
 

 

  

 

Aerodynamic engineering of a pulmonary 

prime-pull vaccine against Tuberculosis  

 

 

 

 

A thesis presented for the degree of  

Doctor of Philosophy  

from the Institute of Pharmacy and Pharmaceutical Sciences 

at the University of Strathclyde 

 

by 

 

 

Carla Belen Roces Rodriguez 

 

 

 

 

 

 

 

 

 

OCTOBER 2018 

 

 

 



   

1 
 

Declaration of Authenticity 

‘This thesis is the result of the author’s original research. It has been composed by the author and has 

not been previously submitted for examination which has led to the award of a degree.’ 'The copyright 

of this thesis belongs to the author under the terms of the United Kingdom Copyright Acts as qualified 

by University of Strathclyde Regulation 3.50. Due acknowledgement must always be made of the use 

of any material contained in, or derived from, this thesis.’ 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Signed: Carla B. Roces 

Date: 22/10/2018 



   

2 
 

Acknowledgements 

I have so many people to thank that I do not know where to begin. I guess I will do it in chronological 

order. First, I would like to thank Dennis Christensen from Statens Serum Institut (SSI) for making my 

Ph.D possible in the first place, and I would also to take the chance to thank Signe, Rune, Jane and 

Gabriel for the help with the in vivo studies. I would like to thank my colleagues from Aston University 

(Birmingham) where I began my Ph.D. In particular, Jiteen Ahmed for his technical support and for 

being always available whenever I needed his help. Mandeep and Shital, although we were in different 

groups you made my life easier at Aston, thank you. 

After almost a year at Aston University, we moved up to Glasgow, where I am now, to the University 

of Strathclyde and we were only 4 people from the group making this move: Maryam, Swapnil, Giulia 

and myself. I think probably this has been one of the best things that could have happened to me. We, 

as a group became closer, as it is not easy to start from zero in a new University. They have proved to 

me that they are good colleagues and better friends. Also, Maryam thanks a lot for the help with the 

cell work. Besides, during my stay at Strathclyde I met fantastic people, like Maribel. It is not possible 

to describe how much fun we both had during the few months she did the placement here. Gustavo 

and Neil joined later making the lab a better place. Especially Neil, my boyfriend, who has been my 

rock and my best friend. He has seen me going through all the lows and highs during the last two years 

and remained by my side through all.  

I would like to thank my supervisor Professor Yvonne Perrie for all the help, support and fun during 

my studies. She has been always a great supervisor, sharing good ideas and advice inside and outside 

the University. So many memories and adventures lived during the past 3 years, including karaokes 

and unforgettable conferences. Thanks to her I am where I am now.  

A mis amigas, Lo Máximo de Gijón, que siempre están ahí para lo bueno y para lo malo, apoyando en 

la distancia como buenas amigas. Curru, Mari, Luci, Mer, Palo, Bit, Isa y Cami, son ya muchos años 

juntas y por mucho que pase el tiempo sé que siempre podré contar con vosotras, gracias chicas. 

Por último, tengo que agradecer a mi familia, mi madre, mi padre y mi hermana. Sin ellos NADA 

hubiese sido posible. Ellos son mi verdadero apoyo. No importa la hora ni el día, siempre disponibles 

para mí, dispuestos a escuchar todos mis problemas y todas mis alegrías. Ellos me han dado la fuerza 

necesaria para seguir cuando más lo he necesitado, siempre positivos. Millones de gracias por ser así, 

sois los mejores y os quiero. No podría terminar sin mencionar a mi sobri, que me alegra los días con 

sus videos y fotos, y sobre todo cuando me llama PIA.  

https://www.linguee.es/espanol-ingles/traduccion/a%C3%B1os.html


   

3 
 

University of Strathclyde 

 Aerodynamic engineering of a prime-pull vaccine against pulmonary Tuberculosis 

Carla B. Roces Rodriguez 

Abstract 

Tuberculosis (TB) remains the infectious disease with the highest mortality alongside HIV. Despite the 

existence of the Bacillus Calmette–Guérin (BCG) vaccine there is an unmet need for an effective 

vaccine against pulmonary TB, the most common form of TB. Traditional vaccines were based on live-

attenuated organisms, but nowadays the development of subunit vaccines is attracting the attention 

of researches largely as a result of the improved safety profile. However, many subunit vaccines lack 

potent immunogenicity, therefore the inclusion of an adjuvant within the subunit vaccine formulation 

may be required. Due to the optimal biological properties of the lipids, liposomes are extensively 

studied as delivery systems along with polymer-based particulate systems such as the well-known 

poly(lactic-co-glycolic acid) family (PLGA). The cationic liposomal adjuvant formulation (CAF) 01, which 

is based on the cationic surfactant dimethyldioctadecylammonium (DDA) bromide and the 

immunopotentiator trehalose 6,6′-dibehenate (TDB) from Mycobacterium tuberculosis, has previously 

been shown to be a strong adjuvant system against several diseases such as TB. CAF01 is commonly 

prepared by the thin film method which has several drawbacks including scale-up and reproducibility. 

In contrast, controllable technologies such as microfluidics have advantages in material preparation 

such as uniform flow and mixing, high efficiency, continuous operation, easy control and low cost. 

Therefore, initial studies were focused towards method optimisation of CAF01 through microfluidics, 

followed by in vivo evaluation of the optimised formulation (biodistribution and immunisation 

studies). The second part of the thesis was based in the formulation PLGA nano- and microparticles 

using microfluidics and the double emulsion method respectively. All formulations were characterised 

according to their size, polydispersity and surface charge as empty particulate systems and 

incorporating either ovalbumin (OVA) as a model antigen or the vaccine candidate Ag85B-ESAT6-

Rv2660c (H56). Selected PLGA particles were formulated as dry powders for inhalation and for the 

delivery of the H56 tuberculosis antigen into the deep lungs (alveoli). In vitro deposition within the 

lungs was evaluated using a Pharmacopoeia approved airway simulator, while cell viability, particle 

uptake and antigen processing was assessed in three macrophages cell lines. Finally, a prime-pull 

vaccine approach for protection against pulmonary TB was investigated. An immunisation protocol 

consisting of parenteral (subcutaneous) priming with the TB vaccine candidate H56 alongside CAF01 

followed by respiratory mucosal boosting of the H56 within PLGA nano- and micropaticles was carried 

out in order to elucidate if intranasal administration of the H56 antigen produces the desired 

immunological responses for the protection against pulmonary TB. The immune responses generated 

indicate the retention of the immunogenicity of the antigen encapsulated within a lyophilised PLGA 

delivery system, demonstrating the successful scale independent manufacture of polymer based 

delivery systems encapsulating antigens for inhalation/aerolisation delivery to the lung mucosa. 

Keywords: Tuberculosis, prime-pull, vaccine adjuvant, pulmonary delivery 
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1.1 Tuberculosis (TB) 

Tuberculosis (TB) is an infectious disease caused by a mycobacteria called Mycobacterium tuberculosis 

(Mtb). According to the World Health Organisation (WHO) it is the leading cause of death from a single 

infectious agent and it ranks as the 9th cause of death globally.  It is estimated that a third of the global 

population is infected with it. The data from WHO’s latest report (2017) shows a reduction in the 

mortality from 1.7 million in 2000 to 1.3 million in 2016 and approximately further 374,000 deaths 

among HIV-positive people [1]. More than 10 million people were estimated to be infected with TB 

and 90% of the affected population were adults. The majority of the people infected by Mtb do not 

develop the disease and they are recognised as having latent TB infection (LTBI) whereas people 

developing the disease are considered to have active TB.  Among all the infected people, it is predicted 

that less than 10% of them develop the disease, which is enough to maintain the global epidemic. TB 

incidence (Figure 1.1) is mainly registered in African and Asian countries such as India, Pakistan, 

Indonesia and China [1]. There are specific initiatives and associations with focus on the control of the 

TB burden, which aim to achieve a 90% reduction in the deaths caused by TB and a TB incidence 

reduction of 80% by 2030 (e.g. Tuberculosis Vaccine Initiative (TBVI or TBVAC) which financially 

supported the work shown in this thesis). Regardless of all the research and efforts in controlling TB 

disease by vaccination, the vision of a world free of this disease remains out of reach due to several 

scientific barriers which include population genetics, the degree of exposure to the bacteria, the lack 

of understanding how Mtb works and the lack of well validated animal models since no obvious 

association of protection or immunity have been found in any of the animal models utilised.

 

Figure 1 1 World map showing the estimated incidence of TB in 2016 (WHO report 2017)[1]. 
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1.1.1 The pathogen: Mycobacterium tuberculosis (Mtb) 

Mycobacterium tuberculosis (Mtb) is a mycobacteria belonging to the Actinomycete family which was 

first discovered by Robert Koch in 1882. It is an obligate aerobe and intracellular pathogen whose main 

phenotypic characteristic is considered to be its acid fastness properties [2]. Due to its waxy bacterial 

wall it resists the Gram staining method and therefore, it has to be characterised by other techniques 

[3]. It belongs to the Mycobacterium Tuberculosis Complex (MTBC) which is a group of mycobacterium 

that causes TB either in humans or animals. Members of the MTBC are: Mycobacterium tuberculosis, 

Mycobacterium bovis, Mycobacterium africanum, Mycobacterium microti, Mycobacterium pinnipedii, 

Mycobacterium caprae, Mycobacterium mungi and Mycobacterium orygis. Among all of these, Mtb is 

reported to be the causative agent of TB in humans although other members of the MTBC might also 

cause the disease in humans. Members of the MTBC able to cause disease, carry genes for the 

virulence factors: the early secreted antigen 6 kilodaltons (ESAT-6) and the culture filtrate protein of 

10 kD (CFP-10) [4]. 

 

1.1.2 TB transmission: airborne infection 

Mtb is transmitted through the air from a patient with pulmonary TB to another person and is the 

traditional example of an airborne infection [5]. It mainly affects the lungs (pulmonary TB) but it can 

spread and affect other organs (extrapulmonary TB). Only patients with pulmonary TB can be 

considered as infectious. Therefore, the mechanism of transmission is regarded to be any manoeuvre 

generating the ejection of aerosolised droplets. These aerosolised droplets containing bacteria are 

called ‘droplet nuclei’ and can be generated by any expiratory action such as coughing, yelling, singing, 

sneezing and so on. All these actions involve to some degree the production of watery secretions or 

disruption of mucus promoting the particle aerolisation. Once the droplet nuclei are expelled, these 

droplets can survive in the air for a prolonged time and thus, can be inhaled by another person 

resulting in a new infection [6]. Just a single TB bacillus is necessary to cause the disease. Three 

different situations can occur upon inhalation of the bacilli: (1) The bacteria do not cause infection 

and it is eliminated by the immune system, (2) the bacteria establish infection but it is in a latent or 

dormant state (LTBI) which do not produce any symptoms, or (3) the infection evolves from latent to 

active and thus, becomes symptomatic and the host is able to spread the infection [7]. It is estimated 

that 10% of the people with LTBI progress to active TB at some point of their lives and 

immunocompromised patients have a higher likelihood (e.g. HIV-positive) [8]. The symptoms 

associated with pulmonary TB are generally productive and chronic cough which might contain blood 

in sputum, fever, fatigue and weight loss.   
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1.1.3 TB histological structure: Granulomas 

Once the droplet nuclei is inhaled and has reached the alveoli, the alveolar macrophages (AM) engulf 

the bacilli and the dendritic cells (DCs) and neutrophils take them up [9-11]. Gradually, uninfected and 

infected cells containing the bacteria assemble in an organised shape which commonly contains the 

dead cells and bacteria in the central core (this substance is called caseum) and the T cells surrounding 

in the periphery. This compacted structure is the characteristic TB tissue lesion [12-14]. Granulomas 

might contribute to spread the infection or to help the host containing the infection within them 

depending on the infection stage. During early infection, granulomas benefit the dissemination of the 

infection within macrophage aggregates and as the CD4+ T cells must be in direct contact with the 

pathogen in order to elicit a protective immune response, granulomas may restrict the T cell efficacy 

eradicating the bacteria [15, 16]. Besides, granulomas are dynamic structures, as opposed to what was 

commonly believed, which allow infected cells to move without restriction outside the structure [17]. 

During the late infection stages, granulomas protect the host from infection by confining the bacteria 

within the interior and thus, avoiding dissemination. 

 

1.1.4 Immunity to TB 

Factors affecting the possibility of acquiring the infection are related to the environment or the host 

immune system. The susceptibility of a person to become infected or not is not well understood. Mtb 

pathogen infects and replicates in phagocytic cells, disrupting the elimination mechanism typical of 

these cells [18, 19]. The majority of the people infected with Mtb eradicate or limit the infection and 

therefore the progression to disease, by means of the host’s innate and adaptive immune response 

[20].  

 

1.1.4.1 Innate immune response to TB 

Innate immune responses are the first line of defence upon infection with Mtb but this response is 

not enough for TB control. Ligands expressed on the bacteria are recognised by the phagocytic cells 

(macrophages, DCs and neutrophils) and subsequently engulfed [21]. Besides, pattern recognition 

receptors (PRRs) elicit secretion of specific pro-inflammatory and anti-inflammatory cytokines due to 

recognition of some bacterial components [22]. Other cells such as natural killer T cells contribute to 

the cytokine secretion during early infection [23]. Among all the cytokines secreted, tumour necrosis 

factor (TNF), interferon gamma (IFN-ɣ) and interleukin 2 (IL-2) are crucial for the protection against 

Mtb infection during innate immune responses [24-30]. If the inhaled droplet nuclei are not small 
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enough to reach the alveoli, the mucosal-associated invariant T cells (MAITs) will be in charge of 

clearing these large particles.  

 

1.1.4.2 Adaptive immune response to TB 

Adaptive responses are delayed but they are necessary for the control of TB infection and thus, for 

the maintenance of the latency stage. The production of polyfunctional CD4+ and CD8+ T cell 

lymphocytes and the involvement of DCs are essential for the control of TB infection [31, 32]. Several 

in vivo studies have confirmed the importance of CD4+ T cells for the protection against TB. These cells 

secrete several cytokines, including TNF, IFN-ɣ and interleukines (IL) -2, -4, -17 and -22. Furthermore, 

CD4 + T cells can kill infected cells due to their cytolytic activity [33]. It has been reported that mice 

lacking CD4 + T cells [34], and patients co-infected with HIV (which involves CD4+ T cell depletion) [35] 

favour the lethal course of TB. The importance of CD8+ T-cell responses has not been defined in 

humans, but it has been shown in mice and cattle [36]. However, patients with rheumatoid arthritis 

and under anti-TNF medication show a higher likelihood to acquire TB [37]. 

 

1.1.5 TB vaccine: Bacilli–Calmette–Guerin (BCG) 

Vaccination, which is defined as the administration of a specific pathogen in the body in order to 

stimulate a long-lasting immune response against a specific disease, protecting and preventing against 

it for life, is one of the most effective inventions in healthcare [38]. The first vaccine was discovered 

by Edward Jenner in 1798 when researching about smallpox he discovered that using the fluid from 

the cowpox pustules he could eradicated the disease. Thus, the origin of the word vaccine comes from 

the Latin word for cow ‘vacca’. 

Mtb was discovered in 1882 but it was not until 1921 that a vaccine against this disease was 

discovered. It took over 13 years to discover it by Calmette and Guerin at the Pasteur Institut (France). 

The vaccine was obtained after serial passage of a virulent strain from M. bovis (Mycobacterium bovis 

Bacilli–Calmette–Guerin, BCG) and was first orally administered to a child at risk of infection. Few 

years later, BCG started being administered globally for the prevention against TB. Nowadays more 

than 100 million children each year are vaccinated with BCG. It is a live attenuated vaccine, which is 

intradermally administered in a single shot.  BCG is safe, stable and low cost, but it is only effective in 

reducing the risk of disseminated TB in children [39]. Besides, its efficacy varies from 0 to 80% 

worldwide and it is unsuccessful in preventing pulmonary TB at any age [40]. There are several factors 
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attributed to the broad efficacy shown by BCG. One of the reason might be the differences in the 

strain used (there are currently 5 main strains used for the production of BCG vaccine: Danish, Pasteur, 

Glaxo, Tokyo and Moreau strains) and the method for preparation, as there is no standardised method 

for the production of the vaccine. Another explanation could be the variation in the population 

genetics and susceptibility. Environmental factors such as previous exposure to mycobacteria, and 

geographical factors contribute to the variation in efficacy as well [41, 42]. It has been reported that 

BCG efficacy increases at higher latitudes, so the possible differences among environmental 

mycobacteria could be involved in this [43]. Besides the influence of the above-mentioned factors in 

the efficacy of BCG, one of the main reasons that might restrict its efficacy is its antigenic composition 

which is not similar enough to Mtb, and many of the main antigens involved in infection (e.g. ESAT-6 

and CFP-10) are deleted in BCG vaccine independently of the strain used [44]. Therefore, besides being 

the world’s most administered vaccine it fails to protect against the most common form of TB, 

pulmonary TB. 

 

1.2 Vaccine approaches for TB 

As mentioned, there is still an unmet need for an efficacious TB vaccine. Thus, to overcome the 

limitations of BCG, a wide range of vaccination strategies are being develop to stop and control TB 

transmission and infection. Extensive research have been carried out on the vaccine development 

field, leading to a large number of preclinical and clinical candidates (Table 1.1). Different approaches 

can be followed depending on the target population. Besides, vaccines can be developed either as 

replacements of the current BCG vaccine or as boosters and depending on the backbone structure 

they can be classified as live, inactivated or subunit vaccines. 
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 Table 1.1 TB vaccine candidate pipeline currently in clinical trials. Data source: Tuberculosis Vaccine Initiative (TBVI) website (updated   
 October 2018, www.tbvi.com).  

Research 
Phase 

Vaccine Type of vaccine Developers 
Technical or/and 
financial support 

Target Population 

Preclinical 

H64 + CAF01 
 
rBCGΔais/zmp1 
 
BCG, ChAdOx/MVA 
PPE15-85A 
 
CysVac2/Advax 
 
CMV-6Ag 
 
MVA multiphasic 
vaccine 
 

Subunit vaccine 
 
Live attenuated 
 
Viral vector 
 
 
Protein/Adjuvant 
 
Viral vector 
 
Viral vector 

Statens Serum Institut 
(SSI) 
University of Zurich 
 
University of Oxford 
 
 
University of Sydney 
 
Vir Biotech 
 
Transgene 

TBVI 
 
Aeras, TBVI 
 
TBVI 
 
 
TBVI 
 
Aeras 
 
TBVI 

Adolescents/adults 
 
Infants/neonates 
 
Adolescents/adults 
 
 
Adolescents/adults 
 
Adolescents/adults 
 
Therapeutic 

Phase I 

MVA85A (aerosol) 
 
ChAdOx1.85A 
 
Ad5 Ag85A 
 
 
GamTBVac 
 
H56:IC31 
 

Viral vector 
 
Viral vector 
 
Viral vector 
 
 
Protein/Adjuvant 
 
Protein/Adjuvant 
 

University of Oxford 
 
University of Oxford 
 
McMaster University,  
CanSino 
 
MoH Russia 
 
SSI and Valneva  
 

TBVI 
 
TBVI (formerly) 
 
Other 
 
 
Other 
 
Aeras 
 

Adolescents/adults 
 
Adolescents/adults 
 
Adolescents/adults 
 
 
Adolescents/adults 
 
Therapeutic 
 

http://www.tbvi.com/
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ID93 +GLA-SE 
 

Protein/Adjuvant 
 

Infectious Disease 
Research Institute (IDRI) 

Aeras 
 

Therapeutic 
 

Phase IIa 

RUTI 
 
 
H4:IC31 
 
TB/FLU-04L 
 
 
 
ID93 +GLA-SE 
 
BCG revaccination 
 
MTBVAC 

Mycobacterial 
(whole cell) 
 
Protein/Adjuvant 
 
Viral Vector 
 
 
 
Protein/Adjuvant 
 
Live attenuated 
 
Live attenuated 

Archivel Pharma 
 
 
SSI, Sanofi Pasteur 
 
Research Institute for 
Biological Safety 
Problems, Kazakhstan 
 
IDRI 
 
- 
 
Biofabri, University of 
Zaragoza 

TBVI 
 
 
Aeras 
 
Other 
 
 
 
Aeras 
 
Aeras 
 
Aeras, TBVI 

Therapeutic 
 
 
Adolescents/adults 
 
Therapeutic and 
adolescents/adults 
 
 
Adolescents/adults 
 
Adolescents/adults 
 
Infants/neonates 

Phase IIb 

H56:IC31 
 
M72 + AS01E 
 
DAR-901 
 

Protein/Adjuvant 
 
Protein/Adjuvant 
 
Mycobacterial 
(whole cell) 

SSI, Valneva 
 
Glaxo Smith Klein (GSK) 
 
Darmouth 

Aeras 
 
TBVI (formerly), 
Aeras 
 
Aeras, TBVI 

Adolescents/adults 
 
Adolescents/adults 
 
 
Adolescents/adults 

Phase III 

M. Vaccae 
 
 
VPM1002 
 
 
MIP 

Mycobacterial 
(whole cell) 
 
Live attenuated 
 
 
Mycobacterial 
(whole cell) 

AnHui Longcom 
 
 
SII, Max Planck, VPM 
 
 
Cadila Pharma 
 

Other 
 
 
TBVI 
 
 
Other 

Adolescents/adults 
 
 
Infants, adolescents, adults 
and therapeutic 
 
Adolescents/adults and 
therapeutic 
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Independently of the approach or category in which the vaccine falls, the same rational as for the 

developing of any vaccine should be followed in terms of production, cost, safety and efficacy [45]. A 

vaccine can be broadly defined as a preparation used to acquire immunological memory for a 

particular disease in order to allow effective defence to subsequent wild-type exposure. Aside from 

personal immunity, a successful vaccine would also incorporate the ability to fully prevent or limit the 

transmission ability, generating herd immunity to mitigate the damage of the disease. Thus, lifelong 

immune responses are crucial since contact with the disease pathogen may occur any time during life, 

and production of both humoral and cellular immune responses would be ideal. Vaccines have to be 

safe and efficacious, and for this reason, they undergo a large number of tests to prove that the 

number of doses and the vaccine itself produce little or no harm when administered to target 

populations. Knowledge of the pathogen causing the disease is necessary in order to determine the 

quality of the protective immunity developed [45]. The vaccine cost should be reduced, and the 

method of production should be reproducible and accessible in developing countries, as most of the 

diseases affect these countries [45]. The exclusion of the cold-chain requirement would contribute 

with the reduction of the vaccine cost and it would facilitate the stability of the vaccine during transit 

and storage. This problem can be overcome by the addition of stabilising agents or the preparation of 

dry powder vaccines using lyophilisation methods (e.g. freeze drying). 

 

1.2.1 Modification, boosting or replacement of BCG  

In order to address the variability found with regards to the efficacy of the current BCG vaccine, a 

number of vaccines are currently being developed based upon the improvement of the current model 

via modification or boosting. The modifications involve the addition of new, more relevant Mtb 

antigens or the overexpression of the current genes in order to enhance T cell mediated immune 

responses [46]. In contrast, improvement of the efficacy of the BCG can be achieved by maintaining 

the current BCG model but with the addition of a booster vaccine [47]. The aim of a booster vaccine 

is to improve an existing antigen specific immune response to achieve a more potent response. It may 

be possible to further enhance the efficacy of a booster immunization by testing a number of different 

routes of administration or boosting times. Another option is the development of a new vaccine able 

to prevent the disease or infection. This vaccine should be able to stimulate the T cell production 

besides helping in the production of antibodies which is a feature that lack in the current BCG model. 

Besides other routes of administration should be explored as recent studies highlight the importance 

of T cell production within the lungs. 
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1.2.2 Vaccine design: live attenuated, inactivated or subunit vaccines 

Vaccines can be categorised into (1) subunit vaccines, which utilise the combination of a number of 

relevant antigens to achieve protective immunity (2) live attenuated vaccines, and (3) inactivated 

vaccines [48].  Attenuated vaccines use reduced infectivity of the pathogen, such as the BCG vaccine. 

By this means, the pathogen replicates within the host and stimulates specific pathogen immune 

responses by mimicking the replication of the wild type pathogen as would happen following natural 

infection, thus, protecting against the disease without causing it.  These vaccines are generally 

considered as a single vaccination due to the fear of reversing the infectivity [49]. In contrast, 

inactivated vaccines lack of infectivity due to chemical or physical inactivation of the pathogen but 

maintaining its immunogenicity. Inactivation treatments may contribute to the damage of the antigen, 

reducing the vaccine efficacy. The most common agents used for inactivation are formalin and β-

propiolactone. The former might contribute to the damage of the antigenic proteins to be inactivated, 

modifying or reducing their immunogenicity, whereas β-propiolactone does not damage proteins. 

Usually, more than one injection and high concentrations are necessary for the stimulation of the 

desired immune response. On the other hand, subunit vaccines, are based on highly purified antigens 

such as recombinant proteins or peptides which are safe but insufficiently immunogenic by 

themselves [38, 49]. Due to the lack of knowledge on the specific antigens necessary to elicit the 

adequate immune response in humans, it is more likely that the whole pathogen containing vaccines 

(live attenuated and inactivated) contain the crucial antigens for the appropriate protective immunity. 

 

1.2.3 Vaccine targeting disease stage: pre- or post-exposure and therapeutic vaccination 

The challenge for the development of a new and effective TB vaccine also relays on the development 

of a vaccine able to generate the adequate humoral and cellular immune responses to either kill the 

pathogen upon entry, hinder the progression of the infection or prevent reactivation. Therefore, the 

selection of the target population to be treated is necessary for the vaccine design and development. 

These vaccines can be classified as preventive or therapeutic vaccines (Table 1.2). Preventive vaccines 

can be further categorised as pre-exposure and post-exposure. The first ones, the so-called 

prophylactic or priming vaccines, are commonly designed for infants or new born child, as they have 

to be administered to people who have not been previously in contact or exposed to Mtb. This is the 

case of the BCG vaccine which is administered commonly after birth. Furthermore, vaccine candidates 

designed for the replacement of BCG or subunit vaccines to be used as BCG boosters fall within this 

category [50]. In contrast, post-exposure vaccines (also known as boosting vaccines) target patients 

with LTBI. The target population are adolescents and adults with LTBI. These vaccines can be used as 
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replacement of BCG or boosters, and they mainly consists on subunit vaccines containing Mtb antigens 

secreted during the latency stage [51]. Finally, therapeutic vaccines are designed for infected people 

with active TB and treated with TB drugs, specifically, those patients resistant to TB drugs [48, 52]. TB 

drug treatment is the first line of defence against active TB. It consists on the administration of several 

antiTB drugs for a prolonged period of time and therefore, it causes problems of compliance. Besides, 

Mtb has developed ways to resist the drug treatment, and patients may suffer from multidrug-

resistant (MDR) or extensively drug resistant (XDR) TB depending on the drugs Mtb develops resistant 

to [52]. 

Table 1.2 TB vaccine candidates currently in clinical trials and classified according to the targeted 
vaccine stage [53]. 

Target vaccine stage Vaccine Type of vaccine 

Pre-exposure vaccine:  
Prevent TB disease 

MTBVAC 
VPM1002 
MVA85A 
H4/H56 
M72 
ID93 
BCG-ZMP1 
BCG revaccination 

Live attenuated 
Live attenuated 
Viral vector 
Subunit vaccine 
Subunit vaccine 
Subunit vaccine 
Live attenuated 
Live attenuated 

Post-exposure vaccine: 
Prevent TB disease 

ID93 
H56 
M72 

Subunit vaccine 
Subunit vaccine 
Subunit vaccine 

Therapeutic vaccine:  
Cure TB disease 

RUTI 
H56 
ID93 
M. vaccae 
VPM1002 
MVA multiphasic 
TB/Flu04L 

Mycobacterial (whole cell) 
Subunit vaccine 
Subunit vaccine 
Mycobacterial (whole cell) 
Live attenuated 
Viral vector 
Viral vector 

 

1.3 TB vaccine candidate: Hybrid 56 (H56) 

Within the research carried out for the development of a new TB vaccine focus has been paid to TB 

antigens expressed during different stages of the pathogen life cycle [51]. As a result, combination of 

Mtb immunodominant antigens fused to each other have been constructed. This is the case of the 

Hybrid 1 (H1) which is based on the fusion of the antigens Ag85B and ESAT-6 from Mtb and the Hybrid 

56 (H56) which uses the H1 structure with the addition of the latency antigen Rv2660c [51, 54]. H56 

is considered as a multistage vaccine, since it can be used for pre- and post-exposure vaccination,  as 
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it contains antigens secreted during early infection and a latency antigen expressed during dormant 

stage [51]. ESAT-6 is one of the best characterised antigens secreted by Mtb, it is expressed during 

infection and some studies have demonstrated the production of ESAT-specific CD4+ T cell during early 

and late infection stage. Opposite to that, Ag85B is highly expressed during early infection in the lungs 

but its expression gets reduced over time. Therefore, the stimulation of Ag85B-specific CD4+ T cells is 

decreased. These findings highlight the importance of antigen selection for the development of a TB 

vaccine. 

1.4 Methods for enhancing immunogenicity: ADJUVANTS 

Due to the poor immunogenicity of highly purified peptides/antigens (subunit vaccine) and inactivated 

vaccines when administered by themselves, the inclusion of adjuvants in the vaccine formulation is 

necessary. Adjuvants are substances that enhance and modulate the immune response when 

combined with vaccine antigens. Adjuvants can act as delivery systems, immunopotentiators or a 

combination of both. Delivery systems carry the antigen to the antigen presenting cells (APCs) 

facilitating its uptake and cell activation and extending its release. Immunopotentiators increase the 

immune responses by stimulations of specific cell receptors. The use of adjuvants may contribute to 

dose spare, decreasing the amount of antigen needed and the number of doses. However, the 

mechanism of action varies between adjuvants as well as the chemical composition. The first 

adjuvants approved for human use were alum and MF59 which have been extensively used; however, 

these adjuvants are only effective eliciting humoral responses (antibodies) to the vaccine antigens. 

Combination of alum with immunopotentiators may enhance the humoral immune responses and 

stimulate cellular immune responses. This has been shown by the addition of a monophosphoryl lipid 

A (MPL) to alum, which promotes the secretion of IFN-ɣ due to interaction with Toll-like receptors 

(TLRs) expressed on the surface of the APCs. The combination of both alum and MPL was the first 

vaccine approved for human use containing a TLR and it is licensed as a vaccine against the human 

papilloma virus (HVP) and it is called Cervarix. On the other hand, MF59 which is a squalene oil-in-

water emulsion is licensed as an adjuvant for influenza vaccine due to its high antibody production. 

