average), 

polydispersity index (PDI) and zeta potential (mV) of the liposomal formulations using a Malvern 

Zetasizer Nano-ZS (Malvern Instruments, Worcs., UK). All measurements were undertaken in 

triplicate. All readings were between 6 and 9 attenuation and samples were diluted 1/10 with 

appropriate buffer. For vesicle analysis during acidic conditions, the Malvern Zetasizer Nano-ZS was 

equipped with a MPT-2 Autotitrator. The pH probe was calibrated following the manufacturers guide, 

using dissolvable pH tablets supplied by Malvern. Two concentrations of hydrochloric acid were used 

for the titration process 0.25 M and 0.025 M, following manufacturers guidelines and the programme 

automatically then adjusts the pH, measuring sample properties as the pH declines at specific levels.  
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6.4.3 Antigen retention following acidic exposure 

Purified liposomal formulations (1mL) containing ovalbumin were added to 9 mL of PBS (adjusted to 

pH 1.2 with HCl) in a falcon tube at 37°C (maintained using a water bath under low mechanical 

agitation). Aliquots were removed at time points 30, 45, 60 and 120 minutes and added onto the 

tangential flow filtration for both neutralisation and removal of unbound antigen using PBS (pH 7.4) 

(pH neutralisation volumes were previously optimised). At the final time point, samples were 

neutralised and washed using tangential flow filtration and retained at neutral pH (7.4) for a further 2 

hours to replicate the transition of the particles movement from the gastric environment to the more 

neutral pH found across the duodenum, jejunum and ileum (pH 6 – 7.4) (Fallingborg, 1999). The 

samples were then concentrated and the remaining antigen incorporated was determine using RP-

HPLC (as previously optimised in Chapter 3). In case of cationic formulation DSPC:Chol:DOTAP, 

compatibility issues with the tangential flow filtration meant that dialysis was conducted to both 

neutralise and remove unbound antigen.  

 

6.4.4 In Vivo studies 

6.4.4.1 Immunisation schedule 

All animal experiments were conducted at the National institute for biological standards and control 

(NIBSC). Female BALB/c mice (6–8 weeks old) and C57BL/6 mice 20g (6-12 weeks old) were obtained 

from Charles River Ltd. All animal procedures were conducted in accordance with the Home Office 

(scientific procedures) Act 1986. Mice were immunised weekly on five occasions at days 0, 7, 14, 21 

and 28 by oral gavage (200 µL) with 200 μg of free ovalbumin (baseline control), 200 µg ovalbumin 

and 25 µg Cholera Toxin and ovalbumin 10 µg for subcutaneous immunisation (positive control) all in 

sodium bicarbonate pH 8.2. Nanoparticle formulations were administered (200 µL, oral gavage) as 

well as empty DSPC:Chol (no ovalbumin) for negative control. Mice were terminally bled on day 35, in 

order to collect blood samples for antibody analysis. The blood was then centrifuged in order to 

separate the supernatant from the blood plasma and stored at -80°C for further processing. Organ 

processing was then conducted, where colon, caecum and small intestine samples were isolated under 

sterile conditions. These organs were then added to individual vials containing PBSA containing 

protein inhibition solution and 10% FCS where they were subjected to homogenisation using scissors. 

Following homogenisation, the supernatant was separated by centrifugation and stored at -80°C. 

Finally, prior to termination, faecal samples were also collected (day 35), homogenised as previously 

described and stored in PBSA containing protein inhibition solution, centrifuged and the supernatant 

was then subsequently stored at -80°C for further processing. 
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Figure 6.1 Immunisation schedule used for in vivo experimentation. Five mice per group were orally administered liposomal 
formulations (or s/c injection for positive control) weekly over a period of five weeks in order to evaluate systemic IgG and 
mucosal IgA.  

 

6.4.4.2 Quantification of antibodies using ELISA 

96-well plates were coated the previous day using 10 µg/mL ovalbumin in carbonate buffer (pH 9.6), 

kept at 37°C for 2 hours and then overnight at 4°C. The plates were then washed (x3) in wash buffer 

(PBS, 0.05% Tween) and blocked with 100 µL/well of assay diluent (1% BSA, 0.3% Tween, 0.01M EDTA 

in PBS) for 30 minutes at 37°C. Serum was diluted 1:50 in assay diluent while intestinal wash, colon, 

caecum and faecal samples were normalised and added to the wells neat. Samples were serially 

diluted across the plate, followed by 90-minute incubation at room temperature. The plates were then 

washed (x3), and either secondary antibody IgG or IgA was added (100 µL/well) (Goat pAb to Ms IgG 

(HRP, 1:4000 dilution and goat pAb to Ms IgA (HRP), 1:3000 dilution respectively), followed by a 90-

minute incubation at room temperature. The plates were then washed (x3) and 100 µL TMB was 

added for approximately 20 minutes. The reaction was stopped by the addition of 2N sulphuric acid 

(50 µL) and the plates were subsequently read at 450 nm. Each sample/dilution was tested in duplicate 

and data are presented as endpoint titre. Both endpoint titre and OD 450 were used to represent the 

antibody responses. The endpoint titre was determined by the dilution where the optical density > 

the average blank multiplied by 2.  

 

6.4.5 Statistics 

ANOVA tests were used to assess statistical significance between groups for release studies, while the 

non-parametric Mann-Whitney U test was used for the analysis of antibody levels following ELISA, p 

values of <0.05 were considered statistically significant. Results are represented as mean ± SD with 

n = 3 independent batches unless stated otherwise. Antibody analysis is represented as the individual 

mice (circles) and the geo-mean (black bar) n=5.  
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6.5 Results and discussion 

6.5.1 Liposomal vesicle characteristics and antigen retention under acidic conditions 

The inherent physical properties of delivery systems such as vesicle size, composition and surface 

charge are closely linked to their in vivo efficacy (Ramirez et al., 2017). Therefore, understanding how 

the physicochemical attributes of the formulations behave as they transit through the stomach is an 

important element in designing an effective oral vaccine. Initial experiments focused on the effect that 

an acidic environment would have on the liposomal vesicle characteristics. Using the MPT-2 

autotitrator adaption for the Malvern ZetaSizer NanoZS, software controlled addition of different 

titrants (1M HCL, 0.1M HCL and 1M NaOH) can closely regulate the pH environment where the 

liposomal vesicles are contained. The vesicles are then pumped into the Zetasizer chamber for analysis 

of both vesicle size and zeta potential. This allows for incremental pH changes through the addition of 

acids and then subsequent characterisation of the vesicles.  

For this experiment, three formulations of differing charge were selected in order to determine how 

the acidic pH of the gastrointestinal tract would impact upon their stability. Neutral formulation 

DSPC:Chol (10:5 w/w), anionic formulation DSPC:Chol:PS (10:5:4 w/w) and cationic vesicle formulation 

DSPC:Chol:DOTAP (10:5:4 w/w) were chosen (Table 6.1). Initially, DSPC:Chol (10:5 w/w) vesicles were 

found to be approximately 45 nm, with a PDI of 0.13 and near neutral zeta potential (-3.2 mV) (Table 

6.1), while DSPC:Chol:PS (10:5:4 w/w) were larger at 163 nm with a PDI of 0.15 and an anionic zeta 

potential of -49 mV. Finally cationic DSPC:Chol:DOTAP (10:5:4 w/w) were measured at 173 nm with a 

PDI of 0.29 and a zeta potential of 38 mV (Table 6.1). 

 

 Table 6.1 Liposomal formulations physicochemical characteristics prior to subjection to acidic autotitration. Results show 
neutral (DSPC:Chol), anionic (DSPC:Chol:PS) and cationic (DSPC:Chol:DOTAP) formulations with average size (d.nm), PDI and 
zeta potential (mV) indicated. Results represent mean ± SD, n=3 of independent batches. 