Therefore, the importance of the adjuvant in the vaccine formulation is crucial in dictating the immune 

response produced. Consequently, the use of these adjuvants for the development  of a TB vaccine is 

limited due to the necessity of cellular mediated immune responses (CMI) for the protection against 

this infection (as TB is an intracellular pathogen and antibody responses are not enough to eradicate 

it [42]). Thus, developing vaccines capable to elicit T cell responses are crucial against intracellular 

pathogens and for this reason, the use of liposomes and poly lactic-co-glycolic acid (PLGA) particles as 

adjuvant systems has grown in the last decade [49, 55]. 
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1.4.1 Lipid-based adjuvants: Liposomes 

Lipid-based particulate adjuvants have been extensively investigated due to their biocompatibility, 

biodegradability and fusogenic properties [56].  Liposomes were first discovered by Bangham et al. in 

1965, but it was not until approximately 10 years later when Gregoriadis et al. used them as adjuvant 

systems [57, 58]. The amphiphilic character of the lipids leads to the formation of spherical self-

assembled vesicles enclosing an aqueous compartment upon dispersion in an aqueous phase and 

under agitation. Lipids are composed of a hydrophilic head group and a lipophilic tail, and thus, they 

assemble in a way that the hydrophobic-water interactions are decreased. Therefore, the head group 

is oriented towards the water phase whereas the lipid hydrocarbon tails are protected from the 

aqueous phase. They can be classified according to their size and lamellarity. [59, 60]. Liposomes 

containing one lipid bilayer are classified as unilamellar whereas liposomes containing more than one 

concentric bilayer are classified as multilamellar. Within these groups, liposomes can be classified in 

subcategories depending on the particle size. Commonly liposomes containing one lipid bilayer and 

with a particle size up to approximately 100 nm are considered small unilamellar vesicles (SUVs), 

liposomes with sizes between 200 – 800 nm are called large unilamellar vesicles (LUVs) and liposomes 

in the micrometre range (>1000 nm) are called giant unilamellar vesicles (GUVs). On the other hand, 

multilamellar vesicles (MLVs) encompass a broad particle size range from 500 to 5000 nm. Lipids 

dispersed in aqueous environments can adopt different supramolecular structures depending on 

several internal and external factors. Internal factors such lipid concentration, head group size, lipid 

tail length and saturation and surface charge. Temperature, pressure and addition of other 

components into the formulations can dictate the packing process [61]. Packing process can be 

quantified by the critical packing parameter (CPP) of the lipids which determines the expected 

supramolecular structure of the lipids. Lipids expressing a CPP less than 1 but more than 0.5 are 

predicted to form bilayers vesicles, and therefore liposomes. Large head group size and two 

hydrocarbon chains are characteristic of liposome forming lipids [62].  

Liposomes have also attracted the attention of many researchers due to the possibility of the 

incorporation of hydrophilic and lipophilic substances in the aqueous compartment or the lipid bilayer 

respectively (Figure 1.2). Liposomes offer protection from the host enzymes to the loaded antigen [63, 

64], enhancing the delivery of the antigen and promoting its uptake by APCs due to their particulate 

nature [59, 65, 66]. Besides, lipids can be categorised according to their surface charge into neutral, 

anionic and cationic particles (Figure 1.2). Thus, hydrophilic antigens can be loaded/associated onto 

the liposome surface due to electrostatic interactions between the antigen and the liposomes. This 

quality represents an optimal platform for the use of liposomes as adjuvants for subunit vaccines, 

since the antigens can be loaded onto the liposomal surface by modification of the buffer pH and 
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liposomal charge, which will determine the level of adsorption. For this reason, cationic liposomes 

have been extensively studied as adjuvant system for subunit vaccines, as liposomes can act as 

delivery systems and immunopotentiators as well, modulating the immune responses produced. 

Studies have shown the improved antigen-specific immune responses obtained when using cationic 

liposomes compared to either neutral or anionic [67-69]. The pharmacokinetics of the liposomal 

adjuvants can be modified by changes in their physicochemical characteristics such as size, surface 

charge, and by variation of the lipid components of the formulation. Cationic liposomes when co-

administered with antigens by parenteral route have shown to form a depot at the site of injection 

which enhances the antigen presentation and produces high antibody and cell mediated immune 

responses, opposite to neutral liposomes [70].  

 

Figure 1.2 Schematic representation of the main characteristics related to liposomes in terms of 
characterisation. 

 

1.4.1.1 The Cationic Adjuvant Formulation (CAF) 01 

The cationic adjuvant formulation (CAF) 01 is a liposomal adjuvant formulation developed by Statens 

Serum Institut (SSI, Copenhagen, Denmark) based on the synthetic cationic surfactant N,N;’dimethyl-

N,N’-dioctadecylammonium bromide (DDA) and the synthetic immunopotentiator α,α‘-trehalose-

6,6’-dibehenate (TDB) (Figure 1.3). DDA can form liposomes when dispersed in aqueous environment 

under agitation and at a temperature above its gel-to-liquid transition temperature (Tm 47°C) [71]. 

DDA contains a polar head group consisting of a quaternary ammonium attached to two methyl groups 

and carrying a bromide counter-ion, and two lipophilic saturated C18 hydrocarbon tails. [72, 73]. DDA 
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liposomes can be produced in a wide range of sizes from SUVs to MLVs depending on the method of 

preparation and the DDA concentration [74]. The main disadvantage is that this formulation is not 

stable and aggregates during storage [75].  The incorporation of TDB into the formulation in contrast, 

improves its stability besides enhancing the immunogenicity of the formulation. TDB is a synthetic 

analogue of trehalose 6,6’-dimycolate (TDM), the so-called cord factor, a mycolic acid from the 

mycobacterial cell wall from Mtb [76, 77]. Despite its strong immunonological features, its toxicity 

hinders its use in vaccine formulation [78, 79]. In contrast, TDB replaces the long mycolic acid branches 

found in TDM which are related to its toxicity, with 2 behenyl chains which are attached to the 

trehalose head group [71]. The head group increases the hydration of the liposomal membrane, 

favouring interaction with the aqueous environment and thus, preventing the aggregation of the 

formulation [80]. 

 

 

Figure 1.3 Molecular structure of (A) the cationic surfactant DDA and (B) the immunopotentiator TDB, 
the two components of the CAF01 formulation. 

 

The traditional method for preparation of CAF01 is the lipid film hydration, a method developed by 

Bangham et al in 1965 which produces MLVs, at a weight ratio 5:1 (DDA:TDB). In order to reduce the 

size and lamellarity of the formulation, a size reduction method such as sonication or high shear mixing 

has to be applied to the preformed MLVs. This manufacturing process produces SUVs with a particle 

size of approximately 200 nm and a polydispersity between 0.2 and 0.4. CAF01 formulation is reported 

to be stable for up to 2 years when stored at 4 - 8°C [81]. Studies based on the lyophilisation of CAF01 

using spray drying and freeze drying have been carried out in order to overcome the cold-chain 

problem, reduce the cost of the formulation and improve transit and storage [80, 82-85]. Moreover, 

the lyophilisation process also facilitates the sterilisation of the formulation using ɣ-radiation [86]. 

A wide variety of subunit vaccines, including HIV, TB, chlamydia and influenza, have been studied 

alongside CAF01 in order to elucidate its adjuvant effect (e.g. [73, 87-90]). The cationic surface charged 

A 

B 
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related to the quaternary ammonium of DDA has shown to be crucial for its immunological profile 

since by this means antigens are attached the liposomal surface and thus, allows the co-delivery of 

both antigen and adjuvant to the APCs. The biodistribution of CAF01 in vivo has been studied by dual 

radiolabelling of the individual vaccine components (antigen and adjuvant). Results have shown the 

formation of a depot at the injection site (SOI) after parenteral vaccination [90, 91]. The depot effect 

has been proved to be related to the cationic nature of the formulation and the rigidity of the 

liposomal membrane at body temperature (CAF01 Tm ~ 42°C). Hereby, APCs are recruited to the SOI 

where they engulf the vaccine components and become activated. These activated immune cells  

move to the draining lymph nodes for antigen presentation to the T cells and subsequently, activating 

them [91]. The depot formation is of utmost importance for the Th1/Th17 stimulation. Moreover, the 

inclusion of the immunopotentiator TDB results in an improved activation of APCs through interaction 

with the C-Lectin type receptor (CLR) Mincle which has been reported to activate the Syk-Card9 

signalling pathway in mice and human [92-97]. Its immunological profile consists of strong production 

of cellular and humoral immune responses based on high IFN-ɣ and IL-17 secretion, low IL-5 

production and high Immunoglobulin G (IgG) antibody production [98, 99]. The fusion proteins H1 and 

H56 have been widely investigated alongside CAF01 for development of a TB vaccine [54, 98]. H56 

antigen as a standalone vaccine is less efficacious than BCG, however, studies in rodents have shown 

that administration of H56 adsorbed onto the CAF01 surface is more efficient than BCG.  

 

1.4.2 Biodegradable polymer-based adjuvants: Poly lactic-co-glycolic acid (PLGA)  

Biodegradable compounds degrade into non-toxic and biocompatible products upon in vivo 

administration. Subsequently, the degradation products are removed from the system by the normal 

metabolic pathways. These biodegradable compounds can be classified according to its origin into 

natural, synthetic, and semisynthetic polymers. Among the synthetic polymers, PLGA has attracted 

the attention of many researchers due to its advantages compared to other materials, due to its 

exceptional safety profile and its FDA and EMA approval for human use [55]. PLGA is a polyester which 

degrades by hydrolysis of the ester connections into its monomer components lactic (PLA) and glycolic 

acid (PGA) (Figure 1.4). Both PLA and PGA enter the tricarboxylic acid cycle and they are finally 

eliminated from the body as carbon dioxide and water. Moreover, glycolic acid can be eliminated by 

the kidney without previous modification [100]. 
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Figure 1.4 Poly lactic-co-glycolic acid (PLGA) molecular structure (x = number of units PLA; y = number 
of units of PGA). 

These particulate delivery systems can be manufactured through a wide range of methods and 

therefore their physicochemical properties (size, morphology, surface charge) can be easily 

manipulated in order to achieve the adequate characteristics for the right interaction with biological 

cells [101-103]. In general, PLGA can be solubilised in broad range of solvents (e.g. acetone and 

chloroform) and PLGA particles can be manufactured by using methods such as double emulsion, 

coacervation, nanoprecipitation, extrusion or solvent evaporation [104-113]. Modification of the 

process parameters during the manufacturing method as well as the intrinsic PLGA properties dictates 

the size of the produced particles, which has been related to the type of immune responses obtained 

[114]. Commonly, PLGA particles are classified according to their particle size into nanoparticles (NPs) 

for particles smaller than 1000 nm and microparticles (MPs) for particles larger than 1000 nm. PLGA 

particles can either encapsulate or adsorb antigens onto their surface. However, due to their acidic 

interior environment, the manufacturing method or the solvent used for the dissolution of the 

polymer, the integrity of the antigens encapsulated into the PLGA NPs and MPs might be compromised 

and therefore, the antigen immunogenicity might be lost [115]. 

 

1.4.2.1 Effect of the PLGA composition: degradation rate and release profile 

For the formulation design on PLGA as a vaccine delivery system, knowledge about its intrinsic 

properties is crucial in order to improve its efficacy. Several factors influence PLGA performance, 

among them, the monomer molar ratio, average molecular weight, crystallinity, size and shape are of 

absolute importance. PLGA polymer can be synthesized in wide variety of lactic to glycolic monomer 

ratios. The main PLGA copolymers used in research are 50:50, 65:35, 75:25 and 85:15, which in general 

contain higher lactic acid percentage. Varying the percentage of lactic or glycolic acid present in the 

polymer composition, influences the hydrophilicity of the polymer and thus, the degradation rate as 

reported in literature [116, 117]. The percentage of PGA influences greatly the hydrophilicity of the 

copolymer, therefore, PLGA copolymers with higher PGA content show accelerated degradation when 

compared to PLGA copolymers with higher PLA content. PLA has a methyl side group whereas PGA 
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lacks it, for that reason, PGA absorbs more water and hence degrades faster. For example, PLGA 50:50 

shows the fastest degradation of all PLGA copolymers followed by PLGA 65:35, PLGA 75:15 and finally 

PLGA 85:15, which corresponds to the slowest degradation rate. Thus, the composition of PLGA plays 

a crucial role in the formulation of vaccine delivery systems as it will affect the antigen release [118]. 

The crystallinity and glass transition temperature (Tg) of the polymer also influences the degradation. 

In general the increase of PLA in the polymer composition results in lower copolymer crystallinity and 

thus, faster degradation due to increase hydrophilicity. Studies in literature disagree on this matter, 

as some groups have shown the increase of PLA accelerated the degradation rate due to the increase 

in polymer hydrophilicity, whereas other groups have shown that the opposite [119-121]. PLGA shows 

a rigid structure as its Tg is above 37°C. This temperature decreases with the PLA ratio and the 

molecular weight [122]. Tg and crystallinity also depend on another important characteristic of the 

PLGA impacting the degradation rate, which is the average molecular weight (Mw) of the copolymer. 

The copolymer Mw is inversely proportional  to the degradation rates, thus, the higher the Mw the 

slower the polymer degradation due to the larger polymer chain [123].  

It has been reported elsewhere that the release behaviour of PLGA generally follows either a biphasic  

or based on an initial burst release followed by a sustained release, or a triphasic profile (with an 

added final burst release) [124, 125]. It depends on the physical properties of PLGA and on the payload 

type and concentration, hence, the antigen release profile is commonly uncertain. This process takes 

place upon contact of the polymer with an aqueous environment, and it happens primarily as a 

consequence of water entering the polymer matrix, resulting in uniform bulk diffusion and erosion. 

Initial burst release is related to the antigen located near the polymer surface whereas the sustained 

release phase. Upon water entrance into the polymer matrix, PLGA degradation occurs resulting in 

the formation of channels for the release of the entrapped antigen until the polymer is totally 

solubilised. 

 

1.5 Pulmonary delivery 

The pulmonary route of administration is a prominent route for the delivery of drugs and vaccines due 

to numerous factors including ease of patient compliance, large surface area of the target site and an 

extensive vascular system supplying a rich amount of blood [126]. As a result of these beneficial 

attributes, the use of aerodynamic engineered delivery systems to carry small molecules and antigens 

to the lung for controlled release, deep lung deposition and higher systemic bioavailability has been 

previously used [127]. In particular, the use of micro- and nanometre delivery systems including 
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liposomes and polymers have been used to administer therapeutic payloads through this route of 

administration [128-131] 

Lungs are the portal entry of Mtb, and for the bacteria in order to cause infection it must first 

overcome a number of barriers within the human body. Mtb droplet nuclei can enter the body both 

through the mouth or the nasal cavity, and upon entrance, it has to pass the trachea, bronchi and 

bronchioles in order to reach the AM which besides being the largest surface area in the lungs, serves 

as the host site of infection for Mtb. An understanding of these physical, chemical and biological 

challenges that Mtb faces is essential for future development of antigen delivery systems that aim to 

effectively vaccinate large populations [132]. 

 

1.5.1 Particle deposition in the lungs: Impaction, sedimentation and diffusion 

When developing a particulate delivery system for pulmonary vaccination, a deep insight into the 

inner workings of the respiratory pathway is essential. An understanding of how micro and nanoscale 

particles interact within the various regions of the pathway and the challenges associated with these 

sections is crucial for effective particle deposition. Multiple factors influence this deposition including 

particle size, breathing patterns of the individual, mucocilliary clearance and the laws of physics that 

are at play within the lung space [133]. Therefore, the rational design of delivery systems has to 

consider physicochemical properties such as size and shape, geometry, charge and density of the 

particulate system for the deposition of the inhaled particles [134]. When discussing particle attributes 

in terms of particle size for inhalation, the mass median aerodynamic diameter (MMAD) is used and 

can be defined as the diameter at which 50% of the particles in a population are larger in mass than 

the other smaller 50% [135]. 

Particle deposition within the lungs can be classified into three mechanisms based primarily upon 

particle size: Impaction, sedimentation and diffusion. Impaction occurs for large particles, (above 10 

µm MMAD) and the dominant force acting upon these particles during an inhale is momentum  [132]. 

As the airflow moves down through the oesophagus, the larger particles cannot navigate through the 

twists and turns and largely are deposited onto the airway wall of the first ten bronchial generations 

as a result of centrifugal force [136, 137]. Therefore these particles largely cannot travel deep within 

the lungs as they are mainly cleared out by the mucociliary escalator where they then end-up 

deposited within the stomach. Generally, as the particle size decreases, the ability of the particulate 

delivery systems to permeate deeper within in the lung increases. Smaller particle undergo 

sedimentation after reaching the lung – a process which forces the build-up of the particles within the 
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lower bronchi due to gravity [137]. Within these sections of the airway system (the last 5 bronchial 

generations), the airflow is significantly less turbulent and therefore over time, gravitational forces 

encourage the particles to settle [136]. It is believed that this sedimentation process can therefore be 

enhanced by manipulating the breathing patterns of patients following administration. Finally, 

diffusion occurs for particles under a 0.5 microns threshold where they are typically exposed to 

Brownian motion laws, as a result of the lack of air speed within the alveolar spaces. Within these 

spaces, the particles are held in suspension and abnormally move around with limited contact to the 

tissue and a lack of deposition, thus the particles are generally exhaled back out [132, 133]. 

Understanding these mechanisms involved in particle deposition during inhalation treatment is thus 

essential for developing an effective delivery system. Design of particulates within the MMAD range 

of 0.5 – 5 µm could consequently prove to be the most promising approach based on the literature 

outlined. The use of an pharmacopoeia approved airway simulator selected according to the physical 

state of the particles (liquid or dry powder) such as Andersen Cascade Impactor (ACI), Next Generation 

Impactor (NGI) and Multi-stage Liquid Impinger (MSLI) is essential for the determination of the 

expected particle deposition within the lungs [138]. 

 

1.5.2 Alveolar macrophages (AM) particle uptake: endocytosis 

Alveolar macrophages can be found in multiple locations as in the vasculature, parenchyma or airways 

and represent the first line of defence against Mtb.  Recently, the importance of the recruitment of T 

cells to the lungs for the protection against TB infection has been demonstrated. The location of these 

T cells is crucial for the efficacy of the vaccine since the T cells have to be in direct contact with the 

Mtb infected macrophages [139-144]. Therefore, respiratory mucosal vaccination is believed to be the 

best way to teach the lung macrophages and DCs how to fight Mtb infection and to recruit antigen 

specific T cells to the site of infection [145, 146].   

In order to achieve the satisfactory uptake by the AM, vaccine formulations have to be designed based 

on the understanding of how particles are engulfed. Consequently, physicochemical characteristics of 

the aerosol particle formulation such particle size, shape and charge (besides the composition of the 

particulate system) have to be modified in order to accomplish macrophages uptake. According to 

results reported in literature, aerosol particles with spherical shape are more efficiently taken up by 

AM than other shapes [147]. Besides, particle sizes in the nanometre and micrometre range are well 

taken up by macrophages, in general particles below 5 µm can be deposited in the deep lungs and be 

phagocytosed by AM [148, 149].  Regarding particle surface charge, positively charged particles show 

higher interaction with the cells due to the negatively cell surface charge. However, cationic particles 
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might show high toxicity and can damage the cells in the lungs due to the formation of reactive oxygen 

species (ROS) and the promotion of apoptosis [150, 151]. For this reason, the use of anionic and 

neutral particles for the delivery of small molecules and vaccines into the lungs has attracted the 

attention of the many researchers (e.g. [131, 152-155]). Additionally, it has been reported that 

particles based on hard material are better taken up than softer ones [156].  

 

1.6 Hypothesis and general objectives  

New approaches have to be taken into account for the development of a TB vaccine against pulmonary 

TB. Due to the intracellular nature of Mtb, recent research has focused on the design of adjuvants that 

“pull” T cells to the lungs, as T cells have to be in direct contact to the infected cells in order to be able 

to eradicate it. The proposal of the work reported in this thesis consists of an immunisation strategy 

based on the parenteral priming of a T cell helper (Th) -17 response followed by mucosal boosting. 

This strategy is built on data produced by Statens Serum Institut, showing that a parenteral priming of 

the H56 vaccine candidate in combination with the CAF01 adjuvant followed by mucosal boosting with 

H56 mediate local immunity without causing local vaccine induced side-effects (personal 

communication). Therefore, the primary objective of this project was to develop an inert delivery 

system that can deliver the H56 antigen into the lungs without potential side effects. The following 

objectives were set in order to accomplish this: 

- Evaluation of a microfluidics method for the manufacturing of CAF01 as a scale-independent 

manufacturing method. 

- In vivo evaluation of the CAF01 formulations manufactured using microfluidics and using the 

traditional liposomal manufacturing method of lipid film hydration. 

- Evaluation of microfluidics as a manufacturing method for PLGA particles and comparison to 

the traditional double emulsion method. 

- Investigate the effect of the microfluidics parameters and the PLGA properties on the 

production of PLGA as antigen delivery systems. 

- Aerodynamic engineering of a PLGA particles for pulmonary delivery of H56 TB vaccine 

candidate via selection of an adequate cryoprotectant for the lyophilisation of PLGA particles 

and in vitro deposition, particle uptake, toxicity and antigen processing in macrophage cell 

lines. 

- In vivo evaluation of a prime-pull approach by priming with CAF01:H56 and boosting with 

PLGA:H56 for the development of a TB vaccine effective against pulmonary TB. 
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2.1 Introduction 

Liposomes are well reported for their activity as adjuvants, which are needed for the subunit vaccine 

formulation in order to induce potent and long-lasting immune responses. The physicochemical 

attributes of liposomal adjuvants have been associated with specific immunological responses, 

demonstrating that the design and development of vaccine adjuvants is of great importance in 

tailoring them to promote the desired immune responses. Indeed, pharmacokinetic studies have 

shown the importance of vesicle characteristics such as particle size and surface charge on the draining 

of the vaccine adjuvants to the lymph nodes and the recruitment of APCs to the injection site [157]. 

Lipid composition is a key factor controlling the characteristics of the liposomes produced. For 

example, membrane fluidity can be modified by inclusion of cholesterol within the liposomes, 

improving membrane stability [158]. Besides, hydrocarbon chain saturation and length can influence 

the rigidity of the liposomal membrane. In general, short chain lengths form disorganised and fluid 

membranes whereas rigid and ordered structures are obtained with long hydrocarbon chain lipids. 

The use of cationic lipids favours the absorption of subunit antigens onto the liposomal surface and 

promotes strong cell mediated immune responses due to better interaction with the negatively 

charged surface of the  APCs [70]. In contrast, neutral lipids contribute to enhanced humoral responses 

[159]. Incorporation of immunopotentiator compounds can further enhance their immunological 

responses [75].  

The manufacturing method used for the production of liposomes also has a big impact on their 

physicochemical characteristics. The traditional lipid film hydration method [57, 160, 161], which was 

the first technique used for the preparation of liposomes, is still in common practice. By this method 

it is difficult to control the particle size of the liposomes, producing highly polydisperse MLVs, thus, a 

second method to reduce the particle size is often needed. To address this, new techniques based on 

the controlled fluid mixing are emerging due to their easier scalability and tighter particle size 

production compared to traditional methods, allowing for large scale production.  Therefore, all these 

factors should be taken into account when designing subunit vaccine adjuvants as they will to some 

extent dictate the adjuvant action [162].  

 

2.2  Aim and objectives 

The cationic liposomal adjuvant formulation (CAF) 01 which is based on the cationic surfactant DDA 

bromide and the immunopotentiator TDB from Mtb has previously been shown to be a strong 

adjuvant system against several diseases such as tuberculosis [75]. CAF01 is commonly prepared by 
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the thin film method [57] which has several drawbacks including scale-up and reproducibility. In 

contrast, controllable technologies such as microfluidics have advantages in material preparation such 

as uniform flow and mixing, high efficiency, continuous operation, easy control and low cost [163]. 

Therefore, the aim of this study was to investigate the use of microfluidics as a manufacturing method 

for CAF01. To achieve this, the objectives of this study were to: 

1. Study the key parameters associated with the microfluidic liposome production, including 

choice of lipid and lipid concentration, flow rate ratio, total flow rate and residual solvent. 

2. Develop and validate an analytical method for quantification of lipids within liposomal 

adjuvants. 

3. Evaluate and compare the use of different liposome manufacturing techniques in terms of 

physicochemical characterisation, lipid recovery and antigen loading.  

4. Assess the impact of incorporating cholesterol into the CAF01 bilayer and the substitution of 

the cationic DDA for the neutral lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) on 

the physicochemical attributes of the liposomal formulations produced. 

 

2.3  Materials and methods 

2.3.1 Material used for the preparation of liposomal formulations 

The cationic surfactant dimethyldioctadecylammonium (DDA) bromide, the immunopotentiator 

trehalose 6,6′-dibehenate (TDB) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were 

purchased from Avanti Polar Lipids Inc. (Alabaster, USA) (Table 2.1). Albumin from chicken egg 

(ovalbumin), cholesterol and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-

Aldrich Company Ltd. (Poole, UK). 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris-base) was 

obtained from IDN Biomedical Inc. (Aurora, OH, USA) and used to make 10 mM Tris buffer and 

adjusted to pH 7.4 using hydrochloric acid (HCl). All other reagents were of analytical grade and were 

purchased from commercial suppliers. 
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Table 2.1: Information about the lipids used for the formulation of liposomal adjuvants. 

Lipids Tm (°C) Mw (g/mol) Structure 

 

DDA 

 

47°C 

 

630.952 

 

 

 

 

TDB 

  

 

987.433 

 

 

DMPC 

 

24°C 

 

677.933 

 

 

 

 

Cholesterol 

 

 

 

 

 

 

 

386.65 

 

 

 

2.3.2 Methods for manufacturing liposomes 

Three different techniques for the production of liposomes were applied and compared: the lipid film 

hydration method (LH), high shear mixing (HSM) and microfluidics (MF). Four liposomal formulations 

were prepared: DDA and TDB concentrations were fixed at 2.5 mg/mL and 0.5 mg/mL respectively and 

cholesterol was added to the CAF01 formulation at two different concentrations (0.4 mg/mL and 0.8 

mg/mL) in order to increase the fluidity of the membrane bilayer.  In the fourth formulation, DDA was 

replaced by DMPC and kept at the original concentration (2.5 mg/mL DMPC and 0.5 mg/mL TDB 

respectively). 

 

2.3.2.1 Lipid film hydration method (LH) 

Liposomes were prepared by a modification of the Bangham method [57]. Weighed amounts of DDA, 

TDB, cholesterol and DMPC were dissolved in the appropriate ratios in a mixture of chloroform and 

methanol (9:1 v/v). The required amount of lipid solution was transferred to a round bottom glass to 

reach the appropriate final concentration (2.5 mg/mL DDA or DMPC, 0.5 mg/mL TDB, 0.4 or 0.8 mg/mL 
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cholesterol). Organic solvent was removed under vacuum with a rotary evaporator during 15 min at 

200 revolutions per minute (rpm). Afterwards, the lipid film was dried with a gentle stream of nitrogen 

(N2) in order to remove any trace of organic solvent. Then, lipid film was hydrated with the appropriate 

amount of 10 mM Tris buffer (pH 7.4). Lipid suspensions were heated above transition temperature 

(60°C) for 20-30 min and vortexed for 1-2 min every 5 min (Figure 2.1). Liposomes were stored at 2-

8°C for further experiments. Ovalbumin (OVA) was added in a concentration of 2 µg per vaccine dose 

(50 µL) to the preformed liposomes and samples were vortexed for few minutes during 30 min. 

Samples were allow to stand for 10-15 min for an effective adsorption on the liposomal surface. 

 
 
Figure 2.1 Schematic representation of thin film method: (A) lipids dissolved in organic solvent, (B) 
formation of the lipid film, (C) addition of the buffer above Tm and under agitation to form MLVs, (D) 
Incorporation of antigen/protein post liposome formulation. 

 

2.3.2.2 High shear mixing (HSM) 

High shear mixing is a size-reduction technique for the preparation of homogeneous sample 

population of SUVs from either preformed liposomes (MLVs) or by hydration of lipid powders [164, 

165]. The principle behind this method is based on the rotor-stator theory. By this means, liposomal 

solutions are reduced in size due to the rotor speed which pushes the formulation towards the stator 

and shears off the outer layers of the liposomes [164-166]. Conducting this procedure at high speeds 

and at temperatures above the Tm of the lipid system results in the production of homogeneous 

liposomal formulations [164, 165]. Liposomal size and size distribution depend on the time and 

rotational speed at which the samples are manufactured. By this method, SUVs can be formed from 

either preformed MLVs or from the thin lipid film prepared as described in before. Thus, after 

preparation of the thin lipid film, formation of SUVs was done by hydration of the film with Tris buffer 

(10 mM, pH 7.4) and high shear mixing above transition temperature of the lipid mixture (at 60°C). 

The head of the HSM (Silent crusher M, Heidolph Instruments, Schwabach, Germany) was immersed 

in the formulation and samples were homogenized at high speed (125,000 x g) during 15 minutes 

(Figure 2.2). Temperature was kept constant throughout the process. OVA was added in a 

concentration of 2 µg per vaccine dose (50 µL) to the preformed liposomes and samples were vortexed 

A B C D 
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for few minutes during 30 min. Samples were allow to stand for 10-15 min for an effective adsorption 

on the liposomal surface. 

 
 

Figure 2.2 Representation of HSM method: (A) lipids dissolved in organic solvent, (B) formation of the 
lipid film, (C) addition of the buffer, formulation mounted in a water bath and immersion of the HSM 
probe, (D) formation of SUVs, (E) antigen loading after liposome formation 

 

2.3.2.3 Microfluidics (MF) 

Microfluidics is a technology which manipulates the mixing of liquid flows in micro-sized channels and 

allows the formation of size-controlled nanoparticles [163]. The preparation of liposomal formulations 

was carried out using the staggered herringbone micromixer (SHM) from Precision Nanosystems 

(Nanoassemblr™, Vancouver, Canada) (Figure 2.3) [167]. SHM is based in the pass of two different 

fluid streams through the herringbone structures located in the middle of the channel (300 µm width 

and 130 µm height). Lipids dissolved in an adequate solvent (i.e. compatible with the chip) and an 

aqueous buffer are injected into the system. Streaming of the fluids is controlled by the micromixer’s 

software. Therefore, the software controls the flow rate ratio (FRR) (ratio between the two stream 

fluids), the total flow rate (TFR) of both streams, and the total amount of sample to be produced [167]. 

The formation of nanoparticles is due to the increasing advection, diffusion and the chaotic low profile 

which provoke an increase of polarity and therefore, a nanoprecipitation reaction [168]. 

Stocks of DDA, TDB, cholesterol and DMPC were prepared in 2-propanol (IPA) and mixed to the desired 

concentration. Lipids dissolved in IPA were injected into the right inlet whereas the aqueous phase 

was injected into the left microfluidics inlet (Figure 2.3). Selected speeds (TFRs) and ratios between 

the aqueous and organic phase were adopted in order to analyse the importance of these parameters 

in the production of liposomes. Thus, TFRs of 5 – 10 – 15 mL/min were choses as well as FRRs of 1:1, 

3:1 and 5:1. In general a total sample volume of 1 mL was prepared, with a start and end waste volume 

fixed at 0.3 and 0.05 mL respectively. The heating block was set at 60°C. 