Liposomal Formulation (w/w) Size (Z-Avg) (d.nm)  PDI Zeta Potential (mV) 

DSPC:Chol (10:5) 45.1 ± 0.3 0.13 ± 0.02 -3.2 ± 0.5 

DSPC:Chol:PS (10:5:4) 163.2 ± 12.4 0.15 ± 0.05 -49.3 ± 2.3 

DSPC:Chol:DOTAP (10:5:4) 173.2 ± 23.7 0.29 ± 0.13 38.1 ± 1.5 
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For DSPC:Chol, at near neutral pH (6.5), vesicles were approximately 45.1 nm, however a steady 

increase in vesicle size was observed as the pH acidifies (up to approximately 451.9 nm) at pH 3.8. At 

this point, a plateau was observed, where the vesicle size did not change as the pH was decreased 

further to pH 1.3 (455.1 nm) (Figure 6.2). The zeta potential of the DSPC:Chol vesicles followed a 

similar trend, where initially a near neutral value was obtained at pH 6.5 (-3.2 mV), followed by an 

increase up to approximately 14.8 mV by pH 3.8. As the pH acidified further to pH 1.3, the vesicles 

were found to be cationic at 19.4 mV (Figure 6.2A). For anionic liposomal formulation DSPC:Chol:PS, 

a similar trend could be observed. A gradual increase in vesicle size is shown as the pH decreases 

towards pH 1.3, resulting in a final vesicle size of 291.3 nm. At neutral pH (6.5), the anionic vesicles 

were shown to have a surface charge of approximately -50 mV, however this increased up to 6.6 mV 

by pH 1.3 (Figure 6.2B). Finally, cationic liposomal formulation DSPC:Chol:DOTAP was shown to exhibit 

little changes in vesicle size between pH 6.5 – pH 2 (approximately 170 nm), however a sharp increase 

was found upon reaching pH 1.3 (278 nm). The zeta potential of the formulation remained highly 

cationic across all of the pH range tested (38 - 47 mV) (Figure 6.2C).  
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Figure 6.2 Average size (d.nm), PDI and zeta potential (mV) of three empty liposomal formulations A) DSPC:Chol (10:5 w/w) 
B) DSPC:Chol:PS (10:5:4 w/w) and C) DSPC:Chol:DOTAP (10:5:4 w/w) prepared by microfluidics and subjected to an increasing 
acidic environment using the MPT-2 Auto Titrator from Malvern Panalytical. The isoelectric point (pI) is indicated by the red 
dotted line. Results represent mean ± SD, n=3 of independent batches.  
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While a definitive consensus is still lacking from the literature in regards to the most effective vesicle 

size for inducing oral immunisation, the majority of research indicates that particles under 10 µm are 

accessible through M cells, with some research indicating that particles under 1 µm being the most 

readily accessible (Davitt and Lavelle, 2015, Brayden and Baird, 2001, Wilkhu et al., 2013). While 

aggregation of all formulations was observed under highly acidic conditions (pH 1.2), none of the 

formulations tested aggregated outside of the range for accessibility and uptake at M cells. 

Furthermore, the adjuvanticity of particle formulations have been shown to be highly influenced by 

the overall surface charge of the administered formulations along with antigen (Nakanishi et al., 1999). 

The results shown here indicate a trend of increasing zeta potential as the pH steadily becomes more 

acidic. These results are likely due to the protonation of amino groups within the lipids, increasing the 

overall zeta potential of the vesicles as the concentration of hydrogen ions increases (Schmidt et al., 

2018, Phayre et al., 2002).  

Employing delivery systems for the delivery of antigens through the oral route of administration can 

enhance the immune response, partly as a result of the particulate nature of the delivery system. 

Particulate vesicles have inherent immune-stimulatory attributes as a result of increased uptake by 

both M cells and underlying APCs (Lavelle and O’Hagan, 2006). Given the results indicating the effect 

of an acidic environment on vesicle physicochemical attributes, it was then important to establish an 

overview of how low pH could affect antigen association with the liposomal vesicles. Therefore, 

ovalbumin loaded liposomal formulations were manufactured and subjected to highly acidic gastric 

pH (pH 1.2) in order to determine the antigen association over time. As described in the methods 

section, formulations were manufactured and purified before subjection to acidic pH and maintained 

at 37°C. At specific intervals, the samples were removed and washed using tangential flow filtration 

(for DSPC:Chol, DSPC:Chol:PS and MPG:Chol:PS) or dialysis (DPSC:Chol:DOTAP) to neutralise the pH, 

remove unbound protein and then analysed for protein concentration using RP-HPLC. The final 

liposome samples were retained at pH 1.2 and 37°C for a maximum of 2 hours, before neutralisation 

and then retained at a neutral pH for a further 2 hours before quantification of the antigen retention 

in order to attempt to replicate the pH change observed during transit from the gastric environment 

through to the more neutral environment of the duodenum, jejunum and ileum (Fallingborg, 1999). 

The antigen retention of four liposomal formulations is shown in Figure 6.3. Neutral liposomal 

formulation DSPC:Chol encapsulating ovalbumin is shown to steadily release antigen in the presence 

of acidic pH, showing a loss of up to 40% of the initial antigen by the 2 hour time point. Upon return 

to neutral pH, no significant loss of antigen could be observed over the course of the following 2-hour 

period (Figure 6.3). A similar trend could be observed for anionic liposomal formulation DSPC:Chol:PS, 

where a steady loss of antigen is observed during acidic conditions, resulting in a loss of approximately 
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20% of the initial antigen by the 2-hour time point. By the final time point, no significant differences 

in terms of antigen retention could be observed between both DSPC:Chol and DSPC:Chol:PS (p>0.05) 

(Figure 6.3). Cationic liposomal formulation with surface adsorbed ovalbumin was then subjected to 

the same acidic conditions, where a more rapid disassociation between the antigen and delivery 

system was observed. By 30 minutes, 40% of the antigen was lost during acidic conditions and by the 

final time point at pH 1.2, approximately 20% of the initial antigen was retained. Upon restoration to 

neutral pH, no significant loss of ovalbumin could be observed (Figure 6.3). Finally, a fourth 

formulation was tested containing a non-ionic surfactant monopalmitoyl-glycerol (MPG) alongside the 

addition of cholesterol and phosphatidylserine in order to support vesicle formation. This niosomal 

formulation resulted in the greatest antigen retention when subjected to acidic pH. By 2 hours at pH 

1.2, 89% of antigen was still associated with the vesicles and upon neutralisation of pH and a further 

2 hours, no significant further loss of antigen was observed (p>0.05) (Figure 6.3).  

 

Figure 6.3 Formulations DSPC:Chol (10:5 w/w), MPG:Chol:PS (10:5:4 w/w), DSPC:Chol:PS (10:5:4 w/w) with ovalbumin 
encapsulated inside and DSPC:Chol:DOTAP (10:5:4 w/w) with surface adsorbed ovalbumin were subjected to acidic conditions 
(pH 1.2) for up to 120 minutes at 37 °C. Samples were removed, neutralised and washed to remove unentrapped antigen 
using tangential flow filtration (DSPC:Chol, MPG:Chol:PS and DSPC:Chol:PS) or dialysis (DSPC:Chol:DOTAP). The final time 
point was further subjected to a neutralisation of pH (7.4) (indicated by the red-dotted line) and retained for an additional 
120 minutes before sample removal and washing. Antigen retention within the vesicles was then determined using RP-HPLC. 
Results represent mean ± SD, n=3 of independent batches.  

 

While all formulations resulted in a significant loss of antigen retention during acidic exposure, there 

were large differences between formulations in regards to the rate of loss. Niosomal formulation 

MPG:Chol:PS (10:5:4 w/w) was found to retain approximately 90% of the encapsulated antigen after 

the 4 hour experiment. The use of non-ionic surfactants as oral delivery vehicles incorporating proteins 
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and peptides is well known within the literature. Niosomes have favourable stability attributes when 

administered in vivo and have been shown to protect insulin through the gastric tract, resulting in 

significantly lower levels of blood glucose levels, as well as stimulating IgG1 responses in relation to 

vaccine studies (Khaksa et al., 2000, Ge et al., 2019, Vangala et al., 2006).  When determining the 

applicability of oral niosomal formulations as DNA vaccine carriers, formulations incorporating Span 

60, cholesterol and stearylamine (6:3:1 molar ratio) with and without a o-palmitoyl mannan coating 

showed high DNA-vesicle retention in the presence of simulated gastric fluid (pH 1.2) (77 ± 6% and 85 

± 7% for coated and uncoated vesicles respectively). When observing the antigen retention ability of 

the phospholipid based formulations, in the case of both DSPC:Chol and DSPC:Chol:PS, approximately 

58 – 64% retention was observed. These specific lipid compositions were selected, as well as high 

cholesterol content, due to the long acyl chain length found with DSPC. Whilst the antigen retention 

observed was not as high as that found with the niosome formulation, the inclusion of lipids containing 

longer chains has been shown to greatly increase vesicle stability and retention of encapsulated 

material (Lu et al., 2012). In a similar study as to the one conducted here (Figure 6.3), Taira et al 

assessed the bovine serum albumin (BSA) retention in acidic conditions (pH 2, 37°C) for a range of 

liposomal formulations designed for oral delivery. Formulations containing EggPC, cholesterol (1:1 

molar ratio) and binding ligands for M cell association were found to steadily release their protein 

contents over time, with approximately 60% release observed by the 2 hour time point (Taira et al., 