E A B C D 
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Figure 2.3 Representation of microfluidics cartridge: Aqueous phase (inlet 1) and lipids in solvent (inlet 
2) are injected into the microfluidics system and liposomes are formed by a nanoprecipitation reaction 
and collected in the outlet. 

 

OVA was added in a concentration of 2 µg per vaccine dose (50 µL) to the preformed liposomes and 

samples were vortexed for few minutes during 30 min. Samples were allow to stand for 10-15 min for 

an effective adsorption on the liposomal surface. 

 

2.3.3 Purification of the liposomal formulations 

2.3.3.1 Dialysis purification 

Dialysis tubing (Mw 12,000-14,000 Da, Sigma Aldrich, Poole, UK) for solvent removal was pre-treated 

during 2 h at 80°C in a solution containing 1 mM EDTA and 2% sodium bicarbonate in order to remove 

the sulphites and glycine contained in the membrane. Afterwards, the membrane was washed with 

deionised water and stored in 20% ethanol solution containing 1 mM EDTA. For 300,000 Da MWCO 

membrane (Spectra-Por®, Spectrum Labs, Breda, The Netherlands) manufacturer instructions were 

followed. Samples were loaded into the dialysis tubing with the appropriate MWCO (<14,000 Da and 

300,000 Da for solvent or protein removal respectively) and dialysed against 200 mL Tris buffer (Figure 

2.4). Buffer exchange was carried out at different intervals depending on the aim of the dialysis (Table 

2.1). 
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Figure 2.4 Dialysis process: (1) pre-treatment of the dialysis membrane to remove any contaminant, 
(2) close one of the ends and introduce the sample, (3) close the other end, (4) dialyse the sample 
against the adequate amount of buffer under stirring and exchange the buffer according to the 
method selected. 

 

Table 2.2 Methods used for solvent and protein removal. 

Method Duration Buffer exchange 

Dialysis tubing <14,000 Da 

Solvent removal (fast) 

 

1 h 

 

After 30 min 

Solvent removal (slow) 

 

Dialysis tubing 300,000 Da 

4 h Every hour 

Protein removal 24 h Every 2 h during the first 6 
hours and 2 h before stop 

dialysis. 

 

2.3.3.2 Ultracentrifugation 

For the removal of unbound protein from the liposomal formulations prepared through the LH method 

samples were centrifuged at 125,000 x g during 30 min at 4°C in order to sediment liposomes. The 

supernatant was discarded and liposomes re-suspended in the appropriate amount of Tris buffer.  

 

2.3.4 Gas chromatography (GC) for quantification of residual solvent 

One of the main disadvantages of the microfluidics method is the use of organic solvents and therefore 

their removal from the formulation. The International Conference of Harmonization (ICH) of technical 
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requirements for registration of pharmaceuticals for human use has stablished limits for the organic 

solvents may contain formulations intended for human use. The guideline Q3C(R5) for residual 

solvents divides organic solvents into three classes (Table 2.3). Thus, organic solvent used during 

microfluidics process has to be within these limits, otherwise these adjuvant formulations are not 

allowed to be clinically tested because of the dangers they may cause [169]. 

Table 2.3 General classification of residual solvents according to ICH guidelines. Only some examples 
are shown [169] 

Class Compound Concentration limit (ppm) 

Class I Benzene 2 

Solvents to be avoided Carbon tetrachloride 4 

Class II Acetonitrile (ACN) 410 

Solvents to be limited Methanol (MeOH) 3000 

Class III Ethanol (EtOH) 5000 

Solvents with low toxic potential 1-Propanol 

2-Propanol (IPA) 

5000 

5000 

 

Standards were prepared with different volumes of the analyte of interest (IPA) while keeping 

constant the internal standard (IS) volume (1-Propanol). For sample preparation, samples were diluted 

(1:20) in ultrapure water (type I) and the same percentage of the internal standard used for the 

calibration curves was included in the sample preparation (1% v/v 1-Propanol). The internal standard, 

1-Propanol, was chosen as it is not contained in the samples and has a different boiling point (Table 

2.4) which allows the separation of the volatile analyte mixture in two well separated peaks (no 

coelution). GC instrument (CSi 200 Gas chromatography, Cambridge Scientific Instruments Ltd., 

Cambridge, UK) temperatures were set as follows: 55°C oven temperature, 200°C and 230°C injector 

and detector temperatures, and helium 15 psi was used as a carrier gas. Calibration curve of IPA was 

made plotting the area ratio of the analyte/IS of triplicate results against the concentration. 
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Table 2.4 Boiling points of the organic solvents used during the microfluidic formulation of the 
liposomal adjuvants and the selected internal standard. 

Organic Solvent Boiling point (°C) 

1-Propanol 97 

2-Propanol 83 

Acetonitrile 82 

Methanol 

Ethanol 

65 

78 

 

 

2.3.5 Determination of the particle size, polydispersity and zeta potential by dynamic light 

scattering (DLS) 

Determination of the particle size, and polydispersity index (PDI) is generally carried out using dynamic 

light scattering (DLS), which is a non-invasive technique that measures these parameters by 

quantification of the variation of the intensity of the scattered light as a function of time at a fixed 

scattering angle (ϴ) (typically is 90°) [170, 171]. The particle size is determined by measuring the 

velocity of the particles in a sample going through Brownian motion, which is defined as the random 

movement of particles in a liquid due to collisions with molecules that surround them [172]. The 

velocity is defined by the translational diffusion coefficient (D) which by Stokes-Einstein equation is 

converted into particle size (Equation 2.1) [172]:  

 

    

 

 

Where dH is the hydrodynamic diameter, k is the Boltzmann’s constant and ɳ is the viscosity of the 

sample. The hydrodynamic diameter refers to the diameter of a sphere as DLS assumes that the 

particles in the sample are spherical-shaped [173]. The size range that DLS can measure ranges from 

few nanometres to several microns [171]. To measure the particle charge at the slip plane of the 

particle surface (zeta potential) and electrophoretic mobility of the particles in solution, 

electrophoretic light scattering is used [172]. 

The size of liposomes was determined by DLS (Zetasizer nano ZS, Malvern PANalytical Ltd., 

Worcestershire, UK) approximately one hour after preparation. Three measurements at 25°C were 

conducted on the samples, which were previously diluted in filtered Tris buffer (10 mM, pH 7.4) to 

d
H

=
𝑘 𝑇

3 ɳ𝜋𝐷
 (Equation 2.1) 
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achieve the optimal vesicle concentration (1:10 v/v) and vortexed to provide a homogeneous solution. 

Square single-use cuvettes were filled in with 1 mL of sample and were placed into the instrument 

which uses a 4-mW He-Ne 633 nm laser to analyse the samples [170]. For zeta potential measurement, 

samples were diluted in the same fashion as for the size (10-fold dilution). Three measurements of 

each sample at 25°C were taken. For collection and data analysis Malvern Dispersion Technology 

Software v.7.11 (Malvern PANalytical, Worcestershire, UK) was used. 

 

2.3.6 Quantification of antigen loading and lipid recovery by High Performance Liquid 

Chromatography using an Evaporative Light Scattering Detector (HPLC-ELSD) 

Evaporative light scattering detector (ELSD) or evaporative mass detector is used for the quantification 

of non-volatile components dissolved in volatile solvents. By this means, a nebuliser evaporates the 

solvent whereas the non-volatile compound becomes a mist of small particles which scatter a light 

beam and thus, the detector can quantify the amount of sample according to the scattered light 

detected (Figure 2.5) [174]. ELSD is generally used with a gradient elution analysis. Gradient elution is 

based on the change of the mobile phase composition during analysis. Commonly, mobile phase A 

contains the weaker solvent which usually is water with 0.1% trifluoroacetic acid (TFA), whilst mobile 

phase B contains the stronger solvent (ACN or MeOH) [174]. 

 

Figure 2.5 Schematic representation of the mechanism of an evaporative light scattering detector 
(ELSD). First, the chromatographic effluent passes through the nebulizer and mixes with the nebulizing 
gas (N2) causing dispersion of droplets. Subsequently, droplets enter into the nebulizing chamber 
where the mobile phase evaporates and condense, being removed as waste. Finally, the analyte 
crosses an optical cell, a laser beam penetrates the particles and the scattered light is detected and 
converted into a signal. 

 

Quantification of the lipid recovery and antigen loading was performed by high performance liquid 

chromatography (HPLC, YL Instruments Co. Ltd. Korea) using an SEDEX 90LTD ELSD detector (Sedex 
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Sedere, Alfortville, France). A Luna 5 µ C18(2) column (Phenomenex, Cheshire, UK), pore size of 100Å, 

was used for lipid quantification whereas a Jupiter 5 µ C18(2) column (Phenomenex, Cheshire, UK) 

pore size 300Å was used for antigen quantification. A C18 column (stationary phase) increases the 

retention of non-polar analytes. Lipids were dissolved in chloroform:methanol (9:1 v/v) and the 

antigen (OVA) was dissolved in buffer. Liposomal samples were injected without previous preparation. 

HPLC-ELSD settings were kept constant as follows: 30 µL injection volume in a partial loopfill injection 

mode, 100 µL loop volume and 15 µL tubing volume. Column temperature was maintained at 35°C 

whereas the ELSD temperature was set at 52°C in all the runs. Analysis time, flow rate and mobile 

phases were changed depending on the nature of the sample measured (Table 2.5). Nitrogen was used 

as a carrier gas at 3.5 psi inlet pressure. Clarity DataApex version 4.0.3.876 was used for data analysis. 

Table 2.5 HPLC methods: (A) Gradient elution method for the quantification of cholesterol, DMPC, 
TDB and DDA. Gain was adjusted for each lipid, being Gain 12 for TDB and Gain 3 for the rest of the 
lipids; (B) Method used for the quantification of OVA loading efficiency. Retention time 12.2 min. Gain 
10. 

Time 

(min) 

% Eluent A 

(0.1% TFA in dH2O) 

% Eluent B 

(MeOH) 

Flow rate 

(mL/min) 

0 15 85 1.5 

6 0 100 1.5 

25 0 100 1.5 

26 15 85 1.5 

35 15 85 1.5 

Time 

(min) 

% Eluent A 

(0.1% TFA in dH2O) 

% Eluent B 

(MeOH) 

Flow rate 

(mL/min) 

0 100 0 1 

10 0 100 1 

15 0 100 1 

15.1 100 0 1 

20 100 0 1 

 

Quantification of the lipid recovery for liposomal formulations prepared by the thin film method or 

HSM was done following Equation 2.2. Calculation of the recovery of the samples manufactured 

through microfluidics was performed according to Equation 2.3. Basically, the area of the peak given 

by the HPLC-ELSD was converted into concentration by using the appropriate calibration curve 

previously carried out. This result was divided by the initial concentration in the stock solution and 

A 

B 
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multiplied by 100%. In the case of the microfluidics samples, as the dilution is unavoidable through 

this method, the theoretical final lipid concentration after microfluidics was considered instead of the 

lipid concentration in the stock solution. The same calculations were performed for antigen 

quantification. 

concentration of the sample (
mg

mL
)

concentration stock solution (
mg

mL
)
 × 100 = % recovery 

  

  
concentration of the sample (

mg

mL
)

theoretical final concentration (
mg

mL
)
  × 100 = % recovery   

 

2.3.7 Sodium dodecyl sulfate (SDS) polyacrylamide gelelectrophoresis (PAGE) for the 

qualitative analysis of the protein loaded 

Gel electrophoresis was carried out in order to determine whether the protein was adsorbed onto the 

liposomal surface. Prior to load the samples into the 12% Tris-Glycine gels, samples were centrifuged 

at 272,000 x g during 30 min in order to get pellet and supernatant for each sample. Loading buffer 

was added to each of this fractions and then heated at 90°C during 3 min in order to denature the 

protein present in the sample. A volume of 10 µL of each sample pellet and supernatant was added 

onto the gels and compared with 10 µL of a known amount of the protein (40 µg/mL of OVA). Running 

buffer (Tris, Glycine, SDS and dH2O) previously prepared was poured into the Novex Mini Cell gel 

apparatus (Bio-rad Laboratories, Herhfordshire, UK) and let run until the dye reached the end of the 

gel at a constant 30 mA per gel. Afterwards, the gel was stained overnight with Coomassie blue and 

destained the day after for several hours. GeneFlash gel photoimager (Syngene bioimaging) was used 

to take a picture of the gels (Figure 2.6). 

 
Figure 2.6 Simplified representation of SDS-PAGE technique: Gels are placed within the apparatus and 
samples are loaded on the top of it. Then proteins move through the porous gel from the top to the 
bottom due to an electrical current. The speed at which particles are drawn through the matrix 
depends on their mass. 

 

(Equation 2.3) 

 

(Equation 2.3) 

 

(Equation 2.2) 
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2.3.8 Statistical analysis 

One-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparison tests were used for 

data analysis. All the experiments were carried out at least in triplicate unless otherwise stated. 

Results are the mean of 3 measurements ± standard deviation (SD) which is plotted as error bars. 

 

2.4  Results and discussion 

2.4.1 Production of CAF01 liposomes using the microfluidics technique Nanoassemblr™ 

The use of microfluidics as a technique for the production of liposomes has emerged during the last 

two decades. The Benchtop Nanoassemblr™ from Precision Nanosystems Inc., is a computerised 

system which controls the mixing of fluids within the micromixer. The micromixer is specially designed 

with microchannels containing a SHM in the middle which contains grooves that help with the mixing. 

It offers several advantages over the traditional methods, such as reduced time due to the fast mixing 

of the fluids within the micromixer and the ease of preparation of the sample. Besides, tight size 

control, reproducibility and scalability of liposomes and nanoparticles can be achieved [168, 175]. 

Lipids dissolved in solvent and aqueous phase converge at the centre of the channel where, due to 

lamellar flow, the polarity is increased and consequently the liposomes are formed due to a 

nanoprecipitation reaction and collected at the outlet of the micromixer. The speed at which the 

polarity increases is controlled by changes on the microfluidics parameters adopted [168, 176]. 

Moreover, Precision Nanosystems, Inc. has developed a system for scale up production through 

parallelisation of the micromixers (www.precisionnanosystems.com). 

Based on the possibility of variation of the microfluidics parameters and the intrinsic properties of the 

formulation, the optimisation of the manufacturing of CAF01 using microfluidics was evaluated by 

alteration of a range of factors: the lipid concentration, the ratio between aqueous and organic phase 

(FRR) and the speed at which the liposomes are produced (TFR). 

 

2.4.1.1 Effect of the lipid concentration  

Lipids were dissolved in IPA and injected into the Nanoassemblr™ alongside the buffer (Tris 10 mM, 

pH 7.4) at a specific TFR and FRR. IPA was selected as solvent for microfluidics due to the failure of 

other solvents to dissolve TDB and the incompatibility of chloroform with the microfluidics cartridge, 

which is made of the thermoplastics Cyclic Olefin Polymer (COP) and Cyclic Olefin Copolymer (COC). 

http://www.precisionnanosystems.com/
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The aim of this experiment was to establish the minimum lipid concentration needed for the 

preparation of CAF01 liposomes and thus, reduce the cost of the method optimisation. Previous 

studies carried out by Davidsen et al. showed that CAF01 immunological responses were improved 

when the DDA:TDB molar ratio was fixed at 8:1 (5:1 weight ratio)[75]. Therefore, variation of the initial 

lipid concentration whilst keeping the DDA:TDB molar ratio constant was examined. Initial liposomes 

concentrations of 0.3, 1, 2, 3, 4, 6 and 24 mg/mL were formulated at constant microfluidics parameters 

TFR of 10 mL/min and FRR of 3:1. Figure 2.7A depicts the size of the liposomes at different initial total 

lipid concentrations. Results were highly variable although it is possible to observe that at low 

concentrations such as 0.3 mg/mL the size of the CAF01 liposomes was significantly (p<0.05) smaller 

compared to the other concentrations tested. When increasing lipid concentration, the particle size 

reached a plateau where no significant changes were observed in the range from 1 to 24 mg/mL. 

CAF01 liposomes were heterogeneous in nature, showing PDIs>0.2 (Figure 2.7B). Polydispersity 

indexes were highly variable at low DDA:TDB concentrations (0.3, 1 and 2 mg/mL). The variability was 

reduced when concentrations of 3 mg/mL or higher were used (PDIs ~ 0.3). In terms of zeta potential, 

all formulated liposomes were highly cationic with values between +60 to +75 mV for initial lipid 

concentrations from 1 to 24 mg/mL whereas CAF01 liposomes formulated with an initial 

concentration of 0.3 mg/mL showed significantly (p<0.05) lower surface charge (from +43 to +52 mV) 

(Figure 2.7C).  

These results suggest that 3 mg/mL appears to be the critical point, thereafter the variability in particle 

size, PDI and zeta potential is reduced. The in vivo adjuvant dose for DDA:TDB is a final concentration 

of 6 mg/mL following microfluidic production (24 mg/mL initial lipid concentration at FRR 3:1); 

however, this adjuvant formulation has a very high financial cost, therefore 3 mg/mL was selected for 

physicochemical characterisation studies. It has been previously reported in literature that the optimal 

DDA:TDB molar ratio is 8:1, for the stabilisation of DDA and thus, avoiding aggregation upon storage 

[75]. Thus, the use of 3 mg/mL for the microfluidic manufacture of liposomes is acceptable in order to 

assess the physicochemical characteristics of this adjuvant formulation, and to compare to other 

manufacturing methods as the lipid molar ratio is locked and no significant differences were observed 

when compared to the in vivo dose. In consequence, the final concentration of DDA:TDB can be 

increased to the required dose for immunisation studies without modification of the liposomal 

physicochemical attributes. Initial concentrations below 3 mg/mL are hypothesised to be too low for 

the formation of stable liposomes, as the dilution factor offered from the microfluidics technology 

when using FRR 3:1 is 4-fold lower than the initial concentration.  

Previous studies carried out by Kastner et al. using the same microfluidics system but with different 

microchannel dimensions, demonstrated the possibility of producing phosphatidylcholine (PC) 
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liposomes including cholesterol at high and low concentrations without affecting the characteristics 

of the liposomes obtained when FRR 3:1 was applied [177]. However, only two lipid concentrations 

were compared in those studies. Furthermore, Joshi et el. studied in detail the effect of the initial lipid 

concentration for PC:chol liposomes and showed that concentrations above 3 mg/mL did not change 

the physicochemical characteristics of the formed liposomes [178]. 

 

 

 

Figure 2.7 Physicochemical characteristics of the CAF01 adjuvant formulations manufactured using 
microfluidics at TFR 10 mL/min, FRR 3:1 and varying the initial concentration from 0.3 to 24 mg/mL 
(A) Particle size (B) PDI and (C) Zeta potential. Results represent the mean ± SD from at least 3 
independent experiments. 
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2.4.1.2 Effect of the total flow rate (TFR) and flow rate ratio (FRR) 

After optimisation of the initial DDA:TDB concentration for the production of CAF01, the effect of the 

TFR as well as FRR was evaluated. In order to get an overview of the effect of the speed at which the 

liposomes are produced, TFRs of 5, 10 and 15 mL/min and FRRs 1:1, 3:1 and 5:1 were selected. The 

total initial lipid concentration was fixed at 3 mg/mL as a consequence of the results obtained in 

section 2.4.1.1. Figure 2.8 shows the impact of the variation of the TFR and flow rate ratio FRR in terms 

of liposomal physicochemical characterisation. CAF01 liposomes formulated at 1:1 FRR and TFRs 5 and 

10 mL/min resulted in particles within the micrometre range, whereas liposomes formulated at higher 

speed (TFR 15 mL/min) were significantly (p<0.001) smaller in size (approx. 600 nm). All formulated 

liposomes were highly polydisperse irrespective of the TFR applied. When CAF01 liposomes were 

formulated at a fixed 3:1 FRR (Figure 2.8), results showed smaller liposome sizes at all of the TFRs 

tested; all liposomal formulations were in the nanometre range with a flow rate of 15 mL/min again 

showing the smallest liposome size (~300 nm). PDI values were also lower than for FRR 1:1 but still 

above 0.2, which is often set as a limit for clinical manufacture of liposome products. Further increases 

in the flow rate ratio to 5:1 again reduced the size across all three total flow rates tested with particle 

sizes below 200 nm. However, PDI values were still high at around 0.4 to 0.5 representing a 

polydisperse formulation. In general, highest PDIs and largest sizes were shown by the FRR 1:1 

independent of the TFR tested. The smallest liposomes were obtained with FRR 3:1 and 5:1, being 

similar in size except for the liposomes formulated at TFR 10 mL/min where significant (p<0.05) 

differences between FRR 3:1 and 5:1 were observed. Mainly, liposomes formulated at low speed were 

larger than those formulated at higher speed. This observation suggests that the increase in the mixing 

speed favours the formation of liposomes. However, the ratio between the aqueous and organic 

phase showed the biggest impact in terms of vesicle size, in general, increasing the FRR decreased the 

particle size. From these results, the optimal parameters for the CAF01 formulation were therefore 

TFR 10 mL/min and FRR 3:1. 

The indirect quantification of the liposomal surface charge by means of the zeta potential demonstrate 

the cationic nature of this adjuvant formulation due to the positively charged head group from the 

DDA molecule. All CAF01 formulations, independent of the microfluidics parameter used for their 

production, resulted in highly cationic formulations with ZP values from +65 to +75 mV (Figure 2.8B).  
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Figure 2.8 The impact of the different parameters adopted during microfluidics formulation of CAF01 
liposomes. The (A) particle size (bars) and PDI (dots) and (B) zeta potential of the CAF01 liposomes 
manufactured by using microfluidics at flow rate ratios of 1:1, 3:1 and 5:1 and flow rates of 5, 10 and 
15 mL/min. Results represent the mean ± SD from at least 3 independent experiments. 
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when producing the neutral PC:Chol liposomes using the same microfluidic technology from Precision 

Nanosystems [177]. Reported results are in correlation with the results obtained for CAF01 as 

liposomes produced at 1:1 FRR showed the largest particle size and increased FRR resulted in a 

decrease of liposome size. Besides, despite the reduction on the particle size, the PDI was increased 

at 5:1 FRR [177]. Results from another study from Kastner et al. where 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) containing liposomes were manufactured by microfluidics as 

well, were in agreement with these findings [167]. The polarity is influenced by the volume of organic 

solvent in contact with the aqueous phase and therefore, increases with increasing the FRR. The 

theory behind the influence of the FRR is related to the Ostwald ripening effect, the lower amount of 

organic solvent concentration reduces the likelihood of particle fusion and subsequently, formation 

of larger particles, resulting in the production of small particles [167, 168]. Studies carried out with 

different microfluidics technology are in line with these results, reporting the effect of the FRR on the 

particle size [167, 168, 181, 182]. Regarding PDI, the high values obtained for 5:1 FRR might be 

explained by the further dilution which in consequence results in a reduced lipid concentration, lower 

diffusion rate and incomplete nucleation [167, 183].  

The speed at which the particles are manufactured through the system was altered to examine the 

capability of MF as a high-throughput method for CAF01 production. Opposite to what it is broadly 

reported in literature, the variation in the TFR showed an impact on the liposomal production, 

decreasing the particle size at high speeds [183, 184]. Maeki et al. showed the influence of the initial 

lipid concentration impacted upon the particle size of the produced lipid particles when produced at 

different TFRs using a chaotic micromixer. The higher the TFR the smaller the lipid nanoparticles when 

concentrations of 10 and 20 mg/mL were used, but when lower concentration (5 mg/mL) were used, 

no differences were observed on the particle size of the formed NPs [185]. These results were 

explained by the rapid mixing of both aqueous and organic phases within the micromixer. Organic 

solvent gets diluted very quickly, hindering the formation of large particles [185]. On the other hand, 

low TFRs enable both phases to interact for a prolonged period of time, favouring the lipid fusion and 

thus, formation of larger liposomes [182]. 

These results highlight the importance of the liposome composition in the MF production, as the 

influence of the MF parameters on the liposome production mainly depend on the nature of the lipid 

composition. In consequence, the particle size of CAF01 liposomes was controlled by the FRR and TFR 

applied during manufacture. From these results, the TFR 10 mL/min was selected for further 

experiments due to the reduced variability in the liposomal physicochemical attributes (size and PDI). 
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2.4.2 Quantification of the residual solvent after purification of the formulation 

Organic volatile chemicals contained into pharmaceutical formulation for human use have to be 

restricted mainly due to toxicity issues. Besides, the volume of residual solvent contained within the 

formulation may contribute to the alteration of the physicochemical attributes of the product due to 

for example particle fusion. The restricted amount of residual solvent is dictated by the ICH Q3C 

guidelines. IPA, the solvent used for the preparation of CAF01 belongs to the class 3 solvents, which 

represent solvents with low toxic potential and therefore the agreed limit for this solvent is 0.5% (5000 

ppm). The residual solvent in the formulations manufactured using microfluidics was quantified by 

GC. A calibration curve was established (Figure 2.9A) and from that, the concentration of residual 

solvent in the samples was calculated. The calibration curve obtained showed a good linearity (R2 = 

0.998) and the limit of detection (LOD) and quantification (LOQ) calculated were 0.1% and 0.2% 

respectively. Due to toxicity and stability issues, ensuring the removal of any trace of organic solvent 

is important. For this purpose, two dialysis methods with different dialysis durations were tested: 1 

and 4 hours. CAF01 microfluidics formulations prepared at TFR 10 mL/min and different flow rate 

ratios were analysed. Regarding initial volume of organic solvent within the formulations before 

purification, samples produced at a flow rate ratio of 1:1 contain 50% organic solvent, whereas ratios 

of 3:1 and 5:1 contain 25% and 16.7% respectively. After purification of the microfluidic liposomal 

formulations, both dialysis methods showed a residual solvent content below 0.5% in all the 

formulations tested (Figure 2.9B) 

The majority of the techniques involving liposomal preparation involve the use of organic solvents for 

the dissolution of the lipids. Most of the published papers do not quantify the volume of residual 

solvent within the formulation. As reported by Carugo et al. who reviewed the use of microfluidics for 

liposomal production, no data about the residual solvent content is provided in any of the articles 

evaluated [186]. However, chromatographic techniques are generally used for solvent quantification 

and several techniques exist for the purification of particles, the traditional methods such as 

centrifugation, dialysis and gel filtration, and the newer techniques such as diafiltration and tangential 

flow filtration (TFF) [187, 188]. For liposomal preparation, the use of centrifugation techniques may 

alter the final characteristics of the product. On the other hand, gel filtration and TFF risk the loss of 

lipids due to interaction with the column membrane due to the cationic nature of the liposomes and 

the commonly anionic nature of the membranes. Thus, the use of dialysis was the most appropriate 

method for the removal of solvent. Dialysis is a common method and it has been reported its use for 

liposomal purification [177, 178]. It usually requires buffer exchange in order to modify the solvent 

gradient, favouring removal from the formulation. Here, we present a rapid and validated dialysis 
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method with levels of solvent below the ICH limit although residual solvent should be always checked 

when changing the solvent used for the formulation, as solvent levels might be different. 

 

  

Figure 2.9 Gas chromatography: (A) 2-propanol calibration curve and (B) Concentrations (%) of solvent 
in the liposomal samples produced using microfluidics after the different 1 and 4 hours dialysis. Results 
represent the mean ± SD from at least 3 independent experiments. 
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MF, lipids were dissolved and mixed in IPA at the selected concentration (3 mg/mL). Tris buffer (pH 

7.4, 10 mM) and the lipid solutions were heated up before and during the process since the transition 

temperature of DDA is above room temperature (Tm = 47°C) and thus, heating is needed for the 

liposome formation (Table 2.1). The microfluidics parameters selected for further evaluation were 

based on the reported results in section 2.4.1 for the optimisation of the CAF01 production. Therefore, 

the speed for liposome production was set at 10 mL/min, but the all three FRR (1:1, 3:1 and 5:1) were 

tested again for a broad overview of the impact of the lipid composition during manufacturing. 

Using the above processes, four liposomal formulations were prepared (Table 2.6): DDA and TDB 

concentrations were fixed at 2.5 mg/mL and 0.5 mg/mL (CAF01) respectively and cholesterol was 

added to the CAF01 formulation at two different concentrations (low = 0.4 mg/mL and high = 0.8 

mg/mL) in order to decrease the fluidity of the membrane bilayer and favour the formulation of 

liposomes at room temperature since it is known that cholesterol reduces and/or eliminates the 

transition temperature of the systems [189].  In the fourth formulation, DDA was completely replaced 

by DMPC and kept at the original concentration. 

Table 2.6 Lipid concentrations (mg/mL) used for the formulation of the four liposomal formulations: 
DDA and TDB concentrations were fixed at 2.5 mg/mL and 0.5 mg/mL (CAF01) respectively and 
cholesterol was added to the CAF01 formulation at two different concentrations (low = 0.4 mg/mL 
and high = 0.8 mg/mL).  In the fourth formulation, DDA was completely replaced by 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and kept at the original concentration.  

LIPOSOMAL 

FORMULATIONS 

DDA 

(mg/mL) 

TDB 

(mg/mL) 

Cholesterol  

(mg/mL) 

DMPC  

(mg/mL) 

 

CAF01 

 

 

2.5 

 

0.5 

  

CAF01 

+ low cholesterol 

 

2.5 

 

0.5 

 

0.4 

 

 

CAF01 

+ high cholesterol 

 

 

2.5 

 

 

0.5 

 

 

0.8 

 

 

DMPC-TDB 

  

0.5 

  

2.5 

 

Characteristics of the liposomes manufactured using LH are displayed in Figure 2.10A and D. CAF01 

formulation showed a size of around 600 nm with a PDI of 0.3 and a highly cationic surface charge of 

+80 mV in line with previously reported studies [75, 189, 190]. After addition of low concentrations of 

cholesterol into the formulation, the size of the liposomes increased up to 700 nm and showed a PDI 
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slightly higher than DDA:TDB liposomes. In terms of zeta potential, the inclusion of cholesterol in the 

CAF01 liposomal formulation did not significantly modify the positive surface charge. Increasing the 

cholesterol content to 0.8 mg/mL further increased the vesicle size into the micron range (~1700 nm 

with a PDI of 0.8; Figure 2.10A), while again higher cholesterol content did not impact upon the zeta 

potential (+72 mV; Figure 2.10A). In contrast, when the cationic DDA was replaced by the neutral lipid 

DMPC, the characteristics of these liposomes notably changed; the zeta potential was ~0 mV, 

representative of neutral liposome surface and the liposome size was ~2 µm, more than three times 

larger than CAF01 (Figure 2.10). 

In order to produce SUVs, preparation of the lipid film using the LH method was followed by hydration 

of the lipid film by HSM.  In general, significantly (p<0.01) smaller liposomes and better polydispersity 

index could be seen in all the formulations (Figure 2.10B). By this method the size of the CAF01 

liposomes went down to 200 nm whereas the PDI remained equal as for the LH method. Inclusion of 

low or high cholesterol content in the formulations resulted in a decrease in size compared to the LH 

method (230 nm and 270 nm respectively). The DMPC-TDB formulation also significantly (p<0.05) 

reduced in size after HSM yet remained in the micrometre range (~1.5 µm). The measured zeta 

potentials remained intact for all the formulations tested after the size reduction method (Figure 

2.10E). 

Once LH and HSM were tested for the manufacturing of CAF01 liposomes, the next step was to prepare 

these formulations using MF. The influence of the different parameters adopted for the preparation 

of these formulation can be seen in Figure 2.10C. Sizes of the liposomes obtained by using this method 

ranged from micrometres to nanometres. In general, cationic liposomes produced at FRR 1:1 showed 

the largest size and highest PDI in all the cationic formulations tested, followed by FRR 3:1 and 5:1 

irrespective of the cholesterol content. However, the addition of high cholesterol content within the 

formulation significantly (p<0.001) decreased vesicle sizes compared to CAF01 (down to 65 nm when 

using FRR 5:1, compared to CAF01 at 190 nm) whilst incorporation of low concentration of cholesterol 

did not modify it. The zeta potential of all the DDA-containing liposomes remained highly cationic 

(Figure 2.10D). In contrast, with the neutral DMPC-TDB formulation all were in the micrometre range 

with high PDI values and no trend could be seen when altering the FRR.  

Overall, these results demonstrate that cationic liposomes formulated by microfluidics can be 

formulated in sizes below 100 nm depending on the parameters adopted. In general, increasing FRR 

reduces the size of the particles. This is in contrast to vesicles subject to HSM, where the minimum 

size was ~200 nm. On the other hand, liposomes prepared by LH showed the largest particle size. 

However, liposomes produced using microfluidics tended to be more heterogeneous in nature. 
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Addition of cholesterol was shown to facilitate the production of liposomes by microfluidics with 

formulations containing high cholesterol content providing small, reproducible liposome suspensions. 

This might be due to the decrease of transition temperature in the formulation when cholesterol is 

incorporated [189]. 

When considering cholesterol-containing liposomes formulated by the traditional lipid film hydration 

method, these liposomes were larger in size compared to the CAF01 formulation. A slight increase in 

the liposome size has been previously seen in other studies where the influence of cholesterol 

incorporation into CAF01 liposomes was evaluated [189]. Published results correlate with the 

reported particle size obtained at low cholesterol concentrations [189]. When high concentrations of 

cholesterol were added, the resulted particle sizes were larger than those reported by Kaur et al. This 

might be explained for the higher cholesterol concentration used during these studies (0.8 mg/mL) 

compared to the published data. In this case, the DDA:TDB concentration was kept fixed whereas Kaur 

et al. adjusted the molar ratios when adding cholesterol. Therefore, it is believed that the addition of 

high cholesterol content (0.8 mg/mL), favoured the formation of larger liposomes. When these 

vesicles were reduced in size using HSM, DDA-containing liposomes showed similar size independent 

of the amount of cholesterol added suggesting that the shear forces are strong enough to reduce 

vesicle size irrespective of the cholesterol content. It has been previously reported in literature that 

liposome size increases upon incorporation of cholesterol and thus, increasing cholesterol content 

further increases the liposome size since more cholesterol molecules will be inserted into the lipid 

bilayer [191-193]. Besides, cholesterol is known to increase the rigidity of the lipid bilayer due to 

increasing the lipid packing density in the liposome bilayer which can consequently increases the 

liposomal particle size [194]. In contrast to this, inclusion of cholesterol reduces the size of the 

liposomes formulated using microfluidics. The higher the amount of cholesterol added, the smaller 

liposomes are obtained. Given that cholesterol helps the packing of the lipids in the bilayer [189] it is 

thus hypothesised this may support the rapid assembly of smaller vesicles within the microfluidic 

mixing process.  

DMPC-TDB liposomes were larger than DDA-containing liposomes after any of the three 

manufacturing methods compared. MLVs based on neutral phospholipids tend to form larger vesicles 

due to increased liposome fusion [195].  When HSM method was applied to the DMPC-TDB 

formulation the size reduction was less effective. This may be a result of reduced homogenisation 

time, since the protocol followed for the preparation of all four formulations was based on the 

patented method for CAF01 [165]. Consequently, DMPC-TDB liposomes might require longer 

homogenisation HSM time in order to produce smaller liposome size, but for comparison studies, the 

manufacturing conditions remained the same. Regarding the manufacture of DMPC-TDB liposomes 
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using microfluidics, this did not result in a liposome size reduction as observed for the other 

formulations. This may be related to solubility or packing issues.  Besides, fusion or lipid aggregation 

due to the neutral nature of the DMPC might contribute to the large particle size obtained [195]. 

Regarding zeta potential, no significant differences were noted between liposomes prepared by any 

of the three manufacturing methods applied. DDA-containing formulations remained highly positive 

due to the cationic charge attributed to the quaternary ammonium head group, whereas DMPC-

containing formulations were neutral, which is related to the zwitterionic phosphate head group 

which confers the neutral charge to the liposomes.
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Figure 2.10 Physicochemical characteristics (size, PDI and ZP) of the empty CAF01 and CAF01-based liposomal formulations manufactured using (A, D) the 
traditional LH method, (B, E) HSM and (C, F) MF. Particle size (bars) and PDI (dots). Results represent the mean ± SD of at least 3 independent batches.  
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2.4.4 Loading of ovalbumin (OVA) as a model antigen onto the preformed liposomal adjuvant 

formulations  

Incorporation of ovalbumin (OVA), which is commonly used as a model antigen, was investigated with 

the CAF01-based formulations prepared via LH, HSM and microfluidics. As these adjuvant 

formulations are to be used for a TB vaccine, OVA was chosen due to its similarities in molecular weight 

with the H1 (Ag85b-ESAT-6) tuberculosis antigen developed by Statens Serum institute (SSI) (OVA ~45 

kDa and H1 ~46 kDa). Besides, both antigens are negatively charged at physiological pH (OVA 

isoelectric point pI= 4.5, H1 pI= 4.9), favouring the electrostatic interaction with the liposomal 

surfaces. Hence, OVA was added on to the preformed liposomes at the usual H1 concentration which 

is 2 µg / vaccine dose (50 µL) which corresponds to a final antigen concentration of 0.04 mg/mL.  

After incorporation of OVA onto the surface of the liposomes and removal of the non-loaded protein 

through either dialysis (microfluidics and HSM samples) or ultracentrifugation (LH samples), liposomes 

were characterised according to their size, PDI and zeta potential using DLS (Figure 2.11). Loading of 

protein did not significantly change the size of the liposomes manufactured by using either LH or HSM 

(Figure 2.11A-B). In contrast to the results obtained from the LH and HSM, loading of OVA onto the 

surface of the liposomes formulated through microfluidics significantly (p<0.05) changed the size of 

the particles; CAF01 formulations loading OVA increased up to 2600, 790 and 336 nm for FRRs 1:1, 3:1 

and 5:1 respectively (Figure 2.11). As with the ‘empty’ liposomes, addition of cholesterol to the 

formulation reduced the liposomal size compared to CAF01 liposomes, but a significant (p<0.05) 

increase was observed when OVA was loaded onto these formulations. For the DMPC-TDB liposomes, 

all the particles were in the micrometre range and they increased from 1300 nm to 1700 nm when 

OVA was loaded. Zeta potential values did not significantly change after loading of OVA, DDA-

containing liposomes were highly cationic in nature whereas the DMPC-TDB liposomes were neutral 

(Figure 2.11). In terms of polydispersity, DMPC-TDB liposomes showed a heterogeneous size 

population (PDI~0.6) when produced by microfluidics. However, when manufactured by LH or HSM, a 

more homogeneous population of sizes were observed (PDI~0.25). DDA-containing liposomes were 

heterogeneous in nature when prepared by any of the three manufacturing methods tested. 

Increasing the FRR produced more homogeneous particle size liposomes. Thus, liposomes formulated 

using microfluidics FRR 5:1 showed the lowest polydispersity index (~0.3).
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Figure 2.11 Physicochemical characteristics (size, PDI and ZP) of the OVA loaded CAF01 and CAF01-based liposomal formulations manufactured using (A, D) 
the traditional LH method, (B, E) HSM and (C, F) MF. Particle size (bars) and PDI (dots). Results represent the mean ± SD of at least 3 independent batches. 
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Loading efficiency of DDA and DMPC containing adjuvant formulations was measured on an HPLC-

ELSD detector. Results showed that OVA was able to bind electrostatically to the surface of the highly 

cationic liposomal surface of DDA containing liposomes irrespective of the method of manufacture 

used. The loading efficiency of the liposomes manufactured through LH, HSM and microfluidics 

method was above 90% (Figure 2.12). The inclusion of cholesterol in the formulations did not impact 

the loading efficiency. In contrast, when DDA was replaced for DMPC, OVA could not be attached to 

the liposomal surface showing approximately 10% loading when liposomes were manufactured 

through the LH and HSM. Values below the limit of detection of the HPLC-ELSD were obtained for the 

microfluidic formulations (loading (%) < 5%). 

Gel electrophoresis was performed on the liposomal adjuvants after OVA loading (Figure 2.12D). OVA 

control of 0.04 µg/mL, which is the final concentration added to 1 mL of liposomal sample, was set on 

the first lane of the gel. Samples containing liposomes and protein were ultracentrifuged for 30 min 

at 125,000 x g. Supernatant was removed and pellet was resuspended in Tris buffer(10 mM, pH 7.4). 

Each fraction (pellet and supernatant) was loaded in the gel. Figure 2.12D shows the results of the 

liposomal formulations prepared by the LH method. DDA containing liposomes, due to its positive 

surface charge, electrostatically bind the negatively charge protein. Thus, protein appeared in the 

pellet, whereas for DMPC containing liposomes, due to its neutral surface charge, OVA do not 

electrostatically bind to their surface, and hence, the protein appears on the supernatant. These 

results confirm the loading data from the ELSD and also show no degradation of the protein resulting 

from the loading process.  
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Figure 2.12 Percentage of antigen (OVA) loaded onto the liposomal adjuvants manufactured using (A) 
lipid film hydration methods (LH), (B) high shear mixing (HSM) and (C) microfluidics. Results represent 
the mean ± SD of at least 3 independent batches. (D) SDS-Page gel of the liposomal formulations after 
preparation by LH method. Protein is attached to the cationic liposomes as we can see it is in the pellet 
(P) whereas in the neutral liposomes the protein is not attached to them and therefore it appears in 
the supernatant (S). 
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In general, all the cationic formulations studied increased particle size after incorporation of the model 

antigen OVA onto the surface of the preformed liposomes independent of the manufacturing method 

applied and the nature of the lipid formulation. Henriksen et al. studied the influence of the liposome 

charge on the absorption of the H1 TB antigen and other proteins into the CAF01 liposomes and the 

neutral DSPC-TDB liposomes manufactured using the LH method [70]. The reported results for DSPC-

TDB liposomes are in agreement with the results obtained for DMPC-TDB liposomes. Liposomes were 

in the micrometre range (~1600 nm), heterodisperse and neutrally charged (- 8 mV) [70]. In terms of 

antigen loading, OVA adsorption is dependent on the attractive electrostatic interactions (Van der 

Waals forces) between the liposomal surface and the negatively charged protein at physiological pH. 

For this reason, OVA was efficiently loaded onto the positively charged membrane of the liposomes 

containing DDA whereas liposomes containing DMPC were not as effective due their neutral surface 

charge. These results are in line with reported results showing the high loading efficiency of CAF01 

when loaded with TB antigens or negatively charged model proteins [70, 189, 190, 196]. Furthermore, 

Kaur et al. investigated the effect of the addition of cholesterol into the CAF01 formulation [189] and 

reported same loading efficiencies as CAF01 which correlates with the reported results, where the 

addition of cholesterol did not significantly modify the antigen loading on the liposomal membrane of 

CAF01. This is explained by the cationic nature of the liposomes formed independent of whether 

cholesterol is incorporated and the manufacturing method. Regarding the loading of OVA onto the 

neutral DMPC-TDB liposomes, it has been reported that loading of H1 TB antigen onto DSPC-TDB 

liposomes was approximately 20%, which can be compared to the values obtained for DMPC-TDB as 

both lipids contain a zwitteronic phosphate head group and a saturated alkyl chain which only differs 

on its length (C14 for DMPC and C18 for DSPC) [70]. Consequently, the increase in particle size might 

be explained by this low protein loading. Besides, the high polydispersity values obtained for DMPC-

TDB which are representative of a very heterogeneous formulation might contribute to more variable 

particle sizes. 

 

2.4.4.1 Quantification of the lipid concentration using HPLC-ELSD 

Quantification of the lipid amount within the formulations is crucial for the efficacy and stability of the 

adjuvant formulations. A rapid and accurate HPLC-ELSD method for the quantification of all four lipids 

used for the preparation of liposomes was therefore developed and validated. The duration of the 

HPLC-ELSD method was 35 min and it was able to analyse DDA, DMPC, cholesterol and TDB at the 

same time. A chromatogram of the four lipids is shown in Figure 2.13. The elution peaks obtained 

were well separated, sharp and high, except for the TDB peak which was wide and short. Due to the 
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gradient elution method and the column selected for this purpose, lipids are eluted according to their 

hydrophobicity. The least hydrophobic lipid eluted first and the more hydrophobic eluted last. 

Therefore, the order of elution was as follows first the cationic lipid DDA at 7.1 min, followed by DMPC 

at 9.2 min, cholesterol at 10.9 min and TDB at 19.9 min. Despite the fact that all four lipids eluted 

within the first 20 min, in order to allow the column to re-equilibrate, analysis time was established at 

35 min. Validation of the method was carried on cholesterol as a model example and linearity, 

sensitivity, accuracy, reproducibility and robustness were assessed in accordance to the ICH guidelines 

Q2 (R1) [30], and cholesterol was selected for this purpose.  

 

Figure 2.13 HPLC-ELSD chromatogram showing the four lipids used for the preparation of liposomal 
formulations: DDA (1.5 mg/mL), DMPC (1.5 mg/mL), cholesterol (2 mg/mL) and TDB (1 mg/mL). The 
ELSD gain was 3 for DDA, DMPC and cholesterol whereas TDB was quantified at gain 12. 

 

Standard curves prepared in chloroform:methanol (9:1 v/v) were prepared for each lipid based on the 

lipid concentrations used for the preparation of the adjuvant formulations. Thus, concentrations 

ranged from 0.125–2.5 mg/mL for DDA; for DMPC, from 0.25–2.5 mg/mL; for TBD, from 0.2–1 mg/mL; 

and for cholesterol, 0.025–1 mg/mL. The calculated peak area average ± standard deviation (SD) was 

plotted against the known concentrations of the lipids (Figure 2.14). Commonly, ELSDs are non-linear, 

and in order to get a linear fit, a log of the ELSD response against the log of the concentration of the 

standard is used to plot the calibration curves, however, SEDEX 90LT detector gives linear responses. 

All four calibration curves showed correlation coefficients (R2) ≥ 0.997, indicative of a good linearity. 
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Figure 2.14 Calibrations curves of (A) DDA (from 0.125 – 2.5 mg/mL) (B) TDB (from 0.2 – 1 mg/mL) (C) 
Cholesterol (from 0.125 – 1 mg/mL) and (D) DMPC (0.25 to 2.5 mg/mL) obtained from the HPCL-ELSD 
using gain 3 for DDA, DMPC and cholesterol and gain 12 for TDB. Results represent the mean ± SD of 
at least 3 independent batches. 
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For the study of the sensitivity of the method, the limit of detection (LOD) and limit of quantification 

(LOQ) of each lipid were determined (Table 2.7). LOD is the minimum concentration which the method 

is capable to detect whereas the LOQ is the minimum concentration which the method is able to 

quantify. Equations 1 to 3 were used for the calculation of these values, using the slope (S) and the SD 

obtained from the linearity assessment. In conformity to the ICH Q2 (R1) guidelines, a signal-to-noise 

ratio of 3 and 10 was set for the calculation of the LOD and LOQ respectively.  

𝜎 =
√∑(𝑌 − 𝑌𝑖)2

𝑛 − 2
  

𝐿𝑂𝐷 =
3𝜎

𝑆
 

𝐿𝑂𝑄 =
10𝜎

𝑆
 

 

Table 2.7 Calculated LOQ and LOD values for each lipid. TDB was the most difficult compound to 
quantify due to the low concentrations used within the liposomal formulations which was depicted by 
the intensity peaks obtained from the chromatogram. The determined LOD and LOQ were 0.11–0.36 
mg/mL, 0.02–0.08 mg/mL, 0.06–0.20 mg/mL, and 0.05–0.16 mg/mL for DDA, cholesterol, DMPC and 
TDB respectively. 

Compound 
LOD 

mg/mL 

LOQ 

mg/mL 

DMPC 0.11 0.36 

Cholesterol 0.02 0.08 

DDA 0.06 0.20 

TDB 0.05 0.16 

 

In order to determine the repeatability and reproducibility of the HPLC-ELSD method developed, 

calibration curves of cholesterol were carried out in triplicate within same day (intraday) and during 

different days (interday). Figure 2.15 shows the cholesterol calibration curves ranging from 0.025 to 1 

mg/mL lipid concentration obtained during the intra- and interday linearity assessment. No significant 

differences were detected from the results obtained from any of the calibration curves carried out 

within the same day or on different days. The accuracy of the method was calculated as the relative 

standard deviation (%RSD) and the recovery of the three lowest cholesterol standards. Calculated 

(Equation 2.4) 

(Equation 2.6) 

(Equation 2.5) 
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values were between 90 and 110% for the recovery and for the %RSD ≤5%, which fall within the 

acceptance limit.  

 

 

Figure 2.15 Method validation for cholesterol as a model compound (reproducibility and 
repeatability): (A) Intraday (same day) and (B) interday (different days) reproducibility. Cholesterol 
concentration range used from 0.25 to 1 mg/mL. Results represent the mean ± SD of at least 3 
independent batches. 

 

The ability of the quantification method to generate reproducible results with little variation of the 

initial settings is represented as the robustness. For this purpose, variations in the initial column 

temperature (35 ± 0.5°C) and the flow rate (1.5 ± 0.2 mL/min) were carried out in order to evaluate 

the effect of this changes on the HPLC-responses. Therefore, flow rates (mL/min) of 1.3, 1.5 and 1.7 

mL/min were compared as well as column temperatures of 30, 35 and 40°C. Figure 2.16 shows the 

elution peaks for the variation in temperature (A) and flow rate (B). Modification of the initial 

temperature did not affect significantly neither the retention times (between 9.7 and 10.9 min) nor 
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the height of the HPLC responses (~600 mV). Cholesterol eluted slightly faster when the column 

temperature was set at 40°C due to an increase in the particle diffusion. When the flow rate was 

varied, changes in retention times were observed. An increase in the speed at which the sample goes 

through the column caused a faster elution of the cholesterol peak (retention time 8.7 min). Opposite 

to that, when the flow rate was decreased down to 1.3 mL/min, cholesterol eluted after 10 min. All 

the data generated for the validation of the HPLC-ELSD method, fulfilled the criteria stablished by the 

ICH guidelines. 

 

 

Figure 2.16 Method validation for cholesterol (robustness): (A) elution peaks at different column 
temperatures and (B) elution peaks at different flow rates.  
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2.4.4.2 Quantification of the individual lipid recovery after process manufacture 

After method validation, quantification of the concentration of each lipid after three manufacturing 

techniques was performed. Briefly, four liposomal formulations were prepared using the lipid film 

hydration method, a combination of the LH method and high shear mixing, and microfluidics. 

Concentrations of DDA and TDB were fixed at 3.96 mM and 0.5 mM respectively, cholesterol was 

added to this formulation at a low and high concentration (0.4 and 0.8 mg/mL respectively). For the 

preparation of the fourth formulation DDA was replaced by the neutral lipid DMPC and kept at the 

same concentration. Since the aim of the development of the HPLC-ELSD method was to establish a 

procedure capable of quantifying lipids within liposomal adjuvant formulations in a rapid and easy 

way, samples were injected into the HPLC system without previous preparation. DDA, DMPC and 

cholesterol were quantified using HPLC gain 3 whereas TDB was quantified using gain 12. TDB was the 

most difficult lipid to quantify since the intensity of the peaks and the concentration used for the 

formulation was low. TDB concentrations below 0.2 mg/mL could not be quantified by using this 

method on the HPLC-ELSD. Therefore, for microfluidics samples prepared using FRR 3:1 and 5:1, 

samples had to be up-concentrated by freeze drying overnight and rehydration the day after by adding 

less volume of dH20. Results show that a recovery of between 90 and 100% of DDA, cholesterol and 

DMPC lipids independently of the technique used for the preparation (Figure 2.17). There are no 

significant differences in the recovery of the lipids between LH, HSM or microfluidics. TDB showed 

highly variable recovery values ≥80% across all the formulations tested. The high gain (gain 12) needed 

for its quantification resulted in a noisy baseline, therefore, the standard deviation is larger than for 

the rest of the lipids. 

Lipid content of liposomal adjuvant formulations was successfully quantified by using a HPLC-ELSD 

method. Lipid film hydration, HSM and microfluidics have shown to be suitable methods for 

manufacturing of liposomal adjuvants since the recovery of the lipids was not significantly different 

across the three manufacturing methods evaluated. 
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Figure 2.17 Lipid recovery quantification for the four liposomal formulations manufactured using the 
lipid film hydration (LH), high shear mixing (HSM) and microfluidics at FRR 1:1, 3:1 and 5:1 (A) CAF01 
(DDA-TDB) (B) CAF01 + 18mol% cholesterol, (C) CAF01 + 31mol% cholesterol and (D) DMPC-TDB. 
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2.5 Conclusions 

Traditionally, the liposomal adjuvant formulation CAF01 has been manufactured in a batch scale 

manner using either the lipid film hydration method or high shear mixing. Production of CAF01 using 

these techniques can be an inefficient time consuming process, especially with regards to high scale 

industrial manufacture. If large scale production of a TB vaccine is to be achieved for global 

immunisation, new manufacturing methods that can achieve this must be considered. Novel 

techniques to rapidly produce liposomal vesicles such as microfluidics could alleviate large scale 

production issues. Results demonstrated here indicate the ability of a microfluidic platform to produce 

CAF01 with highly similar physicochemical characteristics when compared to the traditional methods 

mentioned above. As well as particle size and PDI, all of the techniques evaluated showed high loading 

efficiencies with high lipid recovery values. Additionally, the use of microfluidics allows for the control 

of numerous production parameters yielding a range of particle sizes for CAF01. Therefore, the use of 

a microfluidic based manufacturing method shows potential for the production of vaccine adjuvants 

in a scalable process.  
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3.1 Introduction  

A wide variety of subunit vaccines, including HIV, TB, chlamydia and influenza, have been studied 

alongside CAF01 in order to elucidate its adjuvant effect (e.g. [73, 87-90]). The cationic surface charged 

related to the quaternary ammonium of DDA has shown to be crucial for its immunological profile 

since by this means antigens are attached the liposomal surface and thus, allows the co-delivery of 

both antigen and adjuvant to the APCs. The biodistribution of CAF01 in vivo has been studied by dual 

radiolabelling of the individual vaccine components (125I-antigen and 3H-adjuvant). Results have shown 

the formation of a depot at the injection site (SOI) after parenteral vaccination [90, 91]. The depot 

effect has been proved to be related to the cationic nature of the formulation and the rigidity of the 

liposomal membrane at body temperature (CAF01 Tm ~ 42°C). Hereby, APCs are recruited to the SOI 

where they engulf the vaccine components and become activated. These activated immune cells  

move to the draining lymph nodes for antigen presentation to the T cells and subsequently, activating 

them [91]. The depot formation is of utmost importance for the Th1/Th17 stimulation. Moreover, the 

inclusion of the immunopotentiator TDB results in an improved activation of APCs through interaction 

with the C-Lectin type receptor (CLR) Mincle which has been reported to activate the Syk-Card9 

signalling pathway in mice and human [92-97]. 

As outlined in the previous chapter, CAF01 liposomes are commonly prepared by the thin film method 

which has several drawbacks including scale-up and reproducibility. In contrast, controllable 

technologies such as microfluidics have advantages in material preparation such as uniform flow and 

mixing, high efficiency, continuous operation, easy control and low cost. Thus, within this chapter the 

use of both liposome manufacturing techniques was evaluated and compared in vivo in order to assess 

the suitability of microfluidics as a technique for liposome preparation since by this method it is 

possible to produce particles suitable for scale up.  

 

3.2 Aim and objectives 

In the previous chapter, alternative methods for the scale-independent production of CAF01 

liposomes were investigated. However, given the differences in sizes of the vesicles produced it is 

important to assess their efficacy in vivo. To achieve this the objectives of the work presented in this 

chapter was the in vivo evaluation of microfluidics as a tool for DDA:TDB preparation. 
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3.3 Materials and methods 

3.3.1 Material used for the preparation of liposomal formulations 

Dimethyldioctadecylammonium (DDA) bromide and trehalose 6,6′-dibehenate (TDB) were purchased 

from Avanti Polar Lipids Inc. (Alabaster, USA). Tris-base was obtained from IDN Biomedical Inc. 

(Aurora, OH, USA) and used to make 10 mM Tris buffer and adjusted to pH 7.4 using HCl. H56 TB 

antigen was donated by Statens Serum Institut (Copenhagen, Denmark). Trehalose [D-Trehalose (99 

%) anhydrous] was obtained from Acros Organics. All other reagents were of analytical grade and were 

purchased from commercial suppliers. 

 

3.3.2 Material used for the radiolabelling of the vaccine components and biodistribution 

study 

The radionucleotides Iodine 125I (NaI in NaOH solution) and Tritium 3H-cholesterol (tritium-labelled 

cholesterol in ethanol), and Ultima Gold™ scintillation fluid were purchased from Perkin Elmer 

(Waltham, MA, USA). Chicago blue (Pontamine blue), sodium hydroxide (NaOH) and hydrogen 

peroxide (H2O2) were purchased from Sigma-Aldrich Company Ltd. (Poole, UK). Bicinchoninic acid 

protein assay (BCA) kit and Sephadex G-75 superfine were purchased from Fisher Scientific 

(Leicestershire, UK). IODO-GEN® pre-coated iodination tubes from Pierce Biotechnology (Rockford, IL) 

and scintillation vials from Sardsted Ltd (Leicester, UK). 

 

3.3.3 Material used for the immunisation studies 

Horseradish peroxidase (HRP) enzyme (HRP-streptavidin), purified rat anti mouse IFN-ɣ and IL-17, 

biotin conjugates IFN-ɣ and IL-17, IL-17 standard, and mouse IL-5 ELISA set were purchased from 

Becton Dickinson (BD biosciences, New Jersey, US). Mercaptoethanol, concanavalinA (conA), Tween 

20, Bovine serum albumin (BSA), carbonate-bicarbonate buffer tablets, sulfuric acid, IFN-ɣ standard, 

skimmed milk powder, heparin, BSA, sodium chloride (NaCl), sodium azide (NaN3), Triton X-100 and 

protease inhibitor cocktail were purchased from Sigma-Aldrich Company Ltd. (Poole, UK). 

Tetramethylbenzidine (TMB) substrate, isotype-specific immunoglobulins (Goat anti-mouse IgG1 and 

IgG2c), Penicillin-Streptomycine (10,000 U/mL), L-glutamine 200 mM, sodium pyruvate 100 mM, MEM 

non-essential amino acids solution (100x), Roswell Park Memorial Institute (RPMI) 1640 media, Fetal 
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Bovine Serum (FBS), HEPES (1 M), Phosphate Buffered Saline (PBS) (10x) were purchased from Fisher 

Scientific - UK Ltd (Loughborough, UK). 

 

3.3.4 Biodistribution studies in mice of radiolabelled vaccine components 

3.3.4.1 Radiolabelling of the tuberculosis antigen H56 

In order to radiolabel the antigen H56 with 125I, 500 µL from the antigen stock (1.1 mg/mL) was added 

into an IODO-GEN® tube and mixed with 6.5 MBq of the iodine isotope. IODO-GEN® tube contains an 

oxidizing reagent that converts Na125I into a reactive iodine molecule that can be inserted into the 

tyrosol group of tyrosine amino acids [197] (Figure 3.1). The 125I-H56 mixture was left for an hour with 

intermittent vortexing to allow this reaction to happen [198]. 

 

Figure 3.1 Diagram showing the incorporation of 125I into amino acid residues of proteins during the 
radiolabelling procedure.  

 

Once the iodination reaction took place, a gel filtration procedure to separate unbound 125I from the 

125I-labelled H56 antigen was carried out. For the preparation of the column, 1 g of Sephadex G-75 

superfine was rehydrated at 90˚C for 2 hours with 20 mL Tris buffer (10 mM, pH 7.4). Hydrated 

Sephadex G-75 beads were then poured into the column and let cool down. The 125I /H56 mixture 

(~500 μL) was then added to the column and eluted using a steady flow of Tris buffer. Aliquots were 

collected at 1 minute intervals for 40 minutes and then analysed for 125I content. Aliquots (25 µL) were 

mixed with 10 mL scintillation cocktail (Gold Ultima™) and 125I content measured using a Packard Tri-

Carb Liquid Scintillation Counter (GMI company, Minneapolis, US). BCA assay analysis was carried out in 

parallel to confirm the presence of the H56 antigen measuring the absorbance at 562 nm using 

microplate reader model 680 (Bio-rad Laboratories. Inc., Hertfordshire, UK). The samples with the 

highest antigen and 125I concentration were collected, pooled together and diluted in order to get 

desired dose of protein (0.1 mg/mL of H56) and radioactivity (˜100 kBq of 125I/dose) to load into the 

liposomal formulations for biodistribution studies. Figure 3.2 shows the overlay of the results obtained 

from the scintillation counter and the BCA assay. It is possible to see the existence of a second 125I 
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peak starting on aliquot 31, which represents the unbound 125I. Antigen was freshly labelled before 

each biodistribution study.  

 

Figure 3.2 Overlay plots of the BCA assay (white) and beta counts (black) for the separation of the 
non-labelled H56 antigen for the biodistribution study. BCA assay was carried out in order to quantify 
where the H56 antigen was located within the aliquots whereas the beta counting was performed for 
the confirmation of radiolabelling of the antigen. Aliquots containing both antigen and Iodine were 
pooled together and diluted for future use. 

 

3.3.4.2 Radiolabelling of the liposomal formulations 

Liposomal formulations were radiolabelled with 3H-Cholesterol by incorporation of the isotope into 

the lipid bilayer [198]. For liposome formulations produced by lipid film hydration, tritium was added 

into the lipid mixture. Organic solvent (9:1 v/v chloroform: methanol) was evaporated for 20 min at 

220 rpm using a rotary evaporator. Lipids with tritium were rehydrated above transition temperature 

with isotonic tris buffer. For isotonicity, 10% w/v of the sugar trehalose was added to the filtered 

buffer (0.22 µm filter). Radiolabelled H56 antigen was added to the hydrated formulation at the 

desired concentration (0.1 mg/mL) for surface loading onto the DDA:TDB formulation. This 

formulation was used as a control since its biodistribution has been reported previously [70, 157, 189, 

196, 199, 200]. 