2004). While the acidic conditions chosen in this study differ slightly to that conducted in Figure 6.3, 

the comparatively improved antigen retention is likely a result of the use of long chain lipids (DSPC 

carbon chain length – 18, PC carbon chain length – 12). The final formulation chosen was the cationic 

formulation DSPC:Chol:DOTAP with surface adsorbed antigen. It should be noted that the 

experimental procedure for this formulation was distinct to the other formulations encapsulating 

antigen, due to the incompatibility of the cationic formulation with the tangential flow filtration 

system. However, the apparent rapid loss of antigen association found at pH 1.2 is likely explained by 

how the antigen and vesicles interact. The antigen association for this cationic formulation was 

achieved through electrostatic adsorption of the negatively charged protein to the positively charged 

surface of the liposomes. Nevertheless, the isoelectric point of ovalbumin has been shown to be 

between pH 4 - 5, therefore at pH 1.2, is likely to be highly positively charged (with a zeta potential of 

approximately +35 mV) (Niu et al., 2014). Therefore, this rapid loss of antigen retention is likely due 

to a loss of electrostatic interaction, and upon neutralisation to pH 7, no further losses could be 

observed after 2 hours. It also should be noted that this acidic exposure experiment contained only 

water, NaCl and adjusted pH to 1.2 using HCl and a maximum acidic exposure time of 2 hours. These 

parameters were selected based upon the initial acidic exposure experiments conducted on the MPT-
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2 autotitrator, yet the in vivo gastric and intestinal environments can vary dramatically. Typically, 

fasted human pH values can be between pH 1 - 3 (although can reach as neutral as pH 6 depending 

on ingested components), while the gastric volume can vary dramatically between 10 - 50 mL (with 

intake of exogenous fluid, this volume will rapidly increase). The transit time of the gastric 

environment has also shown wide variance, with some papers stating a median time of approximately 

30 minutes (Koziolek et al., 2015). In addition to this, enzymatic degradation will additionally occur 

during in vivo transit, these include proteases such as pepsin, trypsin and groups of lipases, all of which 

will pose stability issues to both liposomes and antigen (Ramirez et al., 2017). 

 

6.5.2 Mucosal and systemic antibody responses following oral administration of liposomal 

formulations 

In order to determine the ability of nanoparticle formulations manufactured by microfluidics to induce 

antibody responses following oral administration, a wide range of formulations were developed (as 

optimised previously). These formulations focused on the inclusion of lipids with long acyl chain 

lengths (e.g. DSPC) as well as high cholesterol ratios to improve the stability of the antigen containing 

vesicles as they traverse through the gastric environment. Primarily, these formulations entrapped 

antigen within the aqueous core of the vesicles (DSPC:Chol, DSPC:Chol:PS and MPG:Chol:PS), with the 

exception of cationic formulation DSPC:Chol:DOTAP where the antigen was surface associated via 

electrostatic interactions between the positively charged membrane surface and the overall anionic 

charge of the ovalbumin. Phosphatidylserine was included in two of the formulations due to the 

potential improved uptake rates exhibited by macrophages observed in Chapter 5 (Shah et al., 2019).  

Prior to immunisation, physicochemical characterisation of the formulations was conducted. In the 

case of both neutral and anionic formulations, a 3:1 FRR and 15 mL/min TFR were selected as the 

result of previous optimisation (Chapter 2 and 4). Following purification, these formulations were 

concentrated using tangential flow filtration in order to have a final ovalbumin concentration of 1 

mg/mL. In the case of cationic formulation DSPC:Chol:DOTAP, the vesicles were manufactured via 

microfluidics using initial parameters 1:1 FRR, 15 mL/min followed by dialysis for solvent purification. 

The vesicles were then sent back through the microfluidic system in order to complex the ovalbumin 

onto the surface of the vesicles (FRR 5:1, 15 mL/min TFR). The final ovalbumin concentration was 

optimised in order to give the same final antigen concentration as the entrapped formulations (1 

mg/mL).  

After manufacture and purification, the formulations were then characterised in terms of vesicle size 

and zeta potential. Figure 6.4 indicates the average vesicle characteristics of the formulations used 
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prior to oral administration. For neutral formulation DSPC:Chol (10:5 w/w) entrapping ovalbumin, the 

vesicles were found to be approximately 76.6 ± 6 nm with a near neutral zeta potential (-4.5 ± 2 mV) 

and a PDI of approximately 0.3. Anionic formulation incorporating PS was found to be slightly larger 

with an average size of 94 ± 27 nm and a zeta potential of -20 ± 3 mV as well as a homogenous 

population distribution (0.24 PDI). For niosomal formulation incorporating non-ionic surfactant 

monopalmitoyl glycerol (MPG) alongside cholesterol and PS, an average diameter of 70 ± 15 nm with 

an anionic zeta potential of -28 ± 7 mV and a PDI value of 0.24. Finally, cationic liposomal formulation 

DSPC:Chol:DOTAP with surface adsorbed antigen was found to be the largest at 198 ± 43 nm and a 

homogenous PDI value of 0.18, with an overall negative surface charge of -13 ± 2 mV as a result of the 

ovalbumin coating (Figure 6.4).  

 

Figure 6.4 Average size (d.nm) (bars), PDI (circles) and zeta potential (mV) (values) of the four formulations prior to oral 
administration. Microfluidic manufacture of DSPC:Chol (10:5 w/w), DSPC:Chol:PS (10:5:4 w/w) and MPG:Chol:PS (10:5:5 w/w) 
(3:1 FRR, 15 mL/min TFR) with a final OVA concentration of 1 mg/mL entrapped. Cationic formulation DSPC:Chol:DOTAP 
(10:5:2 w/w) (1:1 FRR, 15 mL/min TFR) with a final ovalbumin concentration of 1 mg/mL adsorbed on the surface. Results 
represent mean ± SD, n = 5 of independent batches.  

 

To assess these formulations in vivo, female C57BL/6 mice were immunised by oral gavage (as well as 

a subcutaneous injection of ovalbumin as a positive control group) on 0, 7, 14, 21 and 28 days. 

Terminal bleeds were conducted on day 35, where serum was kept for determination of systemic IgG 

responses. In order to determine mucosal IgA responses, the colon, caecum and small intestine were 

removed and stored with protein inhibition solution and FCS at -80°C alongside sera samples. Figure 

6.5 shows the OD 450 values of the antibody immune response data quantified by ELISA. Positive 

controls (subcutaneous ovalbumin), negative controls (oral empty DSPC:Chol and oral ovalbumin) are 
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compared to the four nanoparticle formulations in terms of either IgG or IgA responses. Figure 6.5A 

indicates the systemic IgG responses on day 35, where no statistically significant increases in IgG levels 

could be observed across any of the administrated formulations in comparison to oral ovalbumin 

alone (p>0.05). Conversely, subcutaneous ovalbumin generated comparatively high levels of systemic 

IgG within the serum (p<0.05). When comparing IgA levels within the serum, subcutaneous ovalbumin 

is shown to generate very low IgA levels (Figure 6.5B). An increase in IgA is observed when ovalbumin 

was administered orally and administered entrapped within liposomal formulation DSPC:Chol:PS 

(10:5:4 w/w) (not statistically significant)(p>0.05). However, IgA sera levels of formulations DSPC:Chol 

(10:5 w/w), MPG:Chol:PS (10:5:4 w/w) and DSPC:Chol:DOTAP (10:5:4 w/w) failed to increase IgA 

responses above baseline.  

 

Figure 6.5 Anti-OVA antibody systemic immune responses following oral administration of liposomal formulations in mice 
(BALB/c mice 6–8 weeks old). Mice were terminally bled on day 35 and serum antibody analysis was conducted using ELISA. 
(A) Serum IgG response and (B) Serum IgA response. Each sample/dilution was tested in duplicate and data are presented as 
mean optical density (OD 450) with each individual sample (circle) and Geo-mean (black line) shown. Results represent geo-
mean ± SD, n=5 of independent batches 

 

When comparing localised mucosal antibody responses, first intestinal washes from the small 

intestine were analysed. Results from Figure 6.6A indicate poor IgA responses for all four formulations 

tested, with no significant differences observed across all test parameters. When analysing the 

caecum data, subcutaneous ovalbumin resulted in the greatest increase in localised IgA, while none 

of the formulations significantly increased antibody levels above baseline (Figure 6.6B) (p>0.05). A 

similar story was observed for the IgA colon samples, where no significant increases in IgA could be 

found across all groups (Figure 6.6C). In the case of DSPC:Chol:PS and DSPC:Chol:DOTAP, some mice 

were shown to have 3-5 fold increases in IgA when compared to both subcutaneous and oral 
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ovalbumin, however no statistically significant increases could be found overall (p>0.05). Finally, faecal 

samples were taken from the individual mice on day 35 for IgA analysis. No significant changes in anti- 

ovalbumin IgA levels could be found across all formulations when compared to oral ovalbumin alone 

(Figure 6.6D).  