For the liposomal formulations manufactured by microfluidics (Nanoassemblr™, Precision 

Nanosystems, Vancouver, Canada), 3H-Cholesterol was added to the lipid mixture prior to organic 

phase injection. The amount of 3H-Cholesterol added was based on the radioactivity of 3H and the 

concentration of cholesterol in the liposomes so that the physicochemical properties of the liposomes 

were not changed (200 kBq per dose). The selected liposome formulations for the biodistribution 

studies are shown in Table 3.1. Total flow rate was kept constant at 10 mL/min whereas the flow rate 

ratios were varied (1:1, 3:1 and 5:1). The transition temperature of DDA is approximately 47°C [75], 
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therefore, the microfluidics heating block was set at 60°C. Once the liposomes were prepared, 125I-

H56 antigen was added onto the surface of the liposomes at a final concentration of 0.1 mg/mL with 

intermittent vortexing. Liposomes were purified in terms of removal of organic solvent and unbound 

protein by dialysis (Spectra-Por® Dialysis tubing 300 kDa, Spectrum Labs, Germany) overnight against 

a total volume of 1 L tris buffer with buffer exchange at set intervals. In order to provide isotonicity 

within the formulation, trehalose was added to the purified formulation at a final concentration of 10 

% w/v. All liposomal formulations contained a final concentration of 250 µg DDA/50 µg TDB/5 µg H56 

per vaccine dose (50 µL). H56 antigen was added to the preformed liposomes for surface adsorption 

in all the formulations prepared unless otherwise stated. 

Table 3.1 List of liposomal formulations selected for the biodistribution studies in mice. The lipid 
concentrations correspond to the initial concentration used in order to have equal final lipid 
composition in all the formulations.  

Liposomal 

Formulations 

DDA 

(mg/mL) 

TDB 

(mg/mL) 

Final H56 

(mg/mL) 

Manufacturing 

method 

CAF01 5 1 0.1 Lipid film  

CAF01 MF 10 2 0.1 TFR 10 FRR 1:1 

CAF01 MF 20 4 0.1 TFR 10 FRR 3:1 

CAF01 MF 30 6 0.1 TFR 10 FRR 5:1 

 

3.3.4.3 Pontamine blue injection  

Three to four days before injection of the radiolabelled formulations, a volume of 200 µL pontamine 

blue 0.5% (w/v) in isotonic (10% w/v trehalose) and filtered (0.22 µm) Tris buffer was subcutaneously 

injected into the neck scruff of the mice. Pontamine blue is a dye used as a marker which helps with 

the visualisation of lymph nodes and it also served as a marker for identification of infiltrating 

macrophages to the SOI [200, 201]. 

 

3.3.4.4 Organ and tissue processing for the quantification of the radioactive isotopes 

All in vivo studies were conducted under the regulations of the Directive 2010/63/EU. All protocols 

have been subject to ethical review and were carried out in a designated establishment.  Inbred female 

BALB/C mice (3 mice per time point) were obtained from the Biological Procedure Unit (BPU) at the 
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University of Strathclyde, Glasgow. Mice were housed under conventional conditions (22°C, 55% 

humidity, 12 hours day/night cycle) and were caged in their experimental groups (6 mice/cage) and 

given a standard diet ad libitum. All mice were used at 6-10 weeks of age at the start of the experiment.  

Mice were injected intramuscularly with 50 µL of the radiolabelled formulation in the right quadriceps. 

Five time points were selected and therefore, mice were killed after 6, 24, 48, 96 and 192 hours. 

Specific organs/tissues were isolated: inguinal lymph node (ILN), mesenteric lymph node (MLN), 

popliteal lymph node (POP), spleen and site of injection (SOI). These organs/tissues were put in a 

scintillation vial and 2 mL NaOH 10 mM was added in order to dissolve them. Mice carcasses were 

kept in a bottle and dissolved with 60 mL of NaOH 10 mM for mass balance calculation. All vials 

containing NaOH were incubated in an oven at 60°C overnight. From the carcasses 2 mL were 

withdrawn and put into a scintillation vial. All scintillation vials containing 2 mL of either carcasses, 

organs or tissues were bleached with 200 µL of H202 and incubated for 2 hours in the oven at 60°C. 

Vials were let to cool down and 10 mL of scintillation cocktail (Ultima Gold) was added to them for the 

quantification of the radiation with a scintillation counter TriCarb 2810 Liquid Scintillation Counter. 

The protocol followed for the quantification of radiation was set as follows: Region A was set from 0 

to 18.6 KeV and region B was set from 18.6 to 80 KeV. 3H and 125I have energy overlap from 0 - 18.6 

keV since 3H emits radiation in that range and 125I emits from 0 - 80 keV, leading to an over-spill of 

iodine in tritium region. To eliminate this over-spill, a calibration curve was prepared with different 

volumes of 125I in 10 mL of scintillation cocktail. A linear regression of the CPM A (y-axis) and CPM B 

(x-axis) was obtained from the reading and the equation was used to eliminate the interference that 

the 125I would have on the 3H values determined by scintillation counter (Figure 3.3) and therefore, by 

using this protocol, it is possible to quantify tritium and iodine simultaneously. 

 

Figure 3.3 Calibration curve with different volumes of iodine to eliminate the iodine overspill in the 
tritium region. Counts per minute A (CPM) which correspond to the region A (0 – 18.6 KeV) was plotted 
on the y-axis against the CPM B (x-axis) which correspond to the region (0 – 80 keV).  
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Scintillation vials containing the original dose (50 µL radiolabelled formulation) were prepared and 

treated under the same conditions as the organs/tissues in order to compare the percentage of 3H 

and 125I present in the injected vaccine volume and therefore, calculate the percentage of liposomes 

(3H) and antigen (125I) detected within the isolated organs/tissues. 

 

3.3.4.5 Stability of liposomes in simulated in vivo conditions 

Stability of the liposomal formulations was assessed in terms of size, PDI and zeta potential under 

simulated in vivo conditions. Briefly, liposomes were placed in a water bath at 37°C with 50% Foetal 

Bovine Serum (FBS) and aliquots were taken at specific time points to match with the biodistribution 

time points (0.05, 1, 24, 48, 72, 96 and 192 hours). 

 

3.3.5 Immunisation studies in mice 

3.3.5.1 Preparation of the vaccine formulations  

Preparation of the vaccine formulations for the immunisation studies was carried out as outlined in 

section 3.3.4.2 but without the addition of the radioactive isotope. Selected formulations from the 

biodistribution study were prepared in order to study the correlation of the distribution of the 

liposomes within the body and their immunological behaviour. Table 3.2 shows the formulations used 

for this study. 

Table 3.2 Liposomal formulations selected for the immunisation study. Lipid concentrations 
correspond to the initial concentrations used for the preparation of the liposome adjuvants 

Liposomal 

Formulations 

DDA 

(mg/mL) 

TDB 

(mg/mL) 

Final H56 

(mg/mL) 

Manufacturing 

method 

CAF01 5 1 0.1 Lipid film  

CAF01 MF 30 6 0.1 TFR 10 FRR 5:1 

 

 

3.3.5.2 Dynamic light scattering 

The size of the liposomal formulations was determined by DLS using a Zetasizer nano ZS (Malvern 

PANalytical Ltd., Worcestershire, UK). Three measurements at 25°C were conducted on the samples, 

which were previously diluted in filtered Tris buffer (10 mM, pH 7.4) to achieve the optimal vesicle 
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concentration (10- fold dilution) and vortexed to provide a homogeneous solution. Square single-use 

cuvettes were filled in with 1 mL of diluted sample and placed into the instrument which uses a 4-mW 

He-Ne 633 nm laser. For determination of the zeta potential, a folded capillary zeta cell was used and 

filled with the same diluted sample as for the size. Data was collected and analysed by using Malvern 

Dispersion Technology Software (DTS) v.7.12 (Malvern Panalytical, Worcestershire, UK). 

 

3.3.5.3 Quantification of H56 antigen loading by HPLC-UV 

Quantification of the antigen loading of the liposomal formulations was performed by reverse phase 

HPLC (RP-HPLC) using a UV detector (Agilent Technologies, Edinburgh, UK). Jupiter 5 µ C18(2) column 

(Phenomenex, Cheshire, UK) pore size 300 Å was used as stationary phase. For the preparation of the 

standards and samples, antigen alone or liposomes loaded with H56, were diluted in 50% Tris/IPA (1:1 

v/v) [202]. Figure 3.4 shows the HPLC method used for the H56 antigen quantification. A gradient 

elution method was followed where both mobile phases contain the same solvents in different 

proportions (Mobile phase A: 90% H20, 10% acetonitrile and 0.1% TFA; Mobile phase B: 70% 

acetonitrile, 30% H20 and 0.1% TFA) in order to favour the mixing of both phases during the run. The 

instrument settings were set as follows: 50 µL injection volume, flow rate 1 mL/min, UV wavelength 

210 nm and column temperature either 60°C. Calibration curve shows a good linearity, being R2 > 0.99 

and the calculated LOQ and LOD were 0.019 and 0.006 mg/mL respectively. 

 

 

Figure 3.4. (A) Calibration curve for the H56 antigen in 50% IPA/Tris (1:1 v/v) and (B) HPLC-UV setting 
used for its quantification. Results represent the mean value of at least 3 independent experiments ± 
SD. 
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3.3.5.4 Animal ethics and immunisation protocol 

Female 6-10 week-old C57BL/6 mice were used to study immunisation of above formulations. 5 mice 

per group were injected i.m. (50 μL) into the right quadricep with formulations freshly prepared on 

the day of injection as given in table 5.3. All in vivo studies were conducted under the regulations of 

the Directive 2010/63/EU. All protocols have been subject to ethical review and were carried out in a 

designated establishment. Mice received 3 immunisations at 2 week intervals (days 0, 14 and 28) and 

were terminated 3 weeks after the last immunisation (on day 49) (Figure 3.5). 

 

 

Figure 3.5 Scheme of the immunisation protocol followed in this study. Three intramuscular injections 
containing CAF01:H56 manufactured using either the lipid film hydration or microfluidics were 
administered with 2 week interval in between. Blood was collected at days 7, 21 and 49 whereas 
organs were isolated and processed at the end of the study on day 49. 

 

3.3.5.5 Antibody analysis  

For the quantification of serum immunoglobulins, 50 µL of blood was collected via tail-bleed on days 

7, 21 and 49. Blood was collected in a heparinised eppendorf (1% w/v heparin) and centrifuged for 10 

minutes at 10,000 x g (Mini centrifuge Mikro200, Hettich (Tuttlingen, Germany) in order to separate 

blood cells (pellet) from serum (supernatant). Serum was transferred to another eppendorf and stored 

in the freezer (-20°C) for further processing.  

A standard direct enzyme-linked immunosorbent assay (ELISA) was carried out to detect 

immunoglobulins IgG1 and IgG2c in serum (Figure 3.6). Maxisorp 96-well plates flat bottom (Fisher 

scientific, Loughborough, UK) (high binding and affinity) were coated by passive absorption overnight 

at 4°C with 0.5 µg/mL H56 antigen diluted in carbonate buffer 0.05 N pH 9.6 (100 µL/well). The next 

day, plates were emptied, washed with washing buffer (PBS pH 7.2, 10 mM containing 0.2% Tween 

20) and blocked for 1.5 – 2 hours at room temperature with 200 µL/well of PBS (pH 7.2, 10 mM) 

containing 2% BSA to block any non-specific binding. Plates were emptied and washed 3 times with 

washing buffer and samples were added and serially diluted into the plates.  Briefly, 11 µL of the serum 
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was added into the first well containing 100 µL of 1% BSA in PBS and mixed up and down with the 

pipette. Serial dilutions (1/10) were done by transferring 11 µL from the first well to the next one and 

so on 7 – 12 times. In order to have the same volume/well, 11 µL were withdrawn from the last well 

of the column (Figure 3.6). Plates were incubated at room temperature for 2 hours and after that, 

plates were emptied and washed 3 times. HRP-conjugated antibody was diluted in 1% BSA in PBS 

(1:20000 and 1:5000 for IgG1 and IgG2c respectively) and added in a volume of 100 µL/well to the 

washed plates. Plates were incubated for an hour and washed 5 times. TMB substrate (room 

temperature), a chromogenic substrate which develops blue colour when it detects horseradish 

peroxidase (HRP), was added to the plates 100 µL/well. After approximately 20 minutes the reaction 

was stopped by adding 100 µL/well 0.2 M sulfuric acid. The reaction was stopped when the maximum 

blue colour reaction was obtained for the wells containing the first dilution, being careful to not 

exceed the optical density of 4 which would give inaccurate results. Addition of sulfuric acid changes 

the colour to yellow, enabling measuring the absorbance at 450 nm (with wavelength correction 

570/620 nm). Results were plot as the Log10 of the end point titre giving and optical density value 

(OD450) of 0.1 or higher. 

 

 

Figure 3.6 Outline of the ELISA plate set-up used for the antibody analysis study and schematic 
representation of direct ELISA protocol followed. 
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3.3.5.6 Re-stimulation of the splenocytes and lymph nodes 

Spleens and popliteal lymph nodes from each mouse were isolated and processed on day 49. 

Individual spleens were placed in 15 mL falcon tubes containing 2 mL of PBS and kept ice-cold whereas 

the lymph nodes from each group were pooled together. Spleens and lymph nodes were forced 

through a metal mesh using the bottom part of a 3 mL plastic syringe and transferred back to a falcon 

tube filled with 12 mL of PBS. Samples were spun down at 600 x g for 5 min with break (break 9) and 

at 4°C. Supernatant was discarded and pellet was resuspended in 8 mL of RPMI and spun down at 600 

x g for 5 minutes with break (9) at 4°C. Cells were resuspended in 1.8 mL or 0.5 mL of complete RPMI 

(RPMI supplemented with HEPES, penicillin-streptomycin, L-glutamine, sodium pyruvate, non-

essential amino acids, mercaptoethanol and 10% heat inactivated FCS) for spleens and lymph nodes 

respectively. Cells were counted and diluted in complete RPMI to a final concentration of 2 x 106 

cells/mL. 

Cells were counted using the tryphan blue exclusion assay. Briefly, cells were dyed with tryphan blue 

in a 1:10 ratio (10 µL cells: 90 µL tryphan blue). Subsequently, 100 µL were placed on a 

haemocytometer and cells were counted (Figure 3.7). Tryphan blue allows to check the viability of the 

cells, since the cells become blue when they are dead or damaged as the blue dye is allowed to 

permeate through the cell membrane in these situations. The calculation of the cells was carried out 

according to equation: 

 

Figure 3.7 Schematic representation of the haemocytometer grid for the cell count and equation 
followed for calculation of the viable cells. 

 

Once the cells were diluted to the same concentration, 100 µL of this diluted cells were plated on a 

Nunclon 96-well round bottom (Fisher scientific, Loughborough, UK) (Figure 3.8). Cells were 

stimulated with either 100 µL of ConA (5 µg/mL) which serves as a positive control since it stimulates 
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the production of cytokines, RPMI media as a negative control, or H56 antigen (5 µg/mL) as the 

investigated antigen. Splenocytes and lymph nodes from immunised mice were incubated at 37°C, 5 

% CO2 and 95 % humidity for 72 hours. After 3 days of incubation, supernatants were harvested 

(approximately 160 µL) and stored at -20°C for further processing.  

 

Figure 3.8 Outline of the ELISA plate set-up used for the cytokine analysis study. Samples were plated 
in duplicate. ConA was used at a concentration of 5 µg/mL as a positive control RPMI media was used 
as a negative control and H56 antigen for the quantification of antigen-specific responses. 

 

3.3.5.7 Cytokine analysis of restimulated splenocytes, lymphocytes and at the injection site 

Supernatants from restimulated splenocytes and lymph nodes were analysed using a sandwich ELISA 

protocol for the production of cytokines IL-17 and IFN-ɣ (Figure 3.9). Plates were coated with the 

specific capture cytokine diluted in carbonate buffer, either purified anti mouse IL-17 (1:500 dilution) 

or IFN-ɣ (1:1000 dilution) overnight at 4°C. Next day plates were emptied and blocked for 1.5 – 2 hours 

at room temperature with 200 µL/well PBS containing 2% milk powder. Plates were emptied and 

washed and samples and standards were diluted in 2% BSA in PBS and incubated at room temperature 

for 2 hours (total volume in all wells was 100 µL). Plates were washed 3 times and biotin conjugate 

was diluted in 1% BSA in PBS (IL-17 1:2000, IFN-ɣ 1:5000) and 100 µl were added on each well. Plates 

were incubated for an hour at room temperature followed by washing and 30 min incubation with 

100 µL/well of HRP-streptavidin in 1% BSA (1:5000). Plates were washed and TMB substrate (room 

temperature) was applied to the plates 100 µL/well. After approximately 15 minutes the reaction was 

stopped by adding 100 µL/well 0.2 M sulfuric acid. 
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Figure 3.9 Schematic representation of sandwich ELISA protocol followed for the quantification of 
cytokines in the spleen, popliteal lymph node and site of injection.  

 

A modification of the above mentioned ELISA method was used for the quantification of the IL-15 

cytokine production following manufacturer’s instruction (ELISA IL-5 kit, BD Biosciences). In this case, 

ELISA washing buffer contained 0.05% Tween 20 and instead of BSA in PBS, the assay diluent was PBS 

supplemented with 10% heat inactivated FBS and both detection antibody and HRP-streptavidin were 

premixed and diluted in assay diluent (1:250 each). All experiments were carried out in duplicate and 

absorbance was measured at 450 nm with wavelength correction (570/620 nm). 

 

3.3.5.8 Processing of the site of injection 

The sites of injection (i.e. the right quadriceps) were excised 3 weeks after the last immunisation (on 

day 49) and the method from Sharp et al. for the analysis of cytokines at the SOI was followed [203]. 

Quadriceps muscles were removed from the bone and weighted out individually. Individual muscles 

were homogenised in 2.5 mL of homogenisation buffer 500 mM NaCl/50 mM HEPES, pH 7.4 containing 

0.1% Triton X-100, 0.02% NaN3 and 1% v/v protease inhibitor cocktail. Homogenates were sonicated 

twice for 15 seconds and centrifuged at 2390 x g 20 minutes at 4°C. Supernatant were removed and 

stored at -20°C for further quantification of the cytokines by sandwich ELISA. 

 

3.3.6 Statistical analysis 

All experiments were carried out at least in triplicate unless otherwise stated. Means and standard 

deviations are plotted on the graphs. Statistical analysis of data was calculated by one- way analysis 

of variance (ANOVA). When significant differences were indicated, differences between means were 

determined by Tukey’s post hoc test.  
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3.4 Results and discussion 

3.4.1 Physicochemical characterisation of the CAF01:H56 adjuvant formulations prepared 

for biodistribution 

The aim of the study was to evaluate the suitability of the microfluidics system for the preparation of 

CAF01 liposomes. Therefore, liposomal formulations containing DDA and TDB were manufactured by 

the traditional method of the lipid film hydration and by microfluidics. The in vivo dose for the 

CAF01:H56 formulation is 250 µg DDA/50 µg TDB/5 µg H56 per 50 µL dose [51, 204]. A total of 4 

different formulations were selected for the comparison of the pharmacokinetic profile of CAF01:H56 

using different manufacturing techniques. The lipid film hydration method was used as a control since 

this manufacturing technique has been broadly used and studied [189, 190, 199]. The other three 

formulations were produced by microfluidics by altering the processing parameters. Based on the 

results obtained in Chapter 2, the TFR was set at 10 mL/min whereas the FRR was varied from at 1:1, 

3:1 or 5:1 since the FRR has a large impact on the physicochemical characteristics of the liposomes 

produced. Therefore, in order to match their final concentration, different initial DDA and TDB 

concentrations were used for the microfluidics manufacturing due to the unavoidable dilution factor 

characteristic of this method. For example, the FRR 1:1 produces a 2-fold dilution, whereas FRR 3:1 

and 5:1 produce a 4- and 6-fold dilution respectively, thus initial lipid concentration was increased 2-, 

4- and 6- fold. H56 antigen was added to the pre-formed liposomal formulations after removal of the 

organic solvent by dialysis. These formulations were non-radiolabelled and the same lipid stock was 

used for the biodistribution study of the individual vaccine components (antigen and liposomes). 

Figure 3.10 shows the physicochemical characteristics of the CAF01 liposomal adjuvant formulations 

prepared for this study. CAF01 liposomes produced by lipid film hydration showed a size of approx. 

700 nm and high PDI. Microfluidics formulations showed different sizes depending on the FRR applied. 

FRR 1:1 showed the largest particle size, being in the micrometre range, whereas FRR 3:1 and 5:1 were 

in the nanometre range (~900 and ~400 nm respectively). All CAF01 formulations were highly cationic 

and heterodisperse in nature (PDI > 0.2). 

After purification of the unbound H56 antigen by dialysis overnight, liposomes were solubilised in 50% 

Tris/IPA (v/v) for the separation of the antigen from the liposomes and antigen loading was then 

quantified using HPLC-UV [202]. Figure 3.10B shows the antigen loading for the formulations used for 

the biodistribution study. The vaccine antigen candidate H56 has an pI of 4.9 and therefore, it is 

negatively charged at a pH 7.4 [205]. Hence, binding occurs through electrostatic interactions between 

the liposomal surface due to the cationic nature of the surfactant DDA and the negatively charged 
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antigen. No significant differences were found in all 4 CAF01 formulations in terms of H56 antigen 

loading, since they all showed highly cationic zeta potential.  

 

 

Figure 3.10 Physicochemical attributes (A) size (bars), PDI (dots), ZP (values) and (B) loading efficiency 
(as percentage) of the formulations selected for the biodistribution study. Non-radiolabelled 
formulations were prepared in triplicate using the same lipid stock as for the biodistribution study. 
Results represent the mean value of at least 3 independent experiments ± SD. 

  

3.4.2 Interaction of liposomes with serum proteins in simulated in vivo condition 

Upon injection of the formulations, liposomes will encounter an environment with a high content of 

proteins. Thus, in an attempt to mimic the conditions these formulations will encounter upon injection 

into the body, CAF01:H56 liposomes were incubated at 37°C in 50% FBS and at chosen time points, 

were characterised in terms of size, polydispersity and zeta potential. Liposomes formulated using the 

traditional lipid film hydration were selected for this study in order to get an overview of their 

physicochemical modifications after injection. 

Previous studies on CAF01 have shown that this formulation aggregates upon injection, increasing 

vesicle size, being this the reason of the depot effect [90]. Figure 3.11 shows the physicochemical 
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characteristics from CAF01 at the selected time points (0, 0.05, 1, 6, 24, 48, 96 and 192 hours). The 

highly cationic formulation CAF01:H56 aggregates with the negatively charged serum proteins, 

increasing in size and decreasing in zeta potential when it is administered. Particle size increased from 

~800 nm to ~1800 nm after 3 minutes (Figure 3.11A). After one hour, the vesicle size goes up to ~3000 

nm, reaching a steady state for 8 days were no significant differences in terms of size could be seen. 

The cationic ZP of the formulations gets shielded by the serum proteins going down to -20 mV upon 

injection (Figure 3.11B). No specific trend was observed regarding the PDI at any of the time points 

studied (Figure 3.11C).  

 

 

 

Figure 3.11 Stability study of the liposomal formulations under simulated in vivo conditions. 
Physicochemical characteristics of CAF01 LH under simulated in vivo conditions (50% FCS and 37°C). 
(A) Particles size (B) polydispersity and (C) zeta potential. Results represent the mean value of at least 
3 independent experiments ± SD. 
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3.4.3 The effect of the manufacturing method on the pharmacokinetic profile of the 

DDA:TDB formulation in vivo 

Liposomal formulations containing CAF01 were labelled with 3H-tritium cholesterol whereas the H56 

antigen candidate was labelled with 125I-NaOH. All vaccine formulations contained the same amount 

of DDA and TDB (250 µg/ 50 µg per dose) and were loaded with the same concentration of antigen. 

Vaccine dose was 50 µL and it was administrated intramuscularly on the right quadriceps. Groups of 

3 mice per formulations were terminated at selected time points and tissues/organs processed for 

quantification of 3H and 125I. 

 

3.4.3.1 Detection of the vaccine components at the site of injection (SOI) 

The pharmacokinetic profile of the CAF01 liposomes manufactured using different technologies after 

intramuscular injection was studied by dual radiolabelling of the individual vaccine components 

(liposomes and antigen). Four groups formulated either using the lipid film hydration (LH) or 

microfluidics adopting different flow rate ratios (FRRs) were studied (see Table 3.1). As a control 

group, CAF01:H56 prepared using the traditional LH technique was used since its pharmacokinetic 

profile has been previously reported [70, 157, 189, 196, 199, 200, 206]. By this method, highly cationic 

(+73 mV) multilamellar vesicles of approximately 800 nm were produced. The other 3 groups consisted 

of the microfluidics CAF01 formulation prepared at FRR 1:1, FRR 3:1 and FRR 5:1 with characteristics 

as outlined in Figure 3.10. Figure 3.12 shows the percentage of liposomes at the site of injection (right 

quadriceps) at different time points. After 6 hours, liposomes remained at the SOI independent of 

either the technique used for their production and the vesicle size. No significant differences were 

found between the groups, with approximately 90% of the initial liposome dose remaining. Drainage 

from the injection site followed a similar trend for all 4 liposomes formulations, with between 90 and 

100% of the dose remaining after 24 hours, dropping to approximately 50% after 8 days (Figure 3.12).  

These results are in line with previously published data, showing that 1 day post injection, CAF01 

liposomes begin to drain steadily from the SOI and on day 8 between 40-60% of the initial dose is still 

detectable there [157]. In terms of H56 antigen retention at the SOI, again similar clearance trends 

were seen for antigen adsorbed to CAF01 prepared by LH and microfluidics at all three flow rate ratios.  

Whilst the CAF01 formulations prepared has different sizes, all had similar high cationic zeta 

potentials. The mechanism of action behind the adjuvant effect of DDA has been attributed to its 

cationic nature and its ability to associate antigens [207]. This was further investigated using 

ovalbumin (OVA) as a model antigen [208]. Stimulation of immature bone marrow-derived dendritic 
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cells with fluorescently labelled OVA showed that adsorption of OVA onto DDA enhanced the cellular 

acquisition of the antigen. Further, inhibition of active cellular processes by OVA stimulation at 4 °C or 

by the addition of cytochalasin D reduced the cellular uptake, suggesting that active actin-dependent 

endocytosis is the predominant uptake mechanism [208]. However, when considering the 

biodistribution of liposomes, size is often shown to have a significant impact. Yet, CAF01 liposomes 

prepared via LH and subsequent sonication to produce small (<200 nm), medium (500-600 nm), and 

large (~1500 nm) vesicles were shown to have no significant difference in the drainage of the 

liposomes or their adsorbed antigen from the site of injection [157]. This would suggest that due to 

their cationic nature, and independent of their size, the vesicles aggregate after administration, due 

to interaction with interstitial proteins which are generally anionic in nature, thus prohibiting their 

clearance from the site of injection and supports the findings in Figure 3.12. 

 

 

Figure 3.12 Biodistribution study: Percentage of (A) liposomes and (B) antigen retained at the site 
of injection (SOI). Dual labelling of liposomes and antigen by incorporating either 3H or 125I was used 
for the detection of the individual components of the vaccine at different time points. Results 
represent the mean of 3 mice ± standard deviation. 
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Monocyte influx was also qualitative analysed at the site of injection as mice were injected before the 

start of the experiment with 200 µL of pontamine blue, a blue dye which serves as a marker for 

monocyte infiltration [198, 199]. Figure 3.13 shows the site of injections from the mice immunised 

with the various formulations at the chosen time points. After 6 hours, minimal blue colour can be 

seen on the muscles since the monocytes have not have time to travel to the injection site, whereas 

from 1 day onwards, the blue colour becomes more noticeable for all formulations. No visual 

differences could be seen in the monocytes influx to the SOI independently of the manufacturing 

techniques or particle size.  

 

Figure 3.13 Pictures of the site of injection from all four groups at selected time points. Mice were 
injected with pontamine blue 3-4 days prior the start of the experiment as a marker to detect the 
monocytes influx and to visualise the lymph nodes by dying the macrophages. 
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3.4.3.2 Detection of the vaccine components at the lymph nodes (POP, ILN and MLN) 

Besides the site of injection, the detection of liposomes and antigen in the lymph nodes was 

investigated as vaccine delivery of antigens to the lymphatics is believed to be important for the 

protection against most diseases, including TB [209]. The popliteal (POP) lymph node is the first 

draining lymph node where the formulations will move after intramuscular injection in the mouse 

quadriceps, so as mice were injected in the right quadriceps, popliteal and inguinal lymph node from 

the right side were isolated for quantification of 3H and 125I. These lymph nodes are representative of 

the local biodistribution of the formulations, whereas mesenteric lymph nodes were isolated as 

representation of their systemic biodistribution. CAF01 formulations carrying H56 were detected in 

small amounts in the POP. No significant differences were found from any of the groups tested, in the 

amount of liposomes nor on the amount of antigen, being less than 0.4% of the initial vaccine dose 

administered (Figure 3.14B and E). This is in contrast to results previously reported in literature 

showed that large CAF01 liposomes (1.5 µm) had higher draining to the POP compared to the medium 

(700 nm) and small size liposomes (200 nm) [157]. When quantification of the amount of liposomes 

and antigen in the ILN and MLN (Figure 3.14), again no significant differences were seen between the 

liposomes prepared by the different manufacturing methods. 
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Figure 3.14 Biodistribution study: Percentage of liposomes and antigen detected in the (A, D) ILNs, (B, E) POP and (C, F) MLNs. Dual labelling of liposomes 
and antigen by incorporating either 3H or 125I was used for the detection of the individual components of the vaccine at different time points. Results represent 
the mean of 3 mice ± standard deviation.
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3.4.4 Effect of the manufacturing method on the immunogenicity of the formulation 

3.4.4.1 Physicochemical characterisation of the liposomal formulations for immunisation 

Given no significant differences were identified between the biodistribution of 3 microfluidics 

formulations, 1 microfluidics formulation proceeded into the immunisation study and was compared 

to the traditional LH vesicles. The selected microfluidics formulation was formulated at FRR 5:1 since 

CAF01 FRR 3:1 was slightly larger than produced by the LH method. Although the previous chapter 

showed potential better physicochemical characteristics for CAF01 FRR 3:1, it is necessary to take into 

account that the amount of antigen loaded onto the liposomal surface was lower than the 

concentration used for the in vivo study. Therefore, CAF01 FRR 5:1 became the selected vaccine for 

the immunisation study. Figure 3.15 summarises the physicochemical characteristics in terms of 

particle size, PDI and zeta potential of the vaccine adjuvants studied.  In total 2 groups of 5 mice were 

immunised with the formulations CAF01 LH (control group, traditional method) and CAF01 MF 

(microfluidics) three times with a 2 week interval between immunisations. Formulations were freshly 

prepared within the 24 hours before injection due to unknown stability of the liposomes. Mice were 

weighed weekly to detect any significant change related to toxicity. The average weight of each group 

is also shown in Figure 3.15D. All mice had a healthy weight, characteristic of the strain and age, with 

no significant differences between groups.  

Figure 3.15 Physicochemical characteristics of the liposomal adjuvant formulations used for the 
immunisation study in mice (A) Particle size (bars), PDI (dots) and ZP (values), (B) antigen loading and 
(C) lipid recovery. (D) Average mice weight. Results represent the mean value of at least 3 independent 
experiments ± SD. 
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3.4.4.2 Antigen specific antibody secretion detected in serum 

The amount of H56-specific IgG1 and IgG2 c secretion was determined by ELISA in the serum collected 

from blood samples one week after the first and second immunisation (day 7 and 21) and three weeks 

after the last immunisation (day 49). Results were plotted as the log10 of the end point titre showing 

an OD value ≥ 0.1. Figure 3.16A shows the results from each group at the analysed time points for the 

IgG1. A week after priming, low production of H56 specific IgG1 subclass was detected with no 

significant differences between the 2 groups. After the second immunisation, IgG1 responses were 

higher for all the groups and again no significant differences could be seen. The analysis of the 

antibody response after the third immunisation also showed no significant difference in responses 

between the groups.  A similar profile was seen with IgG2c responses with both formulations 

performing well, with no significant differences detected (Figure 3.16B). In general, these results 

correlate with published literature data using CAF01 produced by LH, where the CAF01 formulation 

have been shown to have a strong Th1 immunological profile [157, 190, 196]. However, these results 

also show that the new rapid scale-independent liposomes produces vesicles as effective as the 

standard small scale lipid hydration method. 

 

 

Figure 3.16 Antigen-specific (A) IgG1 and (B) IgG2c responses. C57BL/6 mice were intramuscularly 
immunised with H56 combined with different adjuvants and humoral response was analysed in blood. 
H56-specific IgG1 serum response detected by ELISA on sera collected (A) 7, (B) 21 and (C) 49 days 
after i.m. immunization. Antibody titres were expressed as the reciprocal of the highest dilution with 

an OD value ≥0.1 after background subtraction. 
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3.4.4.3 Cytokine secretion analysis from restimulated splenocytes and lymphocytes 

Antigen specific T-cell responses producing IL-5, IL-17 and IFN-ɣ were analysed on the supernatant of 

restimulated splenocytes from immunised mice using ELISA assay. IFN-ɣ and IL-17 cytokines are 

frequently used as markers for the determination of the vaccine efficacy against TB [210, 211]. 

Furthermore, these three cytokines are characteristics of the immunological CAF01 profile. CAF01 

immunological finger print is distinguished by the production of high levels of IFN- ɣ and IL-17 

(Th1/Th17 stimulation) and low levels of IL-5 cytokine, which correlates with the results shown here 

(Figure 3.17). These results confirm that the liposomes produced by microfluidics were as effective 

adjuvants as those produced by microfluidics again confirming this method can be used for the rapid 

manufacture of these adjuvants.  

Analysis of the cytokine secretion in the popliteal lymph nodes was also performed by ELISA. 

Interestingly, the CAF01 formulation manufactured using microfluidics showed larger levels of IFN- ɣ 

and IL-17 cytokines compared to the control CAF01 formulation prepared by LH. These differences 

correlate with published studies were CAF01 formulations of medium particle size (~500 nm), were 

more immunogenic in terms of Th1 cytokine responses compared to smaller (~200 nm) and larger (1.5 

µm) particle sizes [157]. It is hypothesised that CAF01 liposomes of medium size possess the adequate 

particle size to better interact with APCs and stimulate the production of cytokines in the draining 

lymph node. APCs are recruited to the site of injection where they engulf the liposomal-antigen 

system. Subsequently, these immune cells become activated and move to the draining lymph nodes 

where they present the antigen to T cells, activating them [91]. Thus, loading of the antigen onto the 

surface of the CAF01 adjuvant formulation produced by microfluidics, showed better presentation of 

the antigen to the APCs and therefore better stimulation of the Th1 cells. 
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Figure 3.17 Cytokine production in splenocyte and lymph node (POP) culture supernatants (A) IL-5 
(B) IL-17 and (C) IFN-ɣ. C57BL/6 mice were intramuscularly immunized with H56 combined with 
different and spleens were collected 3 weeks after the last immunization. Values, expressed as 
picograms per milliliter, are reported as the mean value ± SD of H56-stimulated of five animals per 
group. 

 

3.4.4.4 Cytokine detection at the injection site 

The same cytokines analysed in the splenocytes and lymph nodes from immunised mice, were also 

analysed at the site of injection. Supernatant from the SOI were analysed by ELISA and results were 

normalised by individual mouse muscle weight. The formation of the depot at SOI has shown to be 

crucial for the Th1/Th17 adjuvanticity, therefore, quantification of IFN-ɣ, IL-17 and IL-5 cytokines at 

the SOI was performed as production these cytokines has shown to be essential for the protection 

against TB. No significant differences were detected for the secretion IL-17 and IL-5 cytokines. In 

general low levels of IL-5 and high production of IL-17 was observed in both adjuvant formulations 

tested (Figure 5.27). As mentioned, these high immune responses at the SOI are a result of the high 

retention of the vaccine components (liposomes and antigen) at the injection site due to the cationic 

nature of the formulations. These results correlate with the pontamine blue results, showing 

macrophage and monocyte infiltration at the SOI after intramuscular administration of the vaccine. 

These results again demonstrate the ability to manufacture a highly effective liposomal adjuvant 

formulation using a scale-independent production method.  
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Figure 3.18 Cytokine production at the injection site (A) IFN-ɣ (B) IL-5 and (C) IL-17. C57BL/6 mice 
were intramuscularly immunized with H56 combined with different adjuvants and site of injections 
were excised 3 weeks after the last immunization. Values, expressed as picograms per miligram, are 
reported as the mean value ± SD of H56-stimulated of five animals per group. 

 

3.5 Conclusions 

Vaccine production is a high-cost area involving large economic investments in both research and 

development and vaccine manufacture. In order to bring overall costs of new vaccines down, 

streamlining the manufacturing process is an essential task. Novel techniques such as microfluidics 

offer a scale- up alternative to batch production.  Determining the amenability of novel techniques to 

produce vaccines that are similar in both physicochemical and immunological characteristics to 

traditional production methods is however required. The findings from this chapter indicate the 

pharmacokinetic and immunological profile of these formulations produced via microfluidics 

remained intact when compared with the common method used for the preparation of this adjuvant 

formulation. Both production methods showed high liposome and antigen concentrations at the site 

of injection - due to the highly cationic nature of these liposomes. This data demonstrated the 

applicability of this manufacturing method as part of the prime-pull strategy aimed for the 

development of a TB vaccine against pulmonary TB. 
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4.1  Introduction 

As discussed in previous chapters, the inclusion of adjuvants in the subunit vaccine formulation is a 

prerequisite in order to induce the appropriate immune response since antigens are poorly 

immunogenic by themselves. Tuberculosis remains one of the major global health problems and the 

development of a vaccine effective against this infectious disease is yet to be elucidated. It is essential 

to study the physicochemical characteristics of the adjuvants and adjuvant-antigen systems to 

understand their mechanism of interaction within the body. Characteristics such as size, 

polydispersity, surface charge and shape are of utmost importance since these can determine the fate 

of the vaccines once administrated in the body. During the past decades, polymeric particles such as 

poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA) and polyglycolide (PGA) have attracted the 

interest of many researchers as delivery systems for drugs and peptides/proteins due to their high 

safety profile, biodegradable and biocompatible properties and their approval by the FDA for human 

use [102]. These particulate delivery systems can be manufactured through a wide range of methods 

and therefore their physicochemical properties (size, morphology, surface charge) can be easily 

manipulated in order to achieve the adequate characteristics for the right interaction with biological 

cells [101-103]. Commonly PLGA nanoparticles (NPs) and microparticles (MPs) are manufactured by 

using methods such as double emulsion, coacervation, nanoprecipitation, extrusion or solvent 

evaporation [104-111]. Antigens can be encapsulated within these PLGA NPs which provide antigen 

protection and controlled release profiles [102, 212]. All these methods, with the exception of 

nanoprecipitation, can be applied for the preparation of both NPs and MPs by adjusting the process 

parameters. However, these methods are time consuming, difficult to scale up, and use large amounts 

of solvents. In contrast, controllable technologies such as microfluidics has several advantages over 

traditional methods due to scalability, reproducibility, easy process control and reduced 

manufacturing time.  

 

4.2 Aim and objectives 

The aim of the work outlined within this chapter was to produce PLGA particulate systems as carriers 

for antigen delivery in the deep lungs (alveoli). In order to provide a wide range of particle sizes, PLGA 

particles were manufactured by using two different methods: the double emulsion method and 

microfluidics. Therefore, the main objectives for this study were: 

1. To evaluate the ability of the microfluidics system (Nanoassemblr™ Benchtop) to produce 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles. 
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2. To analyse the influence of the microfluidic process parameters during the production of 

nanoparticles as well as the PLGA intrinsic factors such as copolymer ratio in the 

physicochemical characteristics of the particles. 

3. To study the phyisco-chemical attributes (including morphology, size, pdi, antigen loading and 

release) of the formulated PLGA nano- and microparticles. 

4. To investigate the purification of nanoparticles using dialysis and tangential flow filtration 

(TFF). 

 

4.3  Materials and methods 

4.3.1 Materials 

For the preparation of delivery systems, poly(lactic-co-glycolic acid) 85:15 (Mw: 50,000-75,000), 75:25 

(Mw: 66,000-107,000), 50:50 (Mw: 30,000-60,000) from Sigma-Aldrich were used. Two model 

antigens (OVA and BSA), sodium hydroxide (NaOH), and the stabiliser polyvinyl alcohol (PVA Mw: 

31,000) were purchased from Sigma-Aldrich Company Ltd., Poole, UK. The tuberculosis vaccine 

candidate H56 was donated by Statens Serum Institut (SSI), Copenhagen, Denmark. 2-amino-2-

(hydroxymethyl)-1,3-propanediol (Tris) was obtained from ICN Biomedicals Inc. (Aurora, OH, US) and 

prepared at a 10 mM concentration and pH 7.4 unless otherwise stated. Acetonitrile (ACN), 

trifluoroacetic acid (TFA) and all other reagents were of analytical grade and purchased from 

commercial suppliers.  

 

4.3.2 Methods for the manufacture of poly(lactic-co-glycolic acid) particles for antigen 

delivery: 

PLGA particles were prepared in the nanometre and micrometre range by using two different 

manufacturing techniques: microfluidics and double emulsion method. 

 

4.3.2.1 Manufacturing of poly(lactic-co-glycolic acid) nanoparticles by using microfluidics 

(Nanoassemblr™) 

PLGA nanoparticles were manufactured by the microfluidics method using the Nanoassemblr™ 

Benchtop (Precision Nanosystems Inc., Vancouver, Canada). Briefly, polymer (either PLGA 85:15, 75:25 

or 50:50) was dissolved in acetonitrile at a concentration of 10 mg/mL (1% w/v). For the production 

of empty nanoparticles, Tris buffer was used as aqueous phase whereas for antigen loaded 
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nanoparticles, antigen (OVA, BSA or H56) was loaded in the aqueous phase at the desired 

concentration (0.2, 0.5 or 1 mg/mL). In order to evaluate the impact of the different microfluidics 

parameters, different TFRs (5, 10 and 15 mL/min) and FRRs (1:1, 3:1 and 5:1) were selected and a fixed 

waste volume was discarded during the production in order to get the core sample (initial and final 

waste volume of 0.25 and 0.05 mL, respectively). Polymer in solvent and buffer phase were injected 

into the systems at the selected parameters and the produced PLGA nanoparticles were collected in 

the outlet (Figure 4.1). 

 

Figure 4.1 Schematic representation of microfluidics cartridge from Precision Nanosystems. There are 
two inlets where the aqueous (inlet 1) and organic phase (inlet 2) are injected in. Both fluids are mixed 
at the selected ratio (FRR) and speed (TFR) and by chaotic lamellar flow nanoparticles are formed and 
collected in the outlet. 

 

4.3.2.2 Manufacturing of poly(lactic-co-glycolic acid) microparticles using the double emulsion 

(w/o/w) solvent evaporation method 

The most common method for microparticle preparation is the double emulsion process (w1/o/w2), 

whereby an initial primary water in oil (w1/o) emulsion is formed by dispersion of an aqueous solution 

with or without antigen (w1) into an organic polymer solution.  This primary emulsion is then mixed 

by high-speed homogenisation into a secondary water phase (w2), often containing an emulsion 

stabiliser or surfactant such as PVA, in order to form a secondary w1/o/w2 emulsion.  The organic 

solvent is then allowed to evaporate to facilitate the formation and hardening of the MPs. PVA is 

removed from the vaccine formulation by centrifugation [213]. Briefly, 20 µL of buffer or OVA (10 

mg/mL stock) were mixed with 417 µL of 3% PLGA in chloroform and vortexed for 1.5 min in order to 
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form the initial primary emulsion. This primary emulsion was then mixed with 10 mL of PVA (10% w/v 

in dH20) using high speed homogenization (Homogenizer Ultraturrax T25, IKA laboratories) at 8000 

rpm during 3 min. Samples were left stirring overnight to remove chloroform. The next day, samples 

were centrifuged (Hermle Z323K, Labnet International Inc., US.) and washed three times with 10 mL 

of dH20 for 20 min at 5500 xg. After the final washing step, the MPs were reconstituted with 2 mL of 

Tris buffer (Figure 4.2)  

 

Figure 4.2 Schematic representation of double emulsion (w1/o/w2) solvent evaporation method. Initial 
primary water in oil (w1/o) emulsion is formed by dispersion of an aqueous solution with or without 
antigen (w1) into an organic polymer solution.  This primary emulsion is then added into a secondary 
water phase solution containing 10% PVA and homogenised at high speed for 3 min. Solvent is 
evaporated overnight. Next day, samples are centrifuged and washed with ultrapure water 3 times to 
remove any non-incorporated trace of PVA. In the final centrifugation step, the pellet is reconstituted 
with the desired volume of buffer. 

 

4.3.3 Characterisation of the PLGA particles by dynamic light scattering (DLS) 

4.3.3.1 Malvern nano ZS 

The particle size of the polymer nanoparticles was determined by dynamic light scattering (DLS) using 

a Malvern nano ZS (Malvern Instruments, Worcestershire, UK). Three measurements at 25°C were 

conducted on the samples, which were previously diluted in filtered Tris buffer (10 mM, pH 7.4) to 

achieve the optimal particle concentration (0.25 mg/mL) with the optimum attenuator number (att. 6 

- 9). Therefore nanoparticles produced at FRR 1:1, 3:1 and 5:1 were 20-fold, 10-fold and 5-fold diluted. 

Square single-use plastic cuvettes were filled in with 1 mL of sample and were placed into the 

instrument which uses a 4-mW He-Ne 633 nm laser to analyse the samples [170]. For zeta potential, 

samples were diluted in the same fashion as for the size and a cell capillary electrophoresis cuvette 

was used. For collection and data analysis Malvern Dispersion Technology Software (DTS) v.7.12 

(Malvern Instruments, Worcestershire, UK) was used (Table 4.1). 
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 Table 4.1 DLS Instrument parameters for particle size measurements using dynamic light scattering 
(DLS). 

Material Parameters 
Refractive Index 1.45 

Absorption 0.00 
Dispersant Water 

Temperature 25 °C 
Viscosity 0.8872 cP 

Refractive Index 1.330 

General options  
Equilibrium time 120 s 

Cell type ZEN0040 

Measurement  
Angle 173° Backscatter 

Number of runs Automatic 
Number of measurements 3 

Delay between measurements 10 s 
Data Processing General Purpose (Normal resolution) 

 

 

4.3.3.2 Mastersizer 2000 

The size of the MPs was determined by laser diffraction analysis using a Mastersizer 2000 (Malvern 

Instruments). Samples were dispersed into the sample dispersion cell unit until the right obscuration 

was obtained (above 10%) while stirring at 2000 rpm. Water was used as dispersant agent and PLGA 

refractive index was set at 1.43. Three measurements of each sample were recorded every 12 seconds. 

For zeta potential, Zetasizer nano ZS was used. Samples were diluted in Tris buffer in the same fashion 

as the nanoparticles (20-fold dilution).  

 

4.3.3.3 Malvern AT-line 

To prove the applicability of the microfluidics method for continuous manufacturing, an AT-line 

Malvern sizer was used to measure the PLGA nanoparticles. Thus, 5 mL of nanoparticles were 

prepared using microfluidics and run through the Malvern AT right after microfluidics (without solvent 

removal). Specific parameters were set on the system in order to compare the size measurements 

obtained with Malvern nano ZS. Therefore, the parameters set in this system were the following: 0.5 

mL/min sample flow rate, 10 mL/min diluent flow rate and 90 s delay time between measurements. 
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4.3.4 Stability test: The effect of PVA content 

Evaluation of the stability of the PLGA nanoparticles encapsulating H56 TB antigen was carried out for 

a period of one month.  The stabiliser PVA was added at different concentrations (0, 0.5, 1 and 2% 

w/v) into the aqueous phase during the production of PLGA nanoparticles. Physicochemical 

characterisation of the loaded nanoparticles was carried out to evaluate the need of a stabiliser during 

the microfluidics production due to agglomeration of the particles.  

 

4.3.5 Purification of the PLGA nanoparticles: solvent removal and non-encapsulated 

antigen 

4.3.5.1 Dialysis for removal of organic solvent 

Solvent is used for the dissolution of the polymer and preparation of nanoparticles. Therefore, in order 

to remove solvent, samples were dialysed against Tris buffer. Samples were loaded into a dialysis 

membrane (Mw= 12,000-14,000 Da, Sigma-Aldrich Company Ltd., Poole, UK) and dialysed against 250, 

500 and 1000 mL Tris buffer to optimise the method for solvent removal. 

 

4.3.5.2 Tangential Flow Filtration (TFF) for removal of non-encapsulated antigen 

Tangential flow filtration (TFF), also known as crossflow filtration, is a rapid and efficient method for 

separation and purification of proteins. TFF can be used to concentrate and desalt sample solutions 

ranging in volume from 1 mL to 10 litres. The sample stream passes parallel to the membrane face as 

one portion passes through the membrane (permeate) while the remainder (retentate) is recirculated 

back to the feed reservoir [214].  

PLGA nanoparticles were purified through this system (KR2i TFF System®, SpectrumLabs, US) at 27 

mL/min and were washed 12 times with buffer in order to remove unbound protein. Unfortunately, 

due to the incompatibility of the column with the acetonitrile used for the preparation of the 

nanoparticles, 1 hour dialysis was carried out prior passing the samples through the TFF for removal 

of the organic solvent. The membrane used had a MWCO of 12,000 to 14,000 Da, which is big enough 

to remove solvent but small enough to avoid protein removal. The TFF column used for this purpose 

was a 750 kDa modified polyethersulfone (mPES) column which is slightly negatively charged. 
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4.3.6 Quantification of the residual solvent by gas chromatography (GC) 

Quantification of the residual acetonitrile within the PLGA formulations after purification of the 

samples by dialysis was performed by using GC. GC is a chromatography technique mainly used for 

quantitative analysis of the residual solvent within sample formulations. It can separate mixtures of 

volatile analytes. Standards were prepared with different volumes of the analyte of interest 

(acetonitrile from 0 to 0.1%) whereas the volume of internal standard remained the same (1% 1-

butanol). For sample preparation, samples were diluted (1:5) in Tris buffer and the same percentage 

of the internal standard used for the calibration curve was included in the sample preparation. The 

internal standard, 1-butanol, was chosen because it is not contained in any of the samples and has a 

different boiling point (117°C, whereas ACN boiling point is 82°C) which allows the separation of the 

volatile analyte mixture in two well separated and defined peaks (there is no coelution). Calibration 

curves of ACN were made plotting the area ratio of the analyte/IS of triplicate results against the 

acetonitrile concentration. 

 

4.3.7 High Performance Liquid Chromatography (HPLC) 

4.3.7.1 HPLC-UV for antigen quantification 

Quantification of the protein loading within the PLGA nanoparticles was performed by reverse phase 

HPLC (RP-HPLC) using a UV detector. Jupiter 5 µ C18(2) column (Phenomenex) pore size 300 Å was 

used as stationary phase. For the preparation of the calibration standards, proteins were dissolved in 

0.1 M NaOH/Tris buffer (1:1 v/v) and heated up for approx. 1.5 - 2 hours in a waterbath at 35°C. 

Samples were prepared in the same fashion but in this case just adding NaOH as the samples are 

formulated in Tris buffer. Table 4.2 shows the HPLC method used for the protein quantification, which 

is a modification of a method found in literature [215, 216]. A gradient elution method was followed 

and both mobile phases contain the same solvents in different proportions (Mobile phase A: 90% H20, 

10% acetonitrile and 0.1% TFA; Mobile phase B: 70% acetonitrile, 30% H20 and 0.1% TFA) in order to 

favour the mixing of both phases during the run. The instrument settings were as follows: 50 µL 

injection volume, flow rate 1 mL/min, UV wavelength 210 nm and column temperature either 25°C 

(OVA and BSA) or 60°C (H56). 
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Table 4.2 HPLC-UV method followed for the quantification of encapsulated antigen within the polymer 
nano- and micro-particles using 210 nm UV wavelength [215, 216]. 

Time 

(min) 

% Eluent A 

(0.1% TFA, 90% 

dH2O, 10% ACN) 

% Eluent B 

(0.1% TFA, 30% 

dH2O, 70% ACN) 

Flow rate 

(mL/min) 

0 75 25 1 

18 0 100 1 

20 75 25 1 

 

4.3.7.2 HPLC-ELSD for quantification of polymer recovery 

Quantification of the polymer recovery was performed by HPLC using an ELSD detector. Luna 5 µ 

C18(2) column (Phenomenex) pore size of 100Å was used. For the preparation of the standard curves, 

polymer was dissolved in ACN and samples containing the PLGA nanoparticles were injected without 

previous preparation. HPLC-ELSD settings were kept constant as follows: 30 µL injection volume in a 

partial loopfill injection mode, 100 µL loop volume and 15 µL tubing volume. Column temperature was 

maintained at 35°C whereas the ELSD temperature was set at 52°C in all the runs. Analysis time, flow 

rate and mobile phases are outlined in Table 4.3. Nitrogen was used as a carrier gas at 3.5 bar inlet 

pressure. Clarity DataApex version 4.0.3.876 was used for data analysis. 

Table 4.3 Gradient method used for the quantification of the polymer recovered after microfluidics 
using HPLC-ELSD [217]. 

Time 

(min) 

% Eluent A 

(0.1% TFA, 95% 

dH2O, 5% ACN) 

% Eluent B 

(0.1% TFA, 5% dH2O, 

95% ACN) 

Flow rate 

(mL/min) 

0 50 50 2 

3 0 100 2 

7 0 100 2 

7.1 100 0 2 

9 100 0 2 

10 50 50 2 

12 50 50 2 
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Calculation of the recovery of the samples manufactured through microfluidics was performed 

according to Equation 4.1. Basically, the area of the peak given by the HPLC-ELSD was converted into 

concentration by using the adequate calibration curve previously carried out. This result was divided 

by the initial concentration in the stock solution and multiplied by the dilution factor (DF) related to 

the FRR used and by 100. 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (
𝑚𝑔

𝑚𝐿
)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (
𝑚𝑔

𝑚𝐿
)

× 𝐷𝐹 × 100 = % 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦  (Equation 4.1) 

 

4.3.8 Bicinchoninic acid assay (BCA) for the quantification of polymer recovered after purification 

of the nanoparticles using TFF 

The bicinchoninic acid assay (BCA) (Pierce™ BCA Protein Assay Kit, Sigma Aldrich, Poole, UK) was used 

for the quantification of polymer recovery after TFF. Briefly, 25 µL of sample purified using TFF was 

pipetted into a 96-well plate and 200 µL of working reagent (reagent A + B at a ratio 50:1 v/v) was 

added on top. The plate was incubated for 30 mins at 37°C and the absorbance was read at 562 nm. 

A standard curve for the calculation of the concentration found was performed in triplicate. PLGA 

nanoparticles after solvent removal by dialysis were used for the preparation of the standard curves. 

 

4.3.9 Release studies at different temperatures 

Purified PLGA nanoparticles encapsulating OVA (1 mL) were transferred to a dialysis bag (300 kDa) and 

introduced to a beaker containing 40 mL of release media (PBS pH 7.4, 10 mM). This beaker was 

incubated at 37°C in a shaking bath under mild agitation (60 rpm) or at 4°C. Antigen release was 

measured by quantification of the remained antigen concentration inside the nanoparticles at 1, 4 and 

6 hours. For the quantification of the antigen remaining inside the nanoparticles after each time point, 

PLGA was degraded by adding 0.1 M NaOH (final concentration) to the samples and incubation at 35°C 

during approximately 2 hours to accelerate the hydrolysis process. The amount of antigen released 

was calculated as percentage of the total antigen loaded into the NPs, which was considered as 100%. 

 

4.3.10 Morphological characterisation of the nanoparticles 

4.3.10.1 Scanning electron microscopy (SEM) 

The principle behind this technique is based on a beam of electrons which scan around the particles 

without penetrate them. As a result, secondary electrons are emitted from the sample and detected 
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by a detector which gives a 3D image of the surface of the particles [218]. Polymer nano- and 

microparticles (sample) were fixed and air dried onto a metal stub and then coated with gold and 

observed under the microscope. This procedure was carried out by David McCarthy from 

DMmicroscopy. 

 

4.3.10.2 Cryogenic transmission electron microscopy (CryoTEM) 

CryoTEM is a type of transmission electron microscopy technique which operates under cryogenic 

conditions, showing the samples in their native environment and obtaining detailed 2D structures of 

the molecules. It is a valuable tool to obtain structural information of amphiphilic molecules in 

solutions within the nanometre size range [219, 220]. It gives information about the morphology of 

the vesicles, bilayer thickness and their size distribution. CryoTEM also allows visualizing the 

coexistence of different populations of nanostructures [220].  

400 mesh holey Carbon grids (Lacey Formvar/Carbon) neutrally charged were used for this procedure. 

First grids were glow discharged to remove any residual hydrocarbon and make them hydrophilic. 

Subsequently, 8 μl of sample were deposited onto the grid and the excess of sample was blotted off 

the grid and the sample was plunged into the liquid nitrogen. The liquid nitrogen was cooled down 

with a mixture of 30% propane/ethane to approximately -172°C. After vitrification, the grid was 

immediately transferred to Cryo-transport system and mounted in the Gatan Cryo-holder (Gatan, 

Pleasanton, CA, USA). Subsequently, the sample on the grid was inserted in the Jeol 2010F TEM with 

the Cryo-holder. Observations were made at an acceleration voltage of 200 kV and images were 

obtained with GATAN camera and different magnifications. 

 

4.3.11 Statistical analysis 

One-way ANOVA and two-way ANOVA followed by Tukey’s multiple comparison test were used for 

the data analysis. All the experiments were carried out at least in triplicate unless otherwise stated. 

Results are the mean of at least 3 measurements ± standard deviation (SD) which is plotted as error 

bars. 
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4.4  Results and discussion 

The particle size, surface charge and morphology of the adjuvants, among other characteristics, are 

important in order to obtain a good immunoresponse as these characteristics will influence the 

interaction with the biological cells [103, 221]. There are several studies based on the importance of 

the adjuvant size [221]. The size distribution or uniformity of the particles, i.e. polydispersity index 

(PDI), is also an essential characteristic of the delivery systems. Low PDIs are difficult to obtain in some 

formulations depending on the nature of the compounds used and the manufacturing techniques 

applied. However, it is necessary to have a narrow range of particle sizes within the samples since a 

broad range of sizes may have different adjuvant activities [221]. Another useful factor of the adjuvant 

systems is the electrical charge on the surface of the particles which can be indirectly measured by 

measuring the zeta potential. Neutral or slightly negative/positive ZP values may lead to aggregation 

or instability whereas highly anionic/positive ZP values can improve stability due to the repulsion 

between charged particles [222].  

 

4.4.1 Microfluidics manufacturing of PLGA nanoparticles: the effect of process parameters  

PLGA is a synthetic copolymer of lactic and glycolic acid which can be produced at different monomer 

ratios which are available in the market. For example, PLGA 75:25 means that the composition of the 

copolymer is based on 75% of lactic acid and 25% of glycolic acid. Therefore, PLGA polymers with ratios 

50:50, 75:25 and 85:15 were selected for the nanoparticle formulation using microfluidics in order to 

study the effect of the copolymer composition in the produced particles. 

To get an overview of the influence that different microfluidics parameters have on the mean particle 

size, PDI and zeta potential of the PLGA nanoparticles, the TFR and the FRR were altered during 

preparation. TFR was set at 3 different speeds: 5, 10 and 15 mL/min and for each speed, three 

aqueous:organic phase ratios (FRR) were used: 1:1, 3:1 and 5:1. Regarding solvent choice, PLGA 

polymers can be dissolved in a wide range of solvents such as chlorinated solvents. Yet, these solvents 

are not compatible with the microfluidics cartridge, which is made of thermoplastics Cyclic Olefin 

Polymer (COP) and Cyclic Olefin Copolymer (COC). Therefore, due to compatibility issues, acetonitrile 

was chosen as organic phase for the dissolution of PLGA. The initial PLGA concentration in ACN was 

10 mg/mL (1% w/v) for all the formulations prepared. Higher (12.5 mg/mL) and lower (7.5 mg/mL) 

concentrations were also tested (data not shown) but the results did not differ significantly from each 

other, and thus, the concentration was fixed at 10 mg/mL for all the experiments carried out. 
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Particle size and size distribution of the polymer NPs in suspension was determined by DLS. Figure 4.3 

depicts the physicochemical characteristics of the purified PLGA nanoparticles (after 4 h dialysis 

against 200 mL of Tris buffer). PLGA NPs produced using the copolymer 50:50 showed the smallest 

particle sizes among the three PLGA copolymers studied, ranging from 94 to 150 nm (Figure 4.3). With 

increasing production speed (from 5 to 15 mL/min (total flow rate)) there was no notable change in 

particle size for copolymers 75:25 and 85:15. In contrast, PLGA 50:50 nanoparticles decreased in size 

when increasing the flow rate (Figure 4.3A, B and C). However, varying the flow rate ratio was shown 

to have a significant impact on vesicle size with particles significantly (p<0.05) decreased in size for all 

three copolymers. For example, with PLGA 50:50, NP particle size decreased from 150 to 120 nm for 

FRR 1:1; from 145 to 94 nm for FRR 3:1 and from 136 to 94 nm for FRR 5:1 (Figure 4.3). This trend was 

seen with all three polymer ratios tested and became more notable with increasing polymer ratio 

(Figure 4.3). In general, across the formulations the polydispersity values were ≤0.2, and no obvious 

relationship between the microfluidic parameters and sample homogeneity was observed. These PDI 

values are representative of a homogeneous particle size distribution within the samples.  