 

 

Figure 6.6 Anti-OVA antibody mucosal immune responses following oral administration of liposomal formulations in mice 
(BALB/c mice 6–8 weeks old). (A) Intestinal wash (B) caecum (C) colon and (D) faecal samples were analysed for IgA antibody 
response using ELISA. Each sample/dilution was tested in duplicate and data are presented as mean optical density (OD 450) 
with each individual sample (circle) and Geo-mean (black bar) shown. Results represent geo-mean ± SD, n = 5 of independent 
batches. 
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Once antigen has traversed through the stomach and enters the small intestine, there are a number 

of uptake pathways possible which can then result in an adaptive immune response. The uptake of 

antigen can occur through entry and transcytosis through M cells, before uptake by APCs such as DCs 

and macrophages. Furthermore, epithelial cells lining the vast majority of the small intestine are 

capable of antigen uptake and finally DCs can directly sample antigen within the lumen by extending 

appendages through epithelial right junctions (Weiner et al., 2011). Currently, there remains some 

ambiguity in regards to the most effective particle size for oral immunisation (highlighting the 

complexity and challenges involved with this route of administration); nonetheless, it has generally 

been shown that vesicles under 1 µm are readily taken up by M cells (Davitt and Lavelle, 2015, des 

Rieux et al., 2006). Despite all of the formulations within this study being sub-micron in size, poor 

antibody responses were observed for all. This is typically a result of the intricacies involved when 

dealing with the mucosal immune system. It is well established that the mucosal immune system is a 

separate entity compared to the systemic, where high degrees of compartmentalization can be found. 

This is a result of the existence of homing receptors on APCs and lymphocytes resulting in immune 

responses being largely confined within the MALT (Janeway et al., 1999). The results shown in Figure 

6.5A highlight this compartmentalisation, where subcutaneous ovalbumin results in high systemic IgG 

responses, yet unresponsive localised (intestinal wash, caecum and colon) IgA in comparison. 

Contrarily, oral ovalbumin antigen alone resulted in both poor systemic IgG and localised IgA (Figure 

6.5). This is a result of the tolerogenic default environment found within the gut, where a range of 

cells exert controls over each other to actively pursue a state of higher tolerance in comparison to the 

systemic immune system. Interactions between our gut microorganisms, epithelial cells and then 

subsequently DCs results in CD103+ retinoic acid-dependent types, which then induces a number of 

different regulatory T cells (including IL-10, foxp3+ and transforming growth factor-β dependent types) 

promoting tolerance to an antigen (Weiner et al., 2011). This indicates why adjuvants (and in this case, 

delivery systems) are a crucial component to the success of an oral vaccine comprising of a subunit 

antigen (Rhee et al., 2012). While it has been shown that particulate systems can enhance vaccine 

delivery and are inherently immunogenic, a comprehensive understanding of the specific immune-

stimulating properties are still lacking (Lavelle and O’Hagan, 2006). While some mice showed 3 - 5 fold 

increases in IgA levels (colon samples) after DSPC:Chol and DSPC:Chol:DOTAP administration, despite 

the particulate nature of the liposomes, it was not enough to significantly overcome these tolerance 

mechanisms, resulting in overall poor localised anti-OVA IgA levels. Cationic formulations, as a result 

of electrostatic repulsions, can be beneficial for oral vaccination due to their mucoadhesive properties 

as well as improved resistance to enzyme degradation (He et al., 2019). In particular, chitosan – 

ovalbumin complexes can boost localised IgA responses compared to ovalbumin alone when 
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administered orally (Cole et al., 2018). However, DSPC:Chol:DOTAP liposomes with surface adsorbed 

antigen failed to improve baseline systemic and mucosal antibody levels compared to oral antigen 

alone. This could be a result of the exposure of the antigen to the gastric environment, where the 

benefit of protection from complexed or encapsulated antigen is lost, as well as a lack of 

immunostimulation from the vesicles (Davitt and Lavelle, 2015).  

For neutral formulation DSPC:Chol entrapping ovalbumin within the aqueous core, it was 

hypothesised that the use of long acyl chain lengths could protect antigen degradation and therefore 

improve antibody responses, however it is likely that the formulation required a more potent adjuvant 

(Bernasconi et al., 2016). Previous studies working with DSPC:Chol (10:5 molar ratio) liposomes 

encapsulating ovalbumin (with and without PEGylation) following oral administration found similar 

levels of intestinal wash IgA across the liposomal formulations and ovalbumin in solution, yet this 

effect was shown to be liposome-concentration dependent (Minato et al., 2003). Phosphatidylserine 

(PS) was then added to two formulations, liposomal DSPC:Chol and non-ionic surfactant formulation 

MPG:Chol encapsulating ovalbumin. As previously stated, PS was incorporated within these 

formulations to enhance macrophage phagocytosis, therefore potentially improving the antigen 

presentation and subsequent adaptive immune response (Bernasconi et al., 2016, Tseng et al., 2009). 

PS is a highly abundant, negatively charged glycerophospholipid found mainly within the inner leaflet 

of eukaryotic membranes. However, during cellular stress or the process of apoptosis, the cell begins 

to externalise PS from the inner membrane leaflet to the outer-leaflet. Externalised PS on the cells 

surface then serves as a potent “eat-me” signal for macrophages and DCs. The immune cells recognise 

the externalised PS through direct cell-cell interactions as well as indirectly through third party 

molecules (Birge et al., 2016). The process is designed to recycle old and damaged cells, however in 

relation to vaccine delivery, the addition of PS to liposomal formulations can serve as a unique way 

for the vaccine delivery system to improve the presentation of antigen to the hosts immune system.  

Furthermore, the results from Chapter 5 indicate the synthetic version of PS, DOPS, as having 

enhanced processing properties for THP-1 derived macrophages. Nevertheless, the data in Figure 6.5 

and 6.6 indicates no significant increase in both systemic IgG and localised IgA levels being found when 

compared to negative controls. While initially these results may seem contrary, a study published in 

2018 indicated that while PS-liposomes entrapping insulin peptides were indeed up taken at an 

accelerated rate through apoptotic pathways, the downstream effects of this internalisation choice 

resulted in tolerogenic presentation (typically useful for autoantigen in regards to apoptosis) and 

therefore a subsequent down regulation of the adaptive immune response (Rodriguez-Fernandez et 

al., 2018). Therefore, from the results shown here in Figure 6.5 and 6.6, it is possible that particulate 

liposome systems comprising of components such as DSPC and cholesterol may in fact require further 
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immunostimulatory components incorporated in order to overcome the inherent bias of the mucosal 

immune system towards tolerance in the face of oral antigens.  

 

6.5.3 Inclusion of immunostimulatory components to liposomal formulations and the effect 

on mucosal and systemic antibody response 

Given the poor antibody responses generated from the liposomal formulations, the next step was to 

improve the immunogenicity of the formulations in order to overcome the tolerogenic mucosal 

environment. The use of cholera toxin (CTX) as an oral adjuvant has been studied for a number of 

decades. The toxin is produced by Vibrio cholera and can stimulate potent IgA responses against a 

non-related antigen when co-administered (Lycke and Holmgren, 1986). The mechanism of action is 

dependent on the animal model in question, however CTX is believed to upregulate presentation by 

a range of APCs as well as promoting B cell isotype differentiation towards IgA secretion and enhancing 

mucosal membrane permeability. Furthermore, in conjunction with antigen, CTX can enhance antigen 

uptake at M cells (likely due to targeting of the Gm1  ganglioside), indicating its strengths as an effective 

oral vaccine adjuvant when administered at the correct dose (Holmgren et al., 1992). Therefore, in 

order to boost the mucosal antibody response to ovalbumin within liposomal particulate vesicles, CTX 

was chosen. Following a previously published protocol, CTX was both conjugated to the surface of 

DSPC:Chol modified liposomes via maleamide-thiol interactions as well as co-administered without 

chemical conjugation (Harokopakis et al., 1995, Harokopakis et al., 1998).  

In addition to cholera toxin, further immunostimulatory components were included within the 

previous round of in vivo formulations in order to boost the antibody responses. The cationic 

surfactant dimethyldioctadecylammonium bromide (DDA) has previously been shown to be an 

effective adjuvant in regards to both enhanced antibody and cell mediated immune responses (Hilgers 

and Snippe, 1992). Therefore, DOTAP was replaced with DDA, and the manufacturing protocol was 

adjusted. Previously, cationic DSPC:Chol:DOTAP was manufactured, purified and then surface coated 

with antigen via electrostatic interactions. However, it is hypothesised that this may lead to poor 

protection from the acidic and enzymatic degradation. Therefore, a new cationic formulation 

composing DSPC:Chol:DDA was manufactured in-line with the ovalbumin (one microfluidic inlet 

contained the lipid components while the second inlet contained the ovalbumin in TRIS buffer 10 mM, 

pH 7.4). Following manufacture, the liposome – ovalbumin complex was purified by dialysis.  

Finally, a potent cationic adjuvant formulation CAF01 was investigated to determine the ability of this 

formulation to generate mucosal immune responses following oral administration. This adjuvant 

formulation consists of cationic surfactant DDA and the immunopotentiator α,α′-trehalose 6,6′-
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dibehenate (TDB) (Hamborg et al., 2014). TDB is a synthetic mycobacterial cord factor and in 

conjunction with DDA, can generate both potent cell-mediated and humoral immune responses 

(Agger et al., 2008).  

6.5.3.1 Development of the liposomal CTX conjugates  

The coupling between cholera toxin and liposomes via a thioether bond was achieved following a 

previously published protocol by Harokopakis et al. Chemical modification is initially required in order 

to add thiol groups (necessary for the thiol-maleimide reaction) to lysine residues of the cholera toxin. 