Regarding surface charge, all three copolymers produced highly anionic (Figure 4.3D). No significant 

differences were observed between the different microfluidics parameters applied. In general, PLGA 

50:50 produced particles with ~-40 mV at all FRRs and TFRs tested. Particles prepared using PLGA 

85:15 produced particles with ~-50 mV and PLGA 75:25 produced the more anionic particles, with a 

ZP of approximately ~-60 mV. 

Based on these studies, it can be seen that the size of PLGA NPs prepared using microfluidics can be 

controlled by the FRR selected whereas the TFR had little impact (the exception being PLGA 50:50). 

This is in line with previous studies based on microfluidics [167, 181]. It has been proposed that FRR 

impact on the NP formation is due to the increase in the polarity within the microfluidics cartridge and 

therefore the different solvent phase concentration. Chiesa et al. showed the same trend regarding 

FRR on PLGA NPs produced using the micromixer system [223]. On the other hand, TFR has shown to 

moderately influence the characteristics of the particles produced since the physicochemical 

properties of the PLGA NPs produced were not highly influenced by this parameter. This represents 

an advantage for the manufacturing process as it allows the system to work at high volumetric flows 

and thus, high production outputs [167].  

The intrinsic factors of the PLGA copolymer dictate the physicochemical characteristics of the resulting 

nanoparticles. PLGA NPs with 85:15 ratio of lactide and glycolide monomers have shown the largest 

sizes, followed by PLGA 75:25 and PLGA 50:50. This can be explained by their monomer ratio 

composition. PLA has a methyl side group whereas PGA lacks one. Therefore, the methyl group is the 
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reason for the increased size of this polymeric NPs. PLGA 85:15 has 85% of PLA and 15% of PGA which 

correlates with the abovementioned explanation of the different sizes. PLGA 75:25 consist of 75% PLA 

and 25% of PGA, therefore, second largest sizes are obtained with this polymer. The smallest sizes 

were obtained with PLGA 50:50 since the amount of PLA is decreased. The highly negative zeta 

potential denotes a negative surface charge of the nanoparticles. The presence of carboxyl groups on 

the surface of the nanoparticles might be attributed to their anionic nature [224].   
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Figure 4.3 Effect of the process parameters from the microfluidics system in the physicochemical characteristics of the PLGA nanoparticles (A) FRR 1:1, (B) 
FRR 3:1 and (C) FRR 5:1 and (D) zeta potential. Results represent the mean ± SD of at least three independent batches. 
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4.4.2 Continuous processing of nanoparticles: AT-line particle size analysis 

Formulation of delivery systems should be scalable in order to succeed as a product for commercial 

use. Continuous processing offers several advantages over batch processing. For example, 

microfluidics, which is considered as a continuous method for processing of nanoparticles, can 

produce scalable volumes as determined by the run time. In contrast, batch processing is restricted 

by the size of the instrument used for the manufacture. The main disadvantage of the microfluidics 

system is the removal of the solvent from the formulation but this can be overcome with the addition 

of a tangential flow filtration system. The development of analytical methods which provide better 

information and control of the manufacturing process are required for the production of 

monodisperse and size controlled delivery systems. The size of the particulate delivery systems can be 

measured by a wide range of techniques such as dynamic light scattering, microscopy and particle 

tracking. Many of these techniques are only available for off-line measurements and cannot be applied 

for continuous processing. Real time particle size analysis can be performed during continuous 

processing thus any problem arising during production can be detected and corrected. Moreover, if 

the nanoparticle size measurement obtained is out of specification, particles can be discarded without 

endangering the whole batch. In contrast, batch measurements can only take place once the 

nanoparticles are produced and therefore, if the particle size measurements obtained do not fall 

within the product key specifications this would lead to disposal of the entire batch. 

The results in Figure 4.4 demonstrate PLGA nanoparticles with 85:15, 75:25 and 50:50 copolymer 

composition formulated using microfluidics at a selected TFR 10 mL/min and FRR 1:1. Particle size 

measurements were performed with an off-line system and with an at-line system (real time 

measurement), both from Malvern Zetasizer. Figure 4.4 shows the mean particle size values obtained 

from both particle sizer systems. Particle size measurements obtained from the off-line and AT-line 

systems were compared.  Size results were similar for both measurements whereas PDIs resulted 

larger in the AT-line system.  
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Figure 4.4 Comparative study of the size measurements obtained with Malvern OFF-line and AT-line in order to demonstrate the capability of the microfluidics 
method for continuous manufacturing of PLGA nanoparticles. Particle sizes and intensity graphs of the PLGA 85:15, 75:25 and 50:50 nanoparticles 
manufactured by using microfluidics at TFR 10 mL/min and FRR 1:1.



Chapter 4: Manufacture of PLGA particulate delivery systems 
 

137 
 

4.4.3 Quantification of the residual solvent within the formulation after purification of the 

nanoparticles by dialysis and effect of the purification method on the physicochemical 

characteristics of the PLGA-NPs. 

Depending on the method applied, impurities such as organic solvents might be present in the final 

product. The presence of residual solvent might not only cause toxicity issues, it might also modify the 

physicochemical characteristics of the nanoparticle formulations. Thus, selection of the adequate 

manufacturing and purification method for the preparation of nanoparticles is of extreme importance 

to assure the quality and control of the product [225]. With the current microfluidics process 

developed, the formulations prepared by microfluidics contain a specific amount of solvent depending 

on the FRR applied; for example, a formulation prepared at FRR 1:1 contains 50% of solvent, at FRR 

3:1 contains 25% whereas at FRR 5:1 contains 16.67%. The International Conference on Harmonization 

(ICH) of Technical Requirements for Registration of Pharmaceuticals for Human Use, classifies 

acetonitrile as a class II solvent due to its toxicity and stablishes that the limit of residual acetonitrile 

should be no more than 400 ppm (0.04%) [169]. Consequently, quantification of the residual 

acetonitrile in the formulations manufactured by microfluidics was carried out by gas chromatography 

(GC).  

Several methods can be used for the purification nanoparticles. Ultracentrifugation, gel filtration and 

dialysis are the conventional methods for removal of solvent [226-228]. Gel filtration and 

ultracentrifugation techniques were performed but resulted in low polymer recovery yield (results not 

shown). Dialysis was therefore the selected method for purification of PLGA nanoparticles. To 

calculate the dialysis volume and dialysis time needed for removal of the solvent below the levels 

stated by the ICH guideline Q3C, formulations containing the highest solvent concentration were used 

(FRR 1:1). Figure 4.5A shows the calibration curve made with different concentrations of acetonitrile 

and fixed volume of butanol (internal standard). The calibration curve shows a good linearity R2= 0.980 

and low LOD and LOQ being 0.01% and 0.02% respectively.  

For the purification of the samples, PLGA NP formulations were dialysed either against 200 mL and 

500 mL of Tris buffer for 1 hour. Figure 4.5B shows the calculated percentage volume of residual 

acetonitrile after both methods. The residual solvent was between 0.1 and 0.4%, being lower for the 

formulations dialysed against 500 mL buffer. These results are good enough for working in the 

laboratory as the residual solvent in the samples will have minimum impact on the physicochemical 

properties of the NPs, but as they do not fall within the ICH guidelines for residual solvent in the 

formulations for human use, these formulations would not be accepted for in vivo studies. In order to 

fulfil with the regulations, the dialysis time and the buffer volume were optimised. Samples were 
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dialysed against a total of 1 L of Tris buffer for two hours, with buffer exchange after 1 hour (i.e. 500 

mL 1 hour and another 500 mL for another hour). By using this method complete removal of the 

solvent was achieved. 

 

 

Figure 4.5 Gas chromatography results: (A) Calibration curve of the analyte of interest (acetonitrile) 
and (B) percentage of residual solvent after dialysis. Results represent mean ± SD of triplicate 
measurements. 
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carried prior TFF in order to remove the solvent from the formulations. TFF can also be used for 

removal of free antigen, which generally takes long time by dialysis, consequently, TFF was tested to 

assess its future application for further antigen removal. The purified samples were characterised in 

order to evaluate the effect of the purification method on the physicochemical characteristics of the 

PLGA nanoparticles. Measurement of the particle size, size distribution and zeta potential was carried 

out on the nanoparticles after either MF, dialysis or TFF (Figure 4.6). The size of the particles, nor the 
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hand, the zeta potential of the nanoparticles after microfluidics was significantly (p<0.05) lower 

compared to the purified nanoparticles (Figure 4.6C). This might be due to the presence of acetonitrile 

within the microfluidic formulation, since they contain 50% of organic solvent.  

 

 

 

Figure 4.6 Physicochemical characteristics of the PLGA nanoparticles after microfluidics, dialysis and 
tangential flow filtration: (A) Particle size, (B) Particle size distribution and (C) Zeta potential. Results 
represent mean ± SD of triplicate measurements. 
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4.4.4 Quantification of the polymer recovered after manufacturing of PLGA nanoparticles 

Quantification of the polymer content in the PLGA nanoparticles is important for quality control, 

efficacy and stability. Polymer content was quantified using a HPLC with an ELSD connected to the 

system. A method developed by Marcus Rhiel et al., 2015 was followed [217]. Known amounts of PLGA 

copolymer (50:50, 75:25 and 85:15) were dissolved in ACN for the preparation of the standard curves. 

Solutions were injected into the system in order to determine the amount of polymer contained within 

the formulation. The peak area values obtained from the HPLC were plot against the polymer 

concentration (mg/mL). These calibration curves (Figure 4.7) showed an excellent fit (R2= 0.996, 0.997 

and 0.999). LODs and LOQs were calculated for each copolymer and are depicted in Figure 4.7B. 

Sample analysis had a duration of 12 min since the retention time of PLGA 50:50, 75:25 and 85:15 

were 4.4 min, 4.9 min and 5.3 min respectively (Figure 4.7). Analysis time could have been shortened 

since all three PLGA copolymers elute within the first 6 min, when the gradient is at 100% eluent B 

(0.1% TFA, 95% ACN and 5% dH2O), but in order to give time to the column to equilibrate analysis time 

was kept constant at 12 min. Polymers eluted from lower to higher hydrophobicity, thus, PLGA 50:50 

eluted first due to its lower hydrophobicity, followed by PLGA 75:25 and PLGA 85:15 (Figure 4.7). The 

absence of any methyl side group makes PGA more hydrophilic than PLA which contains one methyl 

side group. Hence, PLGA copolymers with higher ratio of PLA are more hydrophobic and elute after. 

 

Figure 4.7 (A) HPLC-ELSD chromatogram showing the elution peaks for the copolymers 85:15, 75:25 
and 50:50 and (B) their calibration curve with the calculated LOD and LOQ values for each polymer. 
Results represent mean ± SD of triplicate measurements. 
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After establishment of the calibration curves, polymer NPs were prepared and polymer content 

quantified. Polymer NPs were manufactured at TFR 10 mL/min and FRR 1:1, 3:1 and 5:1 and injected 

into the HPLC-ELSD system in order to quantify the polymer recovery after microfluidics (Figure 4.8). 

With all three polymers, recovery was less than 80 % (Figure 4.8). Furthermore, the recovery of the 

NPs of 85:15 ratio was significantly (p<0.05) lower compared to the other PLGA ratios; the polymer 

content for 85:15 PLGA NPs prepared at FRR 1:1 was 55.6 ± 3.5% whereas for FRR 3:1 and 5:1 the 

polymer content was 41 ± 3.7% and 49.2 ± 0.6% respectively (Figure 4.8). PLGA NPs of 75:25 monomer 

ratio showed 78.6 ± 5.0%, 71.2 ± 5.6% and 63.5 ± 1.1% recovery for samples prepared at FRR 1:1, 3:1 

and 5:1 respectively. Regarding PLGA 50:50 formulations, the recovery was up to 63.9 ± 1.0%, 71.7± 

5.3% and 72.4 ± 3.6% at FRR 1:1, 3:1 and 5:1. This suggests that polymer recovery is dependent on the 

FRR adopted since FRR 1:1 showed the highest recovery for PLGA 85:15 and 75:25, and highly 

dependent on the PLA:PGA ratio. The high PLA ratio is related to higher hydrophobicity [102], thus, 

the more hydrophobic the PLGA the more the polymer was noted to precipitate within the 

microfluidics chip.  

 

Figure 4.8 Polymer recovery of PLGA 85:15, 75:25 and 50:50 NPs manufactured through the 
microfluidics method: TFR 10 mL/min and FRR 1:1, 3:1, 5:1. Results represent mean ± SD of triplicate 
measurements. 
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investigated as it is faster than dialysis and is more applicable for the continuous manufacturing of 

nanoparticles. Thus, determination of the polymer recovery after TFF was also carried out. The BCA 

assay was used for the PLGA quantification, and dialysed PLGA NPs were used for the establishment 

of a standard curve (Figure 4.9A). Figure 4.9A showed a good linearity (R2=0.991, 0.991 and 0.996) and 
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Figure 4.9 BCA assay for the quantification of PLGA within the nanoparticles after TFF: (A) Calibration 
curves obtained from the BCA assay using dialysed samples as standards and the LOQ and LOD values 
calculated for each polymer; (B) calculated recovery after TFF. Results represent mean ± SD of 
triplicate measurements. 
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through TFF to remove non-encapsulated protein. TFF was selected instead of dialysis since the latter 

method is time consuming requiring over 24 hours and several buffer exchanges to remove non-

encapsulated antigen. 

 

4.4.5.1 Effect of the Flow Rate Ratio (FRR) in the physicochemical characteristics and encapsulation 

efficiency of the PLGA nanoparticles  

In previous sections (section 4.4.1) the effect of the microfluidic parameters on the empty PLGA 

particles was evaluated. Now, the effect of the FRR was examined for the encapsulation of antigens 

by adding the antigen into the aqueous phase. Thus, the effect of FRRs (1:1, 3:1 and 5:1) was evaluated 

on the PLGA 85:15, 75:25 and 50:50 loaded with a fixed initial amount of OVA and prepared at a fixed 

TFR of 10 mL/min. The physicochemical characteristics of the antigen loaded PLGA NPs are shown in 

Figure 4.10A-B. Figure 4.10A shows the particle size and PDI of the NPs, which follows the same trend 

observed for the empty NPs. Increasing FRR resulted in a decrease particle size whereas this parameter 

did not affect the PDI. The copolymer 50:50 showed smallest sizes (below 115 nm) followed by 

copolymers 75:25 and 85:15. In general, PLGA 50:50 NPs loading antigen were more homogeneous in 

particle size distribution than the other 2 copolymers tested. All the PDIs were below 0.3 in all the 

cases. The addition of 0.2 mg/mL antigen slightly increased the size of the PLGA NPs when compared 

to the ‘empty’ NPs. In terms of ZP, all three copolymers resulted in highly anionic NPs as expected 

from PLGA-based systems with zeta potential values from -34 mV to -55 mV (Figure 4.10B) and no 

significant differences were observed between loaded and empty NPs.  

Figure 4.10C-D show the impact of the FRR on the encapsulation efficiency of PLGA NPs at two 

different initial OVA concentrations (0.2 and 0.5 mg/mL respectively). In general the FRR 5:1 showed 

the lowest antigen loading with approximately 20% encapsulation of the initial amount loaded. In 

contrast, FRR 3:1 and 1:1 showed significantly (p<0.01) higher loading efficiency for PLGA 85:15 and 

75:25. In contrast, no significant differences were seen in the encapsulation efficiency of PLGA 50:50 

at any of the FRR tested when loading 0.5 mg/mL whereas for lower antigen concentrations 

(0.2mg/mL), FRR 3:1 showed significantly higher loading (~33%) when compared to the other FRRs 

(FRR 1:1 was ~17%; FRR 5:1 was 21%). It is hypothesised that PLGA 50:50 FRR 5:1 did not show lower 

encapsulation efficiency compared to the other FRRs due to the higher polymer recovery calculated 

from the HPLC-ELSD. Besides, the physicochemical characteristics of the copolymer 50:50 at all three 

FRRs was similar; in general, increasing the aqueous phase during the production of the nanoparticles 

reduces the encapsulation efficiency. This might be explained by the lower polymer concentration 

within the formulation as the initial polymer concentration was fixed at 10 mg/mL, therefore, when 
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PLGA nanoparticles are produced at FRR 1:1, 50% of the initial amount will be in the final formulation. 

In the case of FRR 3:1 and FRR 5:1, the polymer content is reduced down to 25% and 12.5% 

respectively.  

Published studies have shown the correlation between polymer content and encapsulation 

efficiencies, demonstrating that increasing polymer concentration improves the loading within the 

PLGA particles [229-231]. Furthermore, the intrinsic properties of the PLGA have been shown to 

influence the loading as well. Results here, showed higher EE% for copolymers 75:25 and 85:15 than 

PLGA 50:50. However, most of the published data is based on the use of PLGA 50:50, whereas less 

information about the other copolymer ratios is available. The influence of the copolymer ratio has 

been reported by Cao et al. [232] when comparing PLGA 50:50 microparticles (MPs) and PLGA 85:15 

MPs encapsulating OVA. PLGA 85:15 encapsulated approximately 24% whereas the copolymer 50:50 

only encapsulated ~15% [232]. Mukherjee et al. also worked with PLGA 85:15 encapsulating protein 

(BSA) [233]. His results showed that the higher hydrophobicity of PLGA 85:15 resulted in 

approximately 38% EE compared to PLGA 50:50 (~10%). The authors also reported the enhanced 

protein encapsulation when polymer concentration was increased, which relates to our higher 

concentration at high FRRs [233]. De Rosa et al. produced PLGA MPs using copolymers 50:50 and 

75:25. Here again, the higher hydrophobicity and viscosity of the PLGA 75:25 resulted in higher EE% 

compared to PLGA 50:50 MPs [234]. Moreover, Feng et al. showed that PLGA 75:25 MPs encapsulating 

a hepatitis B antigen had higher EE% compared to PLGA 50:50 MPs [235]. Witschi et al. demonstrated 

the influence of the PLGA hydrophilicity on drug loading, using tetracosactide [236]. In this case, EE% 

as well as particle size decreased with decreasing the lactic acid ratio [236]. On the other hand. Bilati 

et al. demonstrated that EE% decreased with hydrophobicity when producing PLGA NPs using w/o/w 

method and loading BSA [237]. However, this difference in trend may be a result of the different 

production method. Overall, the body of literature confirms that the use of PGLA of higher 

hydrophobic content promotes higher protein loading which might be the result of the hydrophobic 

polymers rapidly aggregating to form nanoparticles and thus capturing higher amounts of proteins.  
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Figure 4.10 Effect of the flow rate ratio (FRR) on the physicochemical characteristics of the PLGA NPs produced using microfluidics at TFR 10 mL/min and 
encapsulating OVA as a model antigen: (A) Particle size and particles size distribution, (B) zeta potential and (C-D) encapsulation efficiency as percentage of 
PLGA NPs encapsulating 0.2 and 0.5 mg/mL OVA respectively. Results represent mean ± SD of at least triplicate measurements. 
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4.4.5.2 Effect of the Total Flow Rate (TFR) on the physicochemical characteristics and encapsulation 

efficiency of the PLGA nanoparticles 

After testing the FRR, the next step was to test the effect of the TFR in the formulation of these antigen 

loaded PLGA nanoparticles. In this case, the FRR was fixed at 1:1 whereas the TFR varied from 5 to 15 

mL/min.  Figure 4.11 shows the size, PDI, ZP and EE% of the different PLGA copolymers. In terms of 

size, PDI and ZP, values were similar to those of ‘empty’ nanoparticles (Figure 4.3), demonstrating that 

the loading of antigen had no notable effect. As shown previously, PLGA 85:15 produces the largest 

particle sizes, followed by PLGA 75:25 and PLGA 50:50 produced the smallest particle sizes. In terms 

of zeta potential, PLGA 75:25 nanoparticles were slightly more negative, than PLGA 85:15 and 50:50. 

Regarding antigen loading (Figure 4.11C), there are no differences in the encapsulation efficiency 

when changing the TFR which is the speed at which both fluids (aqueous and organic) go through the 

microchannels within the microfluidics chip. As seen for the FRR, increasing hydrophobicity within the 

PLGA copolymer results in higher protein loading [232, 233]. PLGA 85:15 is the most hydrophobic of 

the three PLGA copolymers tested due to larger percentage of lactic acid (85%).  EE% were 

approximately 12 - 22%, 25 - 30% and 36 - 40% for PLGA 50:50, 75:25 and 85:15 respectively. These 

results demonstrate that the manufacturing process of these nanoparticles can be run at various 

processing speeds without changing the encapsulation efficiency of the antigen. Furthermore, these 

results correlate with the size results obtained where no differences in size were seen when altering 

the TFR for the production of nanoparticles.  
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Figure 4.11 Effect of the total flow rate (TFR) on the physicochemical characteristics of the PLGA NPs 
produced using microfluidics at FRR 1:1 and encapsulating OVA as a model antigen: (A) Particle size 
and particles size distribution, (B) zeta potential and (C) encapsulation efficiency. Results represent 
mean ± SD of at least triplicate measurements. 
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4.4.6 Effect of the initial antigen concentration loaded in the physicochemical 

characteristics and encapsulation efficiency of the PLGA nanoparticles 

To consider the impact of varying OVA dose, different OVA concentrations (0.2, 0.5 and 1 mg/mL) 

were loaded in-line with the microfluidics system at a selected TFR of 10 mL/min and FRR 1:1.  

Physicochemical characteristics of the formulations are shown in Figure 4.12. The size of the particles 

notably increased for PLGA 85:15 nanoparticles from 300 nm to 800 nm (Figure 4.12A). In contract, 

PLGA 75:25 nanoparticles showed only small changes in size (from 240 nm to 300 nm), and PLGA 50:50 

nanoparticles remained approximately the same (112 to 130 nm). All the nanoparticles were highly 

anionic and no significant differences were found in terms of zeta potential as well as for the PDI 

values (Figure 4.12A-B).  

In terms of varying the initial antigen concentration, no clear trend could be observed on loading 

efficiency (Figure 4.12C, D and E); antigen loading in PLGA 50:50 nanoparticles was approximately 20% 

irrespective of the initial antigen concentration tested. On the other hand, PLGA 85:15 and 75:25 

showed a decrease in EE% when increasing the initial antigen concentration. PLGA 85:15 and 75:25 

encapsulated ~55% OVA when 0.2 mg/mL where loaded and the EE% went down to 30% when OVA 

concentration was increased up to 0.5 mg/mL or 1 mg/mL (Figure 4.12D). The same trend was 

observed for PLGA 85:15 NPs which encapsulated ~47% at the lowest OVA concentration and down 

to 36% when increasing the initial OVA concentration (Figure 4.12E). Although the EE% was decreased 

upon increasing OVA concentration, the amount of protein loaded increased. 

Studies published in literature have shown the change in the physicochemical characteristics of 

adjuvants systems upon incorporation of antigen [238]. In general, encapsulation of antigens within 

the nanoparticles provokes an increase in particle size. For example, Kissel et al investigated the 

loading of BSA onto block polymers at different concentrations and showed that increasing BSA 

concentration produced an increased in the polymer MPs size [239]. Yet, other studies have shown 

that incorporation of antigen does not affect the physicochemical characteristics of the nanoparticles. 

For example, Azizi et al. produced BSA loaded PLGA 50:50 NPs using different BSA concentrations 

(from 0.01 to 1% w/v) and the particle size of the NPs did not change upon increasing the protein 

concentration [240]. Furthermore, it is to be expected that increasing the initial antigen concentration 

can increase the total antigen incorporated until the system is saturated, however this translates into 

a decreased encapsulation efficiency as seen for other adjuvant systems [241]. Therefore the 

antigen/polymer ratio can be an important parameter to consider. 
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Figure 4.12 Effect of the initial antigen concentration loaded on the physicochemical characteristics of the PLGA NPs produced using microfluidics at FRR 1:1 
and TFR 10 mL/min: (A) Particle size and particles size distribution and (B) zeta potential. The encapsulation efficiency (solid line) vs amount of antigen loaded 
(dotted line) for (C) PLGA 50:50, (D) PLGA 75:25 and (E) PLGA 85:15. Results represent mean ± SD of triplicate measurements. 
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4.4.7 Varying the antigen incorporated within the nanoparticles 

Further investigation into the effect of the type of antigen loaded was carried out at TFR of 10 mL/min 

and FRR 1:1. This flow rate ratio produces the largest particle sizes for all three PLGA copolymers 

studied and therefore, was chosen as large particle sizes are needed for pulmonary delivery. The 

selected antigens were: BSA due to its larger molecular weight (Mw 66.5 kDa), and TB vaccine 

candidate H56 (Mw 48.3 kDa), which will be the antigen used for the pulmonary delivery of a 

tuberculosis vaccine.  Antigen loading was measured via ESLD and the calibration curves are shown in 

Figure 4.13. Calibration curves for the different proteins used during this project are depicted in Figure 

4.13A, B and C. The R2 shows a good linearity for all three calibration curves, being R2 > 0.998 and the 

calculated LOQ and LOD were 0.03 and 0.01 mg/mL respectively for OVA and H56, whereas for BSA 

LOQ was 0.05 mg/mL and LOD 0.01 mg/mL Figure 4.13D.  

Figure 4.13 Calibration curves calculated from the HPLC-UV responses: (A) Ovalbumin standards, (B) 
H56 TB antigen standards, (C) Bovine Serum Albumin standards and (D) calculated limit of detection 
and limit of quantification for each antigen. Results represent mean ± SD of triplicate measurements. 
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by BSA-loaded PLGA NPs and H56-PLGA NPs as shown in figure 4.14. The same trend was observed by 

PLGA 85:15 which produced large particles of approximately 600 nm when loaded with BSA and OVA, 

but in contrast, loading of H56 produced smaller particles of 270 nm. This differences in size when 

using H56 antigen for the loading of the copolymers might be due to the buffer in which this antigen 

is produced, as it contains glycine and might alter the formation of the particles. All particles were 

highly anionic and homogeneous in nature with PDIs below 0.3. 

Regarding antigen loading, no significant differences were observed for the PLGA 75:25 NPs which 

were able to encapsulate 30-35% of the initial amount loaded into the system. On the other hand, 

PLGA 85:15 NPs showed lower encapsulation values for BSA (approx. 26%) and similar encapsulation 

for the other two antigen tested. This might be explained by the bigger molecular weight of BSA which 

results in a reduced encapsulation efficiency. Indeed similar results have been shown by Koppolu et 

al. when loading different size molecular weight proteins (insulin, OVA, BSA and Concanavalin A) into 

chitosan based delivery systems [242]. The smallest molecular weight (insulin 6 KDa) resulted in near 

100% EE whereas 66.5 KDa BSA resulted in 56 %EE. OVA and H56 have similar molecular weights and 

therefore no significant differences were observed in their loading. 

 

Table 4.4 Effect of the initial antigen concentration loaded on the physicochemical characteristics and 
antigen loaded of the PLGA NPs produced using microfluidics at FRR 1:1 and TFR 10 mL/min. Results 
represent mean ± SD of triplicate measurements. 

Ovalbumin (OVA) 

 Particle size (nm) ± SD PDI ± SD ZP (mV) ± SD EE (%) ± SD 

PLGA 50:50 135.2 ± 8.8 0.23 ± 0.06 -32.4 ± 5.4 21.2 ± 6.2 

PLGA 75:25 297.2 ± 12.0 0.28 ± 0.05 -51.1 ± 2.9 35.0 ± 1.1 

PLGA 85:15 608.2 ± 36.0 0.3 ± 0.07 -47.31 ± 2.1 36.3 ± 5.9 

Bovine Serum Albumin 

 Particle size (nm) ± SD PDI ± SD ZP (mV) ± SD EE (%) ± SD 

PLGA 50:50 137.81 ± 6.2 0.11 ± 0.02 -37.8 ± 2.4 24.8 ± 3.6 

PLGA 75:25 238.9 ± 8.8 0.26 ± 0.02 -53.5 ± 1.7 31.0 ± 6.7 

PLGA 85:15 613.2 ± 72.2 0.35 ± 0.06 -46.4 ± 2.0 22.6 ± 2.4 

Hybrid 56 (H56 TB Ag) 

 Particle size (nm) ± SD PDI ± SD ZP (mV) ± SD EE (%) ± SD 

PLGA 50:50 151 ± 5.7 0.24 ± 0.02 -32.8 ± 1.6 8.6 ± 0.3 

PLGA 75:25 177.6 ± 3.1 0.13 ± 0.02 -47.6 ± 2.3 34.8 ± 45 

PLGA 85:15 270.2 ± 11.3 0.16 ± 0.01 -43.6 ± 1.8 38.0 ± 1.7 
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4.4.8 The effect of the addition of a stabiliser into the PLGA nanoparticles 

The effect of the incorporation of surfactants/stabilisers into the PLGA NPs formulated using 

microfluidics was studied. Polyvinyl alcohol (PVA) is a non-anionic surfactant which is one of the most 

common stabilisers used during the emulsification method for the preparation of PLGA particles. PVA 

favours the emulsification process and avoids the aggregation of PLGA droplets [243]. For this reason, 

different amounts of PVA were incorporated into the formulations to consider if this enhanced particle 

stability [244-247]. Due to the high hydrophilicity of this polymer, PVA was added into the aqueous 

phase (Tris buffer pH 7.4, 10 mM). Size measurements of the different PLGA nanoparticles 

encapsulating H56 antigen (0.2 mg/mL) with or without PVA and a stability study over a period of one 

month are shown in Figure 4.14. Incorporation of PVA produced larger particle sizes, increasing the 

particle size from 200 nm to 300 nm with the addition of 2% PVA (Figure 4.14A). Although addition of 

PVA resulted in a decreased PDI (Figure 4.14A), all four formulations showed PDIs below 0.2, which 

are representative of a homogeneous particle size population within the samples. The zeta potential 

of the PLGA nanoparticles changed from highly anionic to neutral upon addition of PVA in the 

formulations (Figure 4.14B). This results from the incorporation of PVA on the surface of the NPs which 

results in a shield of the charge as PVA forms an interconnected network with the PLGA polymer at 

the interface [243]. Overall, all four formulations (no PVA, 0.5% PVA, 1% PVA and 2% PVA) were stable 

over the period of time studied, demonstrating that there is no need for the incorporation of a 

stabilizer in these formulations (Figure 4.14C-D). 

Chiesa et al. added the same concentrations of PVA into PLGA 75:25 NPs manufactured through 

microfluidics and showed that increasing PVA concentration resulted in increased NP size from 

approximately 200 to 500 nm and lower PDIs. The measured zeta potential was also reduced upon 

incorporation of PVA [223]. Kumar et al investigated the loading of insulin in PLGA50:50 and 75:25 NPs 

and demonstrated that addition of stabilisers into the formulation increased the particle size [248]. In 

contrast, other reported work using the w/o/w for the production of NPs showed that increasing 

surfactant concentration produces smaller particle sizes and the lack of stabiliser increases the particle 

size [249]. This may be due to the stabiliser being added to stabilise the emulsion during the formation 

of the NPs. However, in the case of microfluidics, the nanoparticles are formed rapidly due to 

nanoprecipitation thereby circumventing the need for additional stabilisers such as PVA. Indeed, such 

stabilisers may undermine the nanoprecipitation process. Chiesa et al. hypothesised that the increase 

in viscosity due to incorporation of PVA into the microfluidics systems might decrease the mixing 

speed and therefore, favour the formation of larger particles [223]. 
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Figure 4.14 Effect of the incorporation of different concentrations of PVA as stabiliser in the PLGA 75:25 nanoparticles formulated using microfluidics TFR 10 
mL/min and FRR 1:1: (A) particle size (grey dots) and PDI (black dots) and (B) Zeta potential. A stability study of the particles was carried out for a month: (C) 
particle size and (D) size distribution of H56 loaded PLGA 75:25. Different amounts of PVA (0.5%, 1% and 2%) were added into the aqueous phase in order to 
compare the stability of the nanoparticles over the period of one month. Results represent mean ± SD of triplicate measurements.
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4.4.9 Morphological characterisation of the PLGA nanoparticles 

The morphology of the polymeric NPs was analysed by microscopic techniques such as SEM and 

CryoTEM. CryoTEM images of the nanoparticles of PLGA 75:25 reported spherical and regular shaped 

particles with a smooth outer surface (Figure 4.15). The importance of surface examination of these 

NPs is related to the antigen release profile. Any change or asymmetry will provoke a faster release 

due to the increase of surface area [250]. 

 

 

Figure 4.15 (A-B) CryoTEM micrographs of PLGA 75:25 nanoparticles manufactured using microfluidics 
at TFR 10 mL/min and FRR 5:1. Particles are in the nanometre range and show a regular and spherical 
shape. 

 

SEM produces 3D images with high resolution which allow for particle surface examination. Images of 

empty PLGA 75:25 NPs manufactured at different FRR show spherical, regular-shaped nanoparticles 

with a smooth surface (Figure 4.16). Size and size distribution correlated with the results obtained 

from the DLS. Images revealed samples with a satisfactory polydispersity index, with small size. The 

agglomeration/clumping displayed by the PLGA nanoparticles prepared at FRR 3:1 and 5:1 (Figure 

4.16) might be due to the smaller size compared to PLGA NPs manufactured at FRR 1:1 and it might 

be due to the sample melting under the electron beam.  

The morphology of the antigen loaded polymeric nano- and microparticles was analysed by scanning 

electron microscopy (SEM). SEM produces 3D images with high resolution which allow for particle 

surface examination. Images of PLGA 85:15, 75:25 and 50:50 NPs manufactured by using microfluidics 

at TFR 10 mL/min and FRR 1:1 are shown in Figure 4.16. Two different methods to purify these 

particles were used: dialysis and tangential flow filtration. SEM micrographs showed spherical, 

regular-shaped nanoparticles with a rough surface. Size and size distribution correlated with the 

A B 
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results obtained from the DLS. Images revealed samples with a satisfactory polydispersity index and 

with small size except for the PLGA 85:15 nanoparticles.  

  

 

 

Figure 4.16 SEM micrographs (A) empty PLGA 75:25 NPs FRR 1:1 (B) empty PLGA 75:25 NPs FRR 3:1, 
(C) empty PLGA 75:25 NPs FRR 5:1, (D) antigen loaded PLGA 85:15  , (E) antigen loaded PLGA 75:25 
FRR 1:1 after dialysis, (F) antigen loaded PLGA 50:50  FRR 1:1 after dialysis, (G) antigen loaded PLGA 
85:15 FRR 1:1 after TFF, (H) antigen loaded PLGA 75:25 FRR 1:1 after TFF and (I) antigen loaded PLGA 
50:50  FRR 1:1 after TFF. 

 

4.4.10 PLGA nanoparticles: Antigen release studies 

Various factors can affect the antigen release from PLGA nanoparticles. Particle size, the 

lactide:glycolide ratio, molecular weight and morphology have shown to influence the degradation 

rates of the PLGA particles [251-254]. Antigen release studies were carried about for all three PLGA 

copolymers in order to evaluate the influence of the monomer ratio. Besides PLGA NPs produced at 
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TFR 10 mL/min and FRR 1:1 and 5:1 were selected as these microfluidic process parameters produced 

the largest and smallest particle sizes respectively. The effect of the temperature on the release of the 

model antigen OVA was also studied, thus, release studies at 37°C and at 4°C were carried out. As 

these particles are meant to be delivered into the deep lungs, they will be cleared by the macrophages 

in rapidly, therefore, the antigen released was studied for a period of 6 hours. 

Figure 4.17 shows the physicochemical characteristics of the OVA loaded PLGA NPs manufactured 

using FRR 1:1 as well as the amount of OVA remained inside these PLGA NPs during the release study 

at 37°C for 6 hours. The size of the nanoparticles has been reported previously in this chapter, with 

PLGA 50:50 showing the smallest particle size, followed by PLGA 75:25 and PLGA 85:15. The particle 

size of the PLGA NPs did not significantly change during the release for PLGA 85:15 and 75:25 NPs 

whereas for PLGA 50:50 NPs it decreased by 20 nm at the end of the study (Figure 4.17A-F). Regarding 

ZP, no significant differences were observed during the period studied (Figure 4.17G). The total 

amount of antigen released from the PLGA NPs was approximately 38%, 44% and 55% for PLGA 75:25, 

85:15 and 50:50 respectively (Figure 4.17H). PLGA 75:25 NPs showed the slowest antigen release for 

the three copolymer studied. It has been reported in literature that the intrinsic properties related to 

the PLGA monomer ratio dictate the release profile of the particles. In general, the highest content of 

PLA releases in a slower manner,  therefore PLGA 85:15 should release the slowest, although these 

results demonstrate that PLGA 75:25 releases antigen faster than the other two copolymer tested 

[102]. When the release studies for the FRR 5:1 were carried out a different trend was seen (Figure 

4.18). The size of the PLGA 75:25 and 85:15 NPs decreased during the study from approximately 165 

to 140 nm and from 197 to 147 nm respectively, whereas PLGA 50:50 NPs did not change in size during 

the period studied (Figure 4.18A-F). Again the ZP of the PLGA NPs remained invariable as shown in 

Figure 4.18G. In this case, PLGA 75:25 and 50:50 released protein the fastest, 50% of the initial amount 

loaded was released within the 6 hours. In contrast, PLGA 85:15 released the antigen the slowest in 

correlation with literature (~40%). The final study was performed on OVA loaded PLGA NPs produced 

at FRR 1:1 but this time the release study was studied at 4°C. Decreasing the temperature of the 

release study did not alter either the particle size nor the ZP of any of the three PLGA copolymers 

studied (Figure 4.19A-G). PLGA NPs released in a slower manner compared to the NPs released at 37°C 

(Figure 4.19H). PLGA 85:15 and 75:25 both released approximately 30% of the initial payload whereas 

PLGA 50:50 released the fastest (~45%). The reason behind the influence of the temperature during 

the release of the antigen is due to the reduced degradation time. PLGA degrades by hydrolysis and 

temperature acts as a catalyser accelerating this process. Thus, increasing temperature resulted in an 

increase of antigen release. 
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Many studies have reported the influence of the copolymer ratio in the degradation rate of the 

particles and therefore its influence in the protein/drug release profile [102]. Commonly PLGA NPs 

and MPs show a biphasic release profile characterised by an initial burst release of the payload located 

near the surface, followed by a sustained release due to polymer degradation. Results reported here, 

show the biphasic profile typical of these copolymers. It is hypothesised that the period of time studied 

for the antigen release (i.e. 6 hours) represents the initial burst. For example, Swed et al. loaded 

lysozyme inside PLGA 75:25 NPs (400 nm, 70% EE and -30 mV) and showed that 20% of the payload 

was released during the first hours, followed by 45% release after 24 hours and a sustained released 

of 60% up to 30 days [255]. Here, all three studies showed that PLGA 50:50 NPs release faster than 

the other two copolymers tested. This has been widely observed in literature. PLGA 50:50 has the 

fastest degradation time of all the PLGA copolymers available. PLGA 50:50 MPs encapsulating 

Hepatitis B antigen released faster that the PLGA 75:25 MPs [235]. These could be explained by the 

smaller particle size of the MPs and the higher hydrophilicity of the copolymer 50:50 [235]. PLGA 85:15 

and 75:25 showed a slower release of OVA as expected due to their higher hydrophobicity and thus, 

slower degradation rate. A decrease in the temperature reduced the antigen release in all three 

copolymers compared to the release at 37°C which it is suggested to be a result of the increased 

degradation of the polymer at higher temperature (37°C). Keles et al. studied the effect of 

temperature (50°C and 70°C) on the degradation rates of PLGA 50:50, PLGA 75:25 and PLA, and 

showed that the higher the glycolic ratio the faster the polymer degrades [256]. On the other hand, 

when PLGA NPs at FRR 5:1 were studied, both PLGA 75:25 and 50:50 showed a similar release pattern. 

This might be explained by the decrease in particle size and protein loading observed by the PLGA 

75:25 NPs at that FRR (~160 nm and ~16% loading) compared to the particles produced at FRR 1:1 

(~210 nm and ~30% loading). Besides, the polymer recovery of this formulation, as described in section 

4.4.4, was the lowest of all three FRRs tested (FRR 1:1 was ~80%; FRR 5:1 was ~63%). Therefore it is 

hypothesised that a combination of intrinsic factors of this formulation resulted in a faster protein 

release profile. For example, Panyam et al. studied the influence of particle size on BSA-loaded PLGA 

50:50 particles of 0.1, 1 and 10 µm and showed that the smaller particles released faster than the 

larger ones (BSA loading was ~90% at any of the particle sizes produced) [257]. 
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Figure 4.17 Particle size and PDI of the PLGA (A) 50:50, (B) 75: 25 and (C) 85:15, (D-F) overlay intensity plots and (G) ZP values at the selected time points 
measured for the release study. (H) Release study at 37°C of the PLGA 85:15, 75:25 and 50:50 nanoparticles manufactured by using microfluidics at a TFR of 
10 mL/min and FRR 1:1. Results represent mean ± SD of at least triplicate measurements. 
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Figure 4.18 Particle size and PDI of the PLGA (A) 50:50, (B) 75:25 and (C) 85:15, (D-F) overlay intensity plots and (G) ZP values at the selected time points 
measured for the release study. (H) Release study at 37°C of the PLGA 85:15, 75:25 and 50:50 nanoparticles manufactured by using microfluidics at a TFR of 
10 mL/min and FRR 5:1. Results represent mean ± SD of at least triplicate measurements. 
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Figure 4.19 Particle size and PDI of the PLGA (A) 50:50, (B) 75:25 and (C) 85:15, (D-F) overlay intensity plots and (G) ZP values at the selected time points 
measured for the release study. (H) Release study at 4°C of the PLGA 85:15, 75:25 and 50:50 nanoparticles manufactured by using microfluidics at a TFR of 
10 mL/min and FRR 1:1. Results represent mean ± SD of at least triplicate measurements.
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4.4.11 Manufacture of microspheres 

Once the method for preparation of PLGA NPs was studied in detail and optimised, microspheres were 

manufactured in order to get a wide range of PLGA particles to be used for further testing alongside 

nanoparticles in order to examine the relationship of particle size and deposition within the lungs. 

PLGA MPs were formulated using the well-known w/o/w method. PLGA particles formulated by this 

method were all in the micrometre range. Given the large volume of work already reported for these 

systems, only key characteristics (size, heterogenicity, ZP, morphology and antigen loading) were 

considered. Figure 4.20A depicts the sizes of the empty MPs obtained according to the different 

percentiles for each PLGA copolymer and the size distribution of the particles is represented by the 

SPAN number in Figure 4.20B. PLGA 85:15 microspheres produced the largest sizes, followed by PLGA 

75:25 microspheres and PLGA 50:50. Due to the addition of PVA during the preparation of these 

microparticles, the zeta potential values measured were near neutral (Figure 4.20C). This reflects the 

presence of residual PVA in the surface of the microparticles, which was not completely removed after 

the three centrifugation washing steps performed during the MP production. When OVA was 

incorporated into the formulation, microspheres sizes did not change (Figure 4.20D). No significant 

differences were observed on the mean particle size measured for all three copolymers.  In general, 

10% of the particles within the samples were around 500 nm, 50% of the particles were in the range 

between 1 - 1.3 µm and 90% of the particle size population were below 2 µm. Zeta potential values 

remained neutral after encapsulation of antigen (Figure 4.20E). Encapsulation efficiency was lower 

compared to the nanoparticles produced using microfluidics. The highest loading was shown by the 

PLGA 85:15 copolymer which also showed the highest antigen encapsulation during nanoparticle 

production. In contrast, PLGA 50:50 showed the lowest encapsulation, being approximately 12% 

(Figure 4.20F).  

As mentioned previously in this chapter (section 4.4.5.1), the methyl side group present on the lactic 

acid moiety of the copolymer might influence the size of the particles produced. Thus, the copolymer 

with higher lactic acid ratio resulted in the largest particle sizes when ‘empty’ MPs were produced. 

Moreover, PLGA 85:15 MPs showed the highest EE correlating to published data [232]. 
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Figure 4.20 Physicochemical characteristics (A, D) Particle size, (B, E) SPAN, (C, F) Zeta potential and (G) encapsulation efficiency (EE %) of the (A-C) empty 
and (D-G) antigen loaded microspheres produced using the double emulsion method. Results represent mean ± SD of at least triplicate measurements. 
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The morphological analysis of the PLGA microparticles by SEM showed uniform, spherical 

microparticles with rough surface and in the micrometre range (Figure 4.21). The particle size from 

the SEM micrographs correlates to the particle size values obtained by DLS. 

 

 

Figure 4.21 SEM micrographs PLGA microparticles encapsulating ovalbumin as a model antigen: (A-
A’) PLGA 85:15, (B-B’) PLGA 75:25 and (C-C’) PGA 50:50 at two different magnifications for better 
examination of the MP surface. 

 

4.5 Conclusions 

Altering the control parameters (FRR) of the microfluidics system has shown to control the size of the 

PLGA nanoparticles obtained as well as the PLGA ratio used with sizes between 95 to 340 nm being 

prepared depending on the parameters and polymer ratio selected. Furthermore the TFR and 

therefore the output capability of the system did not impact on these parameters demonstrating the 

suitable scalability of this system. The formed PLGA nanoparticles were spherical and regular shaped 

particles with a smooth outer surface suitable for pulmonary delivery. Encapsulation of the H56 

tuberculosis antigen was achieved via a one-step in-line microfluidics process showing medium 

antigen loading (from 20 to 40%). Microfluidics has shown to be a fast, reproducible and easy method 

for the production of PLGA nanoparticles. However, the microfluidics system was limited to particles 

below 500 nm which may require further modification for appropriate cell uptake/lung deposition. 

A B C 

75:25 MS L 85:15 MS L 50:50 MS L A’ B’ C’ 



Chapter 4: Manufacture of PLGA particulate delivery systems 
 

164 
 

PLGA MPs were also formulated in order to have a wide range of particle sizes for further lung uptake 

and deposition studies.  
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5.1  Introduction 

Mycobacterium tuberculosis bacilli can spread through the air from one person to another resulting in 

infection within the lungs. Commonly, alveolar macrophages (AM) are the first line of defence for the 

clearance of inhaled pathogens. However in the case of TB, AMs are the host site for the infection and 

this undermines the ability of these macrophages to promote protection. Therefore, formulation of 

an inhalable delivery system containing TB antigens to target the site of infection could be an 

interesting approach for the development of a subunit vaccine against this disease. Nano- and 

microparticles formulated using materials approved by the FDA and EMA for human use (e.g. PLGA) 

have been extensively investigated for pulmonary delivery due to their high safety profile. PLGA 

particles suffer hydrolytic degradation when stored in liquid environment for prolonged periods of 

time. Therefore, techniques such as freeze drying are used to overcome this problem. Preparation of 

PLGA delivery systems as dry powders can increase the stability of these particles and allow for the 

engineering of particles with suitable aerodynamic parameters to achieve deposition in the 

appropriate lung region. In this regard, particle size is one of the main factors dictating the aerosol 

deposition in the airways. There are three possible mechanisms for particle deposition (impaction, 

sedimentation and diffusion) and the mechanism is influenced by the size of the formulated particles. 

Particles larger than 5 µm will be most likely deposited in the upper airways due to impaction whereas 

particles from 0.5 µm and 5 µm will be deposited due to sedimentation in the lower airways. Particles 

smaller than 0.5 µm, due to random Brownian motion will be most likely deposited in the alveoli by 

diffusion, the main drawback is that due to the small particle size, these particles might be exhaled. 

Thus, an optimum particle size for pulmonary delivery with deposition in the lower airways would be 

between 0.5 and 5 µm. 

 

5.2 Aim and objectives 

This study aimed to develop dry powders for inhalation containing PLGA as delivery system for the 

delivery of the H56 tuberculosis antigen into the deep lungs (alveoli). To achieve this, the main 

objectives studied were: 

1. Particle engineering of the PLGA nanoparticles: selection of cryoprotectant and freeze drying 

method for the preparation of dry powders. 

2. Aerodynamic diameter and particle deposition within the lungs using a Pharmacopoeia 

approved airway simulator. 

3. Thermal and morphological microscopy for the characterisation of the dry powders. 
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4. In vitro viability, uptake and processing of the PLGA nano- and microparticles in three 

macrophages cell lines. 

 

5.3 Materials and methods 

5.3.1 Materials 

For the preparation of delivery systems, poly(lactic-co-glycolic acid) 85:15 (Mw: 50,000-75,000), 75:25 

(Mw: 66,000-107,000), 50:50 (Mw: 30,000-60,000), the model antigen ovalbumin (OVA), sodium 

hydroxide (NaOH), sucrose, L-leucine and the stabiliser polyvinyl alcohol (PVA Mw: 31,000) were 

purchased from Sigma-Aldrich Company Ltd., Poole, UK. DQ-ovalbumin™ and Dil Stain (1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DilC) were purchased from 

ThermoFisher Scientific (Loughborough, UK). The tuberculosis vaccine candidate H56 was donated by 

Statens Serum Institut (SSI), Copenhagen, Denmark. 2-amino-2-(hydroxymethyl)-1,3-propanediol 

(Tris) was obtained from ICN Biomedicals Inc. (Aurora, OH, US) and prepared at a 10 mM concentration 

and pH 7.4 unless otherwise stated. Acetonitrile (ACN), trifluoroacetic acid (TFA) and all other reagents 

were of analytical grade and purchased from commercial suppliers.  

 

5.3.2 Preparation of PLGA nanoparticles  

PLGA nanoparticles were manufactured by the microfluidics method using the Nanoassemblr™ 

Benchtop (Precision Nanosystems Inc., Vancouver, Canada). Briefly, polymer (either PLGA 85:15, 75:25 

or 50:50) was dissolved in acetonitrile at a concentration of 10 mg/mL (1% w/v). For the production 

of empty nanoparticles, Tris buffer was used as aqueous phase whereas for antigen loaded 

nanoparticles, antigen (OVA or H56) was loaded in the aqueous phase. The process parameters TFR 

10 mL/min and FRR 1:1 were selected and a fixed waste volume was discarded during the production 

in order to get the core sample (initial and final waste volume of 0.25 and 0.05 mL, respectively). 

Polymer in solvent and buffer phase were injected into the systems at the selected parameters and 

the produced PLGA nanoparticles were collected in the outlet. To remove solvent, samples were 

loaded into a dialysis membrane (Mw= 12,000-14,000 Da, Sigma-Aldrich Company Ltd., Poole, UK) and 

dialysed for one hour against 250 mL of Tris buffer. 
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5.3.3 Purification of the PLGA nanoparticles: removal of non-encapsulated antigen 

PLGA nanoparticles were purified through this system (KR2i TFF System®, SpectrumLabs, US) at 27 

mL/min and they were washed 12 times with buffer (12 washes per 1 mL sample) in order to remove 

non encapsulated antigen. Due to the incompatibility of the column with the acetonitrile used for the 

preparation of the nanoparticles, 1 hour dialysis was carried out prior passing the samples through 

the TFF for removal of the organic solvent. The column used for these purpose was a 750 kDa mPES 

column which is slightly negatively charged. 

 

5.3.4 Preparation of PLGA microparticles by the double emulsion method 

Briefly, 20 µL of buffer or OVA (10 mg/mL stock) were mixed with 417 µL of 3% PLGA in chloroform 

and vortexed for 1.5 min in order to form the initial primary emulsion. This primary emulsion was then 

mixed with 10 mL of PVA (10% w/v in dH20)  using high speed homogenization (Homogenizer 

Ultraturrax T25, IKA laboratories) at 8000 rpm during 3 min. Samples were left stirring overnight to 

remove chloroform. The next day, samples were centrifuged (Hermle Z323K, Labnet International Inc., 

US.) and washed three times with 10 mL of dH20 for 20 min at 5500 x g. After the final washing step, 

the microparticles were reconstituted with Tris buffer. 

 

5.3.5 Freeze drying of nano- and microparticles 

The process involves freezing a liquid product, and then removing the water by sublimation under 

reduced pressure. Under such conditions, a liquid-to-solid-to-vapour transition occurs at low 

temperatures and reduced pressures, resulting in a dry product. The inclusion of cryoprotectants such 

as sugars and/or amino acids is generally a prerequisite in order to preserve the initial physicochemical 

characteristics of the manufactured particles. Table 5.1 shows the cryoprotectants used during the 

development of the method. 
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Table 5.1 Type and concentration of cryoprotectant used for the formulation of PLGA nanoparticles 
in powder format. 

Cryoprotectant Concentration (w/v) (%) 

 

Sucrose 

 

3%, 5%, 7%, 10% 

Leucine 0.5%, 0.7%, 1% 

Sucrose + Leucine 3 + 0.7%, 3 + 1%, 10 + 0.7%, 10 + 1% 

 

For the preparation of the polymer particles for freeze drying, samples were manufactured using 

microfluidics and the double emulsion solvent evaporation method. For microfluidics, 1 mL of 

cryoprotectant was added into 1 mL nanoparticle formulation. For microsphere formulation, the 

cryoprotectant was used to reconstitute the microspheres after the third washing step. Both, nano- 

and microparticles were frozen for minimum 2 hours at -80°C and then introduced into the freeze 

drying machine with the following settings: main drying was set at -50°C for 18 hours and final drying 

was set at -20°C for 6 hours. These setting were based on a modification of the method developed by 

Mohammed et al. [258, 259].  

 

5.3.6 Antigen release study of PLGA reconstituted nanoparticles 

Purified PLGA nanoparticles encapsulating OVA (1 mL) were transferred to dialysis tubing (300 kDa) 

and introduced into a beaker containing 40 mL of release media (PBS pH 7.4 10 mM). This beaker was 

incubated at 37°C in a shaking bath at 60 rpm. Antigen release was measured by quantification of the 

remaining antigen concentration inside the nanoparticles at 1, 4 and 6 hours. 

 

5.3.7 HPLC-UV for antigen quantification 

Quantification of the protein loading within the PLGA nanoparticles was performed by reverse phase 

HPLC (RP-HPLC) using a UV detector. Jupiter 5 µ C18(2) column (Phenomenex) pore size 300 Å was 
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used as stationary phase. For the preparation of the calibration standards, proteins were dissolved in 

0.1 M NaOH/Tris buffer (1:1 v/v) and heated up for approx. 1.5 - 2 hours in a waterbath at 35°C. 

Samples were prepared in the same fashion but in this case just adding NaOH as the samples are 

formulated in Tris buffer. A gradient elution method was followed and both mobile phases contained 

the same solvents in different proportions (Mobile phase A: 90% H20, 10% acetonitrile and 0.1% TFA; 

Mobile phase B: 70% acetonitrile, 30% H20 and 0.1% TFA) in order to favour the mixing of both phases 

during the run. The instrument settings were as follows: 50 µL injection volume, flow rate 1 mL/min, 

UV wavelength 210 nm and column temperature either 25°C (OVA) or 60°C (H56). 

 

5.3.8 HOT-stage microscopy 

Hot stage microscopy was used to study the melting temperatures of the PLGA powders and the 

starting materials. A hot stage (MettlerToledo FP90HT, Switzerland) with a Mettler Toledo central 

processor was attached to the microscope. The powder sample was mounted on a microscope glass 

slide with a coverslip and heated from 30°C to 300°C at a rate of 6°C/min. Images were recorded using 

a Leica camera attached to the microscope. 

 

5.3.9 Dynamic Light Scattering 

5.3.9.1 Malvern nano ZS 

The particle size of the polymer nanoparticles was determined by dynamic light scattering (DLS) using 

a Malvern nano ZS (Malvern Instruments, Worcestershire, UK). Three measurements at 25°C were 

conducted on the samples, which were previously diluted in filtered Tris buffer (10 mM, pH 7.4). For 

zeta potential samples were diluted in the same fashion as for the size and a cell capillary 

electrophoresis cuvette was used. For collection and data analysis Malvern Dispersion Technology 

Software (DTS) v.7.12 (Malvern Instruments, Worcestershire, UK) was used. 

 

5.3.9.2 Mastersizer 2000 

The size of the microparticles was determined by laser diffraction analysis using a Mastersizer 2000 

(Malvern Instruments). Samples were dispersed into the sample dispersion cell unit until the right 

obscuration was obtained (above 10%) while stirring at 2000 rpm. Water was used as dispersant agent 

and PLGA refractive index was set at 1.43. Three measurements of each sample were recorded every 
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12 seconds. For zeta potential, Zetasizer nano ZS was used. Samples were diluted in Tris buffer in the 

same fashion as the nanoparticles (20-fold dilution).  

 

5.3.10 Scanning electron microscopy 

Antigen loaded PLGA micro- and nanoparticles (sample) were fixed and air dried onto a metal stub 

and then coated with gold and observed under the microscope. This procedure was carried out by 

David McCarthy from DMmicroscopy. 

 

5.3.11 Pharmacopoeia airway simulator: Next Generation Impactor (NGI) 

The in vitro aerosol dispersion performance of the PLGA-loaded dry powders was determined using a 

Next Generation Impactor (NGI™; Copley Scientific Ltd., Nottingham, UK) equipped with vacuum 

pump (Model HCP5) and a critical flow controller (TPK 2000). In brief, approximately 20 mg of powder 

sample was manually filled into a size 3 hydroxypropyl methyl cellulose (HPMC) capsule and inserted 

into the aeroliser (Plastiape Monodose Dry Powder Inhaler, Plastiape S.p.a, Milan, Italy). By pushing 

the side buttons of the aeroliser, the end of the capsules were punctured prior to aerosolisation. The 

air flow rate was verified and adjusted to 60 ± 5% L/min using an electronic digital flow meter. The 

aeroliser with the punctured capsule was attached to the induction port through a silicone 

mouthpiece adaptor. Each capsule was aerosolized at flow rate 60 L/min for 4 s (temperature = 23OC; 

Pa = 101.6 kPa; Relative Humidity = 41.7%). After each shot, the powders deposited in the induction 

port and in all the stages were collected by rinsing with ultrapure water and analysed as percentage 

deposition of the powders using BCA assay. The NGI effective cut-off diameters at 60 ± 5% L/min for 

each impaction stage according to the manufacturer are displayed in Table 5.2. In vitro aerosolisation 

studies were performed in triplicate for each sample and the following equations were used for the 

calculation and analysis of the aerosol performance of the dry powders: 

𝐅𝐢𝐧𝐞 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐝𝐨𝐬𝐞 (𝐅𝐏𝐃)  =  mass of particles on Stages 2 through 7 

𝐅𝐢𝐧𝐞 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐟𝐫𝐚𝐜𝐭𝐢𝐨𝐧 (𝐅𝐏𝐅) =
Fine particle dose

Initial particle mass loaded into the capsules
∗ 100% 

𝐑𝐞𝐬𝐩𝐢𝐫𝐚𝐛𝐥𝐞 𝐟𝐫𝐚𝐜𝐭𝐢𝐨𝐧 (𝐑𝐅) =
Mass of particles on stages 2 to 7

Total particle mass on all stages
∗ 100% 

𝐄𝐦𝐢𝐭𝐭𝐞𝐝 𝐝𝐨𝐬𝐞 (𝐄𝐃) =
Initial mass in capsules − final mass remaining in capsules

Initial mass in capsules
∗ 100% 
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The mass median aerodynamic diameter (MMAD) was calculated from plotting the logarithm of the 

cut-off diameters against the cumulative mass percentage calculated from each stage. From that 

graph, the MMAD was determined as the point where 50% of particle deposition crossed the x-axis. 

Table 5.2 Cut-off diameters of the Next Generation Impactor stages at flow rate 60 ± 5% L/min.  

NGI stages Cut-off diameters 

Stage 1 8.06 µm 

Stage 2 4.46 µm 

Stage  3 2.82 µm 

Stage 4 1.66 µm 

Stage 5 0.94 µm 

Stage  6 0.55 µm 

Stage 7 0.34 µm 

MOC < 0.34 µm 

 

5.3.12 Bicinchoninic acid assay (BCA) for the quantification of polymer recovered after NGI 

The bicinchoninic acid (BCA) assay (Pierce™ BCA Protein Assay Kit, Sigma Aldrich, Poole, UK) was used 

for the quantification of polymer recovered from each stage of the NGI. Briefly, 25 µL of sample was 

pipetted into a 96-well plate and 200 µL of working reagent (reagent A + B at a ratio 50:1 v/v) was 

added on top. The plate was incubated for 30 mins at 37°C and the absorbance was read at 562 nm. 

A standard curve for the calculation of the concentration found was performed in triplicate. PLGA 

loaded nano- or microparticles after freeze drying were used for the preparation of the standard 

curves. 

 

5.3.13 In vitro studies  

In vitro studies for the PLGA nano- and microparticles were carried out in collaboration with Maryam 

Hussain, a fellow Ph.D. student from our group. Cell viability, nanoparticle uptake and antigen 

processing studies were carried out in both loaded PLGA nanoparticles and microparticles. These 

antigen loaded PLGA NPs and MPs formulated by either microfluidics or the double emulsion method 

were tested in vitro in a variety of macrophages cell lines: THP-1, MH-S and RAW264.7. 
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 THP-1 cells – human monocytes  

THP-1 cells were obtained from ECACC (European Collection of Authorized Cell Cultures). They are a 

continuous cell line derived from human blood monocytes. In order to use the cells as macrophages, 

the human monocytes need to be stimulated to undergo differentiation. To induce differentiation, 

Vitamin D3 (VD3) is added to the cells at 100 nM (1:1000 dilution). The cells are then poured into a 

petri dish and left for 48 hours to undergo differentiation. The marker CD