This was achieved through the use of SPDP, an amine reactive reagent added at a 1:10 molar ratio 

(protein:SPDP). Specific lipid containing maleimide groups (18:1 PE:MCC) was then added within the 

liposomal formulation DSPC:Chol at 5% of the total lipid molarity (additional information for the 

conjugation process can be found within the methods section 6.4.1.3). In order to confirm 

conjugation, initial experiments used fluorescently labelled ovalbumin (Alexa FluorTM 488) as an easily 

quantifiable substitution for the cholera toxin. Initial experiments resulted in poor conjugation 

efficiency (1.5%) following the published protocol (Table 6.2). This poor conjugation was likely due to 

the insolubility of the SPDP within aqueous buffer during the incubation with the protein, therefore 

prior to SPDP addition, DMSO was used as a solubilisation agent. This process was then found to 

increase the conjugation efficiency dramatically (up to 24%) (Table 6.2). Further optimisation of the 

protocol was then investigated by adjusting the pH of the protein: SPDP reaction, given the importance 

of maintaining a neutral pH close to 7.5 (ThermoFisher). Increasing the pH from 6.8 to 7.3 resulted in 

a high conjugation efficiency (66%) between the modified ovalbumin and the liposome surface 

(containing PE:MCC for conjugation).  

 

Table 6.2 Conjugation efficiency of fluorescent ovalbumin (Alexa Fluor) to liposome surface (DSPC:Chol) containing 5% 
PE:MCC. The effect of DMSO for SPDP solubilisation and buffer pH during SPDP and protein incubation is shown, with % 
conjugation efficiency measured by fluorescence.  

DMSO for SPDP dissolution Buffer pH  
Conjugation 

efficiency (%) 

X 6.8 1.5 

  6.8  24 

  7.3 66 
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6.5.3.2 Formulation of adjuvanted liposome systems. 

Following on from the inclusion of more potent adjuvants, characterisation of these new formulations 

was conducted in terms of vesicle physicochemical properties. Figure 6.7 indicates the formulations 

encapsulating ovalbumin: DSPC:Chol CTX Co-mix, DSPC:Chol CTX Conjugate, DSPC:Chol:DDA – 

ovalbumin complex and cationic advjuant DDA:TDB with surface adsorbed ovalbumin. Again, all 

formulations were loaded with a final antigen concentration of 1 mg/mL. The data represents the 

average of n=5 formulations prior to oral administration. In the case of DSPC:Chol (10:5 w/w) 

encapsulating ovalbumin with CTX co-administered, the vesicles were found to be approximately 63.2 

± 10 nm with a homogenous population distribution (PDI 0.24) (Figure 6.6).  For liposomal formulation 

DSPC:Chol:PE:MCC (10:5 w/w) encapsulating ovalbumin with CTX conjugated onto the surface, larger 

vesicles were characterised (approximately 246.9 ± 117 nm) yet a homologous population distribution 

was still retained (PDI 0.24) (Figure 6.7). In the case of cationic liposomal formulation DSPC:Chol:DDA 

(10:5:5 w/w) complexed in-line with ovalbumin, vesicles were found to average approximately 318.4 

± 39 nm (PDI 0.2) (Figure 6.7). The final formulation, DDA:TDB with surface adsorbed ovalbumin 

resulted in micron sized vesicles (data not shown) with a relatively heterogeneous population 

distribution (PDI 0.5) due to the particular dose restrictions of DDA:TDB  (250 µg: 50 µg) and ovalbumin 

(1mg/mL). In the case of zeta potential, DSPC:Chol co-administered with CTX was found to be -11.6 ± 

3.6 mV, while the conjugated formulation showed a more negative zeta potential (-29.1 ± 7.3 mV) 

(Figure 6.7). Cationic formulation DSPC:Chol:DDA complexed with ovalbumin remained positively 

charged (37.5 ± 1.8 mV) as did DDA:TDB with surface adsorbed ovalbumin (23.4 ± 3.3 mV) (Figure 6.7).  

 

Figure 6.7 Average size (d.nm) (bars), PDI (circles) and zeta potential (mV) (values) of the four formulations prior to oral 
administration. Microfluidic manufacture of empty DSPC:Chol (10:5 w/w), DSPC:Chol (10:5 w/w) encapsulating ovalbumin 
with co-mixed CTX,  DSPC:Chol (10:5 w/w) encapsulating ovalbumin with surface conjugated CTX, DSPC:Chol:DDA (10:5:4 
w/w) in-line loaded with ovalbumin and DDA:TDB (5:1 w/w) with surface complexed ovalbumin. All formulations had a final 
antigen concentration of 1 mg/mL. Results represent mean ± SD, n=5 of independent batches.  
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6.5.3.3 Systemic antibody response 

Female BALB/c mice (8 - 12 weeks old) were immunised under the same schedule as previous (0, 7, 

14, 21, 28 days with termination bleeds being conducted on day 35). Serum was analysed by ELISA for 

systemic IgG responses, while intestinal wash samples, caecum and colon were analysed for both IgA 

and IgG. A number of controls were also kept within the experimental setup, with subcutaneous 

injection of ovalbumin, oral ovalbumin, oral ovalbumin and CTX as well as oral empty DSPC:Chol 

vesicles.  

Serum was analysed at termination (day 35) for systemic anti-ovalbumin IgG. Figure 6.8 shows the 

endpoint titre antibody response for all groups. In the case of subcutaneous ovalbumin, strong IgG 

responses were observed (51200 endpoint titre), while oral ovalbumin alone resulted in poor IgG 

levels (1212 endpoint titre) (Figure 6.8). When ovalbumin was then administered in the presence of 

CTX, IgG levels increased by 32-fold (38802). The same endpoint titre was then reached by the 

liposomal formulation encapsulating ovalbumin in the presence of co-administered CTX (Figure 6.8). 

When the CTX was then conjugated onto the liposomal surface, a significant (p<0.05) decrease in 

mean titre was observed compared to both of the co-mixed formulations and subcutaneous 

ovalbumin injection (1392). Similar baseline levels of IgG response was observed for all other delivery 

systems, with no significant increase being found for DDA:TDB and DSPC:Chol:DDA (1212, 263 

respective mean titres; p>0.05; Figure 6.8).  

 

Figure 6.8 Anti-OVA antibody systemic immune responses following oral administration of liposomal formulations in mice 
(C57BL/6 mice 20g, 6-12 weeks old). Mice were terminally bled on day 35 and serum IgG antibody analysis was conducted 
using ELISA. Each sample/dilution was tested in duplicate and data are presented as mean optical density (OD 450) with each 
individual sample (circle) and Geo-mean (black bar) shown. Results represent geo-mean ± SD, n=5 of independent batches. 
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6.5.3.4 Mucosal antibody response 

Determination of local mucosal antibody responses were then conducted on intestinal wash, caecum 

and colon samples, where both IgG and IgA levels were quantified through ELISA. In the case of the 

intestinal wash samples, both subcutaneous and oral ovalbumin resulted in baseline levels, however 

ovalbumin with CTX significantly (p<0.05) increased IgA (Figure 6.9A). While liposomal DSPC:Chol co -

mixed with CTX only slightly improved IgA, none of the formulations resulted in any significant 

increases in endpoint titres when compared to oral ovalbumin alone (Figure 6.9A). When analysing 

the IgG responses, subcutaneous ovalbumin yielded high titres (1024 mean titre, Figure 6.9B), while 

oral ovalbumin resulted in a poor antibody response. Both ovalbumin and CTX, and liposomal 

formulation DSPC:Chol encapsulating antigen with co-mixed CTX significantly (p<0.05) improved IgG 

responses (891 and 675 mean titres respectively, Figure 6.9B) when compared to oral ovalbumin alone 

(Figure 6.9B). All other formulations tested showed baseline IgG levels (Figure 6.9B). Caecum IgA levels 

showed both subcutaneous and oral ovalbumin groups yielding baseline IgA antibody levels (21 and 

16 mean titres respectively, Figure 6.9C). However, the addition of CTX alongside ovalbumin resulted 

in the highest IgA levels among all groups (776 mean titre, Figure 6.9C). In the case of the liposomal 

formulations, no statistically significant increases could observed when compared to oral antigen 

alone; DSPC:Chol ovalbumin co-mixed with CTX (64 mean titre, Figure 6.9C), DSPC:Chol ovalbumin 

with conjugated CTX , DDA:TDB  and DSPC:Chol:DDA  (p>0.05) (48.5, 32 and 21 mean titres 

respectively, Figure 6.9C). Finally, colon samples were analysed in regards to both IgA and IgG 

responses. Figure 6.9D indicates the IgA responses, where the only statistically significant (p<0.05) 

increase in antibody levels found was from oral ovalbumin with CTX. No formulations tested showed 

significant increases in IgA responses compared to oral ovalbumin alone (Figure 6.9D). In case of colon 

IgG levels, significant increases in IgG were found for subcutaneous, ovalbumin + CTX and DSPC:Chol 

CTX groups. When comparing between the oral antigen with CTX and the liposomal antigen with CTX, 

no statistically significant differences could be found (p>0.05). No other formulations were found to 

significantly impact (p>0.05) upon IgG levels when compared to oral antigen alone (Figure 6.9E).  
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Figure 6.9 Anti-OVA antibody mucosal immune responses following oral administration of liposomal formulations in mice 

(C57BL/6 mice 20g, 6-12 weeks old). (A-B) Intestinal wash IgA and IgG respectively, (C) caecum IgA (D-E) colon IgA and IgG 

respectively were analysed for antibody responses using ELISA. Each sample/dilution was tested in duplicate and data are 

presented as the endpoint titre with each individual sample (circle) and Geo-mean (black bar) shown. Results represent geo-

mean ± SD, n=5 of independent batches.   
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Given the lack of antibody responses found when administering conventional liposomal formulations 

(Figure 6.5 and 6.6), it is hypothesised that the inclusion of components that are capable of eliciting 

immunostimulatory properties may boost immune responses following liposomal oral administration. 

When determining the suitability of liposomes as oral vaccine adjuvants using ovalbumin as a model 

antigen, Li et al found that egg phosphatidylcholine: cholesterol (3:2 molar ratio) vesicles 

encapsulating ovalbumin failed to elicit both IgA and IgG levels above that of ovalbumin solution alone. 

However, following the inclusion of the polar lipid fraction E (from purified Sulfolobus acidocaldarius) 

within the formulation, the archaosomes were capable of eliciting much higher titres of both mucosal 

IgA and systemic IgG due to improved stability and adjuvant activity (Li et al., 2011b).  

In the case of the formulations tested within this experiment, both of the cationic based formulations 

(DSPC:Chol:DDA and DDA:TDB) failed to elicit significant antibody titres following oral administration. 

The immunogenicity of cationic formulations administered parenterally has been well documented, a 

result of enhanced interaction with APCs (Christensen et al., 2007). However, this adjuvant activity is 

not simply a result of the electrostatic interactions found between the positively charged vesicle 

surface and the negatively charged cell membranes. The cationic lipid choice has been shown to 

greatly impact upon a range of immunological responses, with DDA (in combination with TDB) yielding 

much higher Interferon Gamma (IFNγ) responses in mice when compared to a DOTAP counterpart 

following intramuscular injection (Henriksen-Lacey et al., 2011a). However, the results shown in 

Figures 6.8–6.9 indicate no enhanced IgG or IgA responses following oral administration with 

DSPC:Chol:DDA, when compared to oral antigen alone or DSPC:Chol:DOTAP formulation shown 

previously in Figures 6.5–6.6. It should be noted that a direct comparison between both DDA and 

DOTAP formulations cannot be conducted due to the different strains of mice used between the in 

vivo experiments. However, it is likely that both formulations are not adequately immunogenic 

enough to generate significant anti-ovalbumin antibody responses following oral administration.  

The adjuvant activity of DDA:TDB is well-known, eliciting both strong humoral and cell mediated 

immune responses following parenteral vaccination (Agger et al., 2008, Christensen, 2017). Some 

research pertaining to effective mucosal stimulation using this delivery system has emerged, 

prompting some intrigue towards using DDA:TDB for oral immunisation. In vitro studies using bone-

marrow derived DCs (BMDCs) found that DDA:TDB could enhance both cell uptake and maturation 

and then when subsequently administrated intranasally, significantly increased IgA titres from the 

nasal tissue compared to H3N3 antigen alone were observed (Qu et al., 2018). Similarly, mucosal 

immunological responses have been observed using DDA:TDB as a delivery system for the protein 

ScpA to the airway. Initial subcutaneous priming followed by two intranasal immunisations resulted 

in the migration of Th17 cells to the lung parenchyma and then subsequent IgA secretion through B 
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cell production (Christensen et al., 2017). However, this intranasal prime-pull strategy has been shown 

to result in poor mucosal responses at distal sites (Pedersen et al., 2018). While these mucosal IgA 

responses are highly desirable for enteric protection, intranasal administration is a much less hostile 

environment for both antigen and delivery system when compared to the gastric environment. Oral 

administration using DDA:TDB and ovalbumin may therefore require an initial parenteral priming 

immunisation, in order to generate an increased level of Th17 cells within the small intestine to 

stimulate effective IgA responses.  

In order to boost antibody responses towards encapsulated ovalbumin in DSPC:Chol based liposomes, 

cholera toxin was both co-administered with and conjugated onto the surface of the liposomal 

vesicles.  The cholera toxin B (CTB) subunit is currently used within an oral vaccine for cholera toxin 

known as Dukoral However, strong immune responses to other non-related antigens can also occur 

when administered in the presence of CTX (New, 2019, Davitt et al., 2019). The results shown in 

Figures 6.8-6.9 indicate significantly enhanced IgG responses towards both free antigen and 

encapsulated antigen (DSPC:Chol) when co-administered with CTX for both serum and localised tissue 

samples. When comparing the immunostimulatory effect of a recombinant CTB protein on antibody 

responses to an antigen (saliva-binding region, SBR) encapsulated in POPC-based liposomes, similar 

results were shown, where significantly increased IgG (Serum) and IgA (Vaginal) levels were observed 

when rCTB was co-mixed compared to liposome-SBR alone (Harokopakis et al., 1998). However, this 

enhanced immune response was also found when the rCTB was surface conjugated to the POPC-based 

liposomes. While the antigen, delivery system composition and immunostimulant (CTX and rCTB) used 

were slightly different, the results shown in Figures 6.8–6.9 conversely indicate a loss of antibody 

response when the CTX was conjugated to the DSPC:Chol liposomes. This apparent loss of 

immunogenicity through conjugation has been demonstrated when the conjugation occurs directly 

between the CTB and the specific antigen. It is believed that while the conjugation process does not 

inhibit the beneficial binding activity of the CTB to the M cells, some downstream disruption may be 

occurring limiting the interaction of the toxin to lipid rafts (Sun et al., 2010). Furthermore, it is believed 

that a loss of CTB binding sites may occur as a result of the antigen conjugation, a process which may 

also be occurring within these results (Figures 6.8–6.9) between the maleamide-thiol bonds between 

the CTX and lipid components, explaining the apparent loss of immunogenicity (New, 2019).  

The results shown in Figures 6.8 and 6.9 indicate a stark difference in the antibody response when 

comparing between subtypes (IgA and IgG). In the case of DSPC:Chol encapsulating ovalbumin with 

co-administered CTX, significant increases in systemic IgG and localised IgG throughout the intestine 

could be observed, yet IgA responses were found to be largely unaffected. Furthermore, the antigen 

alone with co-administered CTX was found to generate both IgG and IgA responses.  
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The apparent loss in IgA production when ovalbumin is encapsulated within DSPC:Chol liposomes may 

be a result of the alteration of how the immune system interacts with the antigen. In the process of 

designing delivery systems that are capable of providing some protection to the antigen against gastric 

degradation (e.g. using long-chain lipids such as DSPC along with cholesterol), this means that the 

majority of the antigen uptake at the Peyer’s patches is being done in the liposomal form. Whilst 

particulate vesicles under the size of 10 µm have been shown to be readily up taken by Peyer’s 

patches, smaller vesicles preferentially drain (and move with APCs) to the mesenteric lymph nodes 

and circulatory system (Eldridge et al., 1989). The size dependent movement of antigen containing 

vesicles may mean that systemic IgG responses are pursued by employing smaller particulate delivery 

systems, while larger vesicles are retained and processed more within the Peyer’s patches leading to 

more potent localised IgA responses (Kunisawa et al., 2012). With the Peyer’s patches being the 

primary site for IgA class switching upon antigen recognition and activation for B cells, the particulate 

liposomal drainage of these sub 100 nm vesicles towards the mesenteric lymph nodes and systemic 

circulation may bias a more systemic IgG response, as observed through-out the IgG responses for 

encapsulated (DSPC:Chol) ovalbumin co-administered with CTX (Bernasconi et al., 2016).  

Naïve B cells residing in B cell follicles bind antigen and become activated via CD40 interactions (and 

other chemokine signals) with the approval from follicular helper T cells (Tfh). While T cell activation 

can occur through peptidic fragments mounted on MHC II APCs, B cell binding requires antigen in the 

native 3-D structure form (Lung et al., 2020). This antigen binding through B cell receptor (BCR) then 

triggers the differentiation of the B cells into plasmablasts (IgM secreting), and subsets of these 

populations then initiate GC formation. Within the GC, Tfh cells regulate both the somatic 

hypermutation (SHM) and class switch recombination (CSR), the mechanisms behind improved Ig 

affinity and Ig class switching respectively, in the presence of antigen. If there is not enough readily 

available antigen in its native form, the GC will not proceeded, therefore limiting the class switching 

ability of the B cells from IgM to IgA producers (Janeway, Brandtzaeg and Johansen, 2005). Therefore, 

liposomal vesicles entrapping antigen may not have released adequate levels of native antigen at the 

mucosal inductive sites in order to maintain GC formation and subsequent Ig class switching. Moon et 

al tested this hypothesise when delivering malaria antigen (recombinant Plasmodium vivax antigen) 

in nanoparticle lipid-based carriers. The authors found that enhanced GC formation and a subsequent 

9-fold increase in antigen specific antibody responses was observed when the antigen was both 

encapsulated within the aqueous core and anchored to the surface of the vesicles when compared to 

entrapped within the aqueous core alone (Moon et al., 2012). This resulted in enhanced BCR 

activation, yielding strong humoral responses, however it should be noted that this paper focused on 
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subcutaneous injection, thus the surface anchored antigens were not subjected to the degradative 

environment of the gastric tract. 
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6.6 Conclusions 

The oral administration for vaccination remains a highly sought after route of administration, yet 

significant challenges remain in regards to vaccine stability, uptake and efficacy. Within this chapter, 

the manufacturing of lipid-based nanoparticles through microfluidics incorporating model antigen 

ovalbumin is shown. The vesicle characteristics remained within the acceptable size ranges for 

effective M cell uptake, and significant antigen retention was observed for formulations entrapping 

antigen when exposed to acidic conditions. Finally, antibody responses were analysed following oral 

administration. Initial formulations resulted in a poor local and systemic antibody response, likely a 

result of a lack of immunostimualtory components overcoming the tolerant immune environment 

found within the GALT. All cationic vesicles were found to result in no significant increases in antibody 

responses, therefore an additional priming immunisation may be required. The addition of cholera 

toxin was shown to greatly improve IgG levels when antigen was encapsulated, however localised IgA 

response was limited when the antigen was delivered in liposomal form.  
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7.1 Introduction 

The prevalence and subsequent financial burden of Clostridium difficile within Europe has been 

estimated to cost over 2 billion pounds annually. Clinical manifestations of the bacterial spore former 

can range from asymptomatic carriers to, in rare cases, fatality as a result of complications relating to 

extreme inflammation throughout the small intestine and colon. In healthy individuals, C.difficile can 

be controlled by other symbiotic microorganisms that are found within the gut, however following 

administration of drugs or therapies commonly administered in healthcare settings (such as antibiotics 

and chemotherapeutics), alteration of microbiome diversity occurs, leading to rapid C.difficile 

proliferation. Virulence is a result of a number of exotoxins (such as Toxin A and Toxin B) that bind to 

epithelial cells within the gut and glycosylate a host of proteins that are integral to cytoskeletal 

function, leading to eventual cellular apoptosis. Epithelial cells exposed to large quantities of C.difficile 

toxins results in neutrophil infiltration, ROS generation and upregulation of pro-inflammatory 

cytokines and chemokines leading to extensive epithelial damage and the loss of gut integrity.  

Oral vaccination as a means for protection against C.difficile infection is a promising avenue for 

generating effective immune responses against the bacterium. The oral route of administration has 

many practical advantages over parenteral administration including ease of patient compliance and 

the ability to be conducted without the need of a specialist to administer needle based vaccines. 

Furthermore, oral vaccination has been shown to generate both systemic immune response as well as 

localised mucosal responses – a feat that cannot easily be achieved through parenteral vaccination 

alone. Currently a number of vaccines are undergoing clinical trials, focusing largely on the use of 

inactivated toxoids (either chemically or genetically) alongside an adjuvant such as aluminium 

hydroxide. However, poor phase III data has recently emerged in regards to Sanofi Pasteur’s vaccine 

efficacy, resulting in the decision to discontinue development. Challenges pertaining to effective oral 

vaccines are a result of the environment found throughout the gastrointestinal tract. Acidic pH, the 

presence of bile salts and a host of enzymes designed to cleave and degrade proteins and fats exist 

throughout the stomach (and parts of the intestine), in order to aid the adsorption of nutrients across 

the epithelial barrier. This poses a challenge for oral vaccines, in particular subunit vaccines, as the 

structural integrity of the vaccine antigen is key to generating effective protection. Therefore, delivery 

systems can be employed to help protect the subunit antigen through the stomach and direct uptake 

at relevant sites for immune induction, such as Peyer’s patches.  

Liposomes are a highly versatile delivery system platform that have been extensively studied as drug 

delivery vehicles due to their biocompatibility and low toxicity. This is represented by their market 

representation, ranging from anti-cancer therapies, anti-fungals and recently the first FDA approved 
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siRNA therapy (Patisiran). Despite the success of liposomes as delivery systems, issues exist within the 

manufacturing chain of these products. Liposomal manufacture and down-stream processing still 

largely relies on lab-scale production methods which often require a host of further processing 

techniques to achieve suitable product attributes. This leads to extensive batch style manufacturing 

steps, which can last across numerous days.  

 

7.2 Microfluidics as a manufacturing platform for liposomal vaccines 

Microfluidics is a relatively novel technique for liposome production that relies upon the manipulation 

of fluid streams in a microenvironment – producing SUV liposomes. When comparing empty liposomal 

vesicles manufactured by lipid-film hydration (and subsequent downsizing by extrusion or sonication) 

against the same formulation manufactured by microfluidics, nanoscale homogenous vesicles were 

formed in a single step. Key processing parameters were then investigated, with cholesterol content 

being shown to play a critical role in vesicle size. When cholesterol was included alongside DSPC lipid 

(55°C Tc), the requirement of a heating block was not necessary to form vesicles using microfluidics. 

Critical processing parameters were then investigated, where both initial lipid concentration and the 

flow rate ratio (FRR) were shown to impact upon vesicle size and PDI for neutral formulation DSPC:Chol 

(10:5 w/w) – with 1:1 FRR resulting in larger vesicle size. When total flow rate was investigated, little 

to no impact upon both vesicle size and homogeneity was observed. The same trend was then 

observed with anionic formulation DSPC:Chol:PS (10:5:4 w/w), with FRR, initial lipid concentration and 

the molarity of PS included in the formulation all being critical factors in influencing vesicle size. 

Following microfluidic manufacture, down-stream purification is necessary in order to either dilute or 

completely remove residual solvent within the sample. A significant advantage of microfluidics is the 

potential for this platform to be part of a continuous manufacturing chain, therefore purification 

techniques were investigated for their suitability alongside this manufacturing system. Tangential flow 

filtration (TFF) is a well-established technique that can be found across food, biotechnology and 

pharmaceutical industries and the ability of the technique to purify solvent from empty liposomal 

samples was compared against traditional batch techniques such as dialysis and gel-filtration columns 

(sephadex). TFF was shown to rapidly remove residual methanol concentrations below ICH guidelines 

(0.3%) within 12 diafiltration volumes with minimal impact upon the liposomes physicochemical 

characteristics. Unlike dialysis (which similarly did not affect liposome attributes), TFF can be 

incorporated within a continuous manufacturing stream, giving the manufacturers improved 

efficiency over liposomal production. Following down-stream purification, a real-time particle size 

analysis technique was shown to be successfully incorporated at specific points during the 
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manufacturing chain (post microfluidic production and post TFF purification), supporting continuous 

monitoring during production.   

 

7.3 Validation of protein quantification tools 

Prior to the investigation of the protein loading ability of liposomes manufactured by microfluidics, 

suitable protein quantification techniques were required. Commonly, the protein loading ability of 

formulations is quantified indirectly through the quantification of free protein. Two techniques were 

compared for their ability to determine model antigen ovalbumin concentration within liposomal 

vesicles in a linear fashion, micro BCA and RP-HPLC. Initially, determination of naked antigen was 

assessed, where both techniques could quantify protein with high degrees of linearity, with calculated 

LOD values < 8 µg/mL. Determination of loading within liposomal vesicles requires solubilisation of 

the liposomes, therefore the effect of the two techniques to quantify ovalbumin in the presence of 

solubilisation mixture IPA: Buffer was assessed. Both micro BCA and RP-HPLC could similarly quantify 

protein concentration with high degrees of linearity, and calculated LODs of <10 µg/mL were 

observed. Finally, the inclusion of lipids was found to not impact upon RP-HPLC, and was shown to 

interfere minimally at this concentration (1 mg/mL) when applying micro BCA following appropriate 

blank subtraction. The microplate setup of the microBCA allows for high-throughput screening, 

however the inclusion of appropriate blanks within the calibration curves is necessary to maintain 

interference across the curve and samples, therefore limiting the ability of the technique when 

quantifying different formulations and concentrations. RP-HPLC was found to accurately quantify 

protein loading irrespective of the choice of formulations tested within this thesis.  

 

7.4 Microfluidic manufacture of liposomal formulations incorporating protein 

Upon determination of suitable techniques to quantify liposomal protein loading within vesicles, 

identification of critical processing parameters that impact upon protein loading ability of a range of 

liposomal formulations during manufacture were identified. Across initial protein concentration 

ranges between 0.1 – 2 mg/mL, loading efficiencies between approximately 25-30% were achieved 

for neutral formulation DSPC:Chol, however above ovalbumin concentrations of 10 mg/mL resulted 

in a significant decrease in encapsulation efficiency (approximately 15%). When anionic formulation 

DSPC:Chol:PS was investigated, electrostatic repulsion between the antigen and vesicle membrane 

resulted in lower loading efficiencies between approximately 18-25%. Microfluidic manufacturing 

parameter FRR was shown to impact significantly upon encapsulation ability, with 3:1 resulting in 
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higher loading than 5:1, while total flow rates below 10 mL/min yielded statistically lower loading than 

faster speeds between 10-20 mL/min.  

In the case of cationic liposomal formulations loading antigen, surface adsorption through manual 

mixing is a common approach. This thesis investigated the ability of microfluidics to tightly control this 

surface adsorption process, taking advantage of the automation involved in the microfluidic software. 

Surface adsorption of antigen onto preformed cationic vesicles by microfluidics was demonstrated 

successfully, with critical processing parameters being the FRR and the liposome to protein ratio 

during automated manufacture. A key principal of the microfluidic production platform is the ease of 

scalability across the formulation development landscape. Formulation development can be 

optimised at small scale and then translated to pre-clinical / clinical manufacture. Translation of 

bench-scale (1-15 mL) loading to large scale production (10 mL – 1L) was shown for neutral 

formulation DSPC:Chol entrapping model antigen ovalbumin, with comparable loading and 

physicochemical attributes across both production platforms, de-risking the adoption of liposome 

based delivery systems for wide-scale application.  

 

7.5 In vitro screening of liposomal formulations 

Given the diversity available when choosing liposomal delivery systems (charge, vesicle size and 

localisation of the antigen), four formulations were then selected and screened in vitro using a human 

macrophage-like cell line as part of a down-selection process for immunological activity. While 

correlation between in vitro and in vivo data remains controversial, specific models and markers can 

help direct and predict some in vivo efficacy. Within this thesis, delivery systems association to THP-1 

like macrophage cells followed by antigen processing ability and then subsequent specific cell marker 

expression was determined through FACs analysis. Predictably (and in line with the vast majority of 

literature), cationic formulations with surface adsorbed antigen quickly associated with the 

differentiated THP-1 cells due to electrostatic attractions, while neutral and anionic liposomal 

formulations entrapping antigen showed a more gradual association over time. By the 24 hour time 

point, both cationic formulations (DDA:TDB and DSPC:Chol:DDA) and neutral formulation DSPC:Chol 

resulted in >95% association, while anionic DSPC:Chol:DOPS showed a more lagged association 

response (70%). Interestingly, the high degrees of association did not directly translate into improved 

antigen processing (using a self-quenched model antigen DQ-OVA protocol). While all formulations 

tested showed improved antigen processing compared to free antigen alone, anionic formulation 

DSPC:Chol:DOPS was found to have the highest % positive DQ-OVA cells at 24 hours compared to both 

cationic and neutral formulations. Despite the initial electrostatic repulsion delaying liposome and 
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cellular interactions, the inclusion of DOPS within the formulation accelerated the antigen processing 

(increasing the DQ-OVA positive cells by approximately 20% when compared to DSPC:Chol alone), in 

line with our current understanding of macrophage and PS interaction. Finally, a selection of four 

surface markers (CD14, CD40, CD80 and MHC II) that are critical for both presentation of antigen 

peptide and co-stimulation of T cells by APCs were measured following liposomal incubation. In the 

case of CD14, CD40 and MHC II expression at 24 hours, none of the liposomal delivery systems 

incorporating ovalbumin resulted in biologically relevant changes in surface marker expression. 

However, significant increases (8-12%) in CD80 surface marker expression was found when employing 

any of the delivery systems tested within this experiment compared to both free antigen alone and 

negative control groups.  

 

7.6 In vivo vaccine efficacy: Antibody responses 

Given the ability of these liposomal delivery systems to enhance both association and antigen 

processing of THP-1 macrophage like cells in vitro, the next phase of development was to establish in 

vivo efficacy.  

Establishing effective mucosal and systemic antibody responses requires the passage of antigen 

through the gastric environment and along the intestine to then interact with specific immunological 

inductive sites. These sites can be Peyer’s patches with specialised M cells for access to lymphoid 

associated cells underneath, lymphoid follicles or even DCs sampling antigen from the lumen through 

epithelial tight junctions. Delivery systems can enhance antigen interactions with APCs by a range of 

mechanisms including ligand targeting, electrostatic interactions and even just by the particulate 

nature of the vesicles. In addition to this, it is widely believed that vesicles below 10 µm can be taken 

up by Peyer’s patches, with some studies indicating enhanced uptake for vesicles below 1 µm. In light 

of this, initial experimentation focused on the selection of four liposomal formulations incorporating 

model antigen ovalbumin, delivered via the oral route of administration and then subsequent 

antibody responses (IgA and IgG) determined via ELISA. The formulations selected focused on long 

chain hydrocarbon lipids such as DSPC and cholesterol to improve formulation stability, alongside 

phosphatidylserine (as a macrophage targeting modality) and the inclusion of positively charged lipids 

such as DOTAP. Both surface adsorbed antigen and encapsulated antigen were trialled and all 

formulations were within the nanoscale range, however minimal antibody responses could be 

observed for all formulations both mucosally and systemically following oral administration. It was 

therefore hypothesised that potent immunogens must be incorporated within the liposomal 

formulations in order to overcome the highly tolerogenic environment of the gut associated lymphoid 
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tissue. By this means, immunostimulatory components such as cholera toxin (CTX) (co-administered 

and conjugated to DSPC:Chol liposomes) and trehalose 6,6′-dibehenate (TDB) were included due to 

their known ability to enhance mucosal antibody responses. Formulations DSPC:Chol CTX co-mix, 

DSPC:Chol CTX Conjugate and DSPC:Chol:DDA were found to be <500 nm, while cationic formulation 

DDA:TDB was within the micron range. Both systemic and mucosal anti-ovalbumin antibody responses 

were measured following oral administration with control groups including empty DSPC:Chol, free 

ovalbumin and ovalbumin co-administered with CTX. The addition of co-administered CTX was found 

to significantly increase both the systemic and localised (Intestinal wash and colon) IgG response for 

both free ovalbumin and ovalbumin loaded liposomal formulation DSPC:Chol. All other formulations 

failed to elicit significant IgG responses compared to free antigen alone. In the case of IgA, only the 

positive control group (free ovalbumin and co-administered CTX) statistically increased above the 

baseline, with all other liposomal formulations failing elicit meaningful antibody responses.  

 

7.7 Concluding Remarks and future work 

The work within this thesis has demonstrated the use of microfluidics as a manufacturing tool for the 

production of protein loaded liposomes. A range of formulations varying in surface charge (neutral, 

anionic and cationic) entrapping or surface adsorbing model antigen ovalbumin have been shown. 

Using the microfluidic software to adjust manufacturing parameters, liposomal formulations of 

varying size and particle homogeneity can be manufactured – allowing for tailor-made 

physicochemical attributes dependent upon the specific needs of the application. The microfluidic 

process was shown to be highly efficient, creating SUV liposomes in a single step process. When down-

stream purification techniques such as tangential flow filtration and real-time particle size analysis are 

incorporated, the demonstration of a scale-independent production platform for protein loaded 

liposomes is shown. The use of these liposomal vesicles was shown to enhance both antigen 

association and processing when studied in vitro and the inclusion of immunostimulatory components 

such as CTX resulted in enhanced IgG antibody responses following oral administration. While IgA 

responses were found to be lacking when employing any liposomal delivery system tested here (IgA 

response is a hallmark of effective mucosal antibody vaccination), the work within this thesis has set 

out foundations for wider scale applications. Oral vaccination will likely continue to pose challenges 

as a route of administration to researchers, however the work within thesis has de-risked the large 

scale manufacture of liposomes as delivery system. Protein based-therapeutics within healthcare are 

steadily increasing, however issues relating to stability, half-life and biodistribution remain. Delivery 

systems such as liposomes can help overcome these issues, and with a scale-independent chain for 
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the manufacture, purification and monitoring of liposomal vesicles, the push towards the next 

generation of protein therapeutics can be supported.  

Further studies should focus on the screening of additional liposomal formulations as mucosal 

adjuvants, incorporating modalities that are capable of eliciting mucosal antibody responses orally. In 

order to support large-scale manufacturing through microfluidics, ideally these modalities should aim 

to be easily incorporated within liposomal formulations, avoiding complex processes that will retract 

from the continuous manufacturing chain developed here. In regards to vaccination against C. difficile, 

further work could focus on the design of recombinant antigens that are non-toxic and could enhance 

the immunogenicity of the antigen itself, through the selection of well-defined epitopes such as the 

receptor binding domain for Toxin A and B.  
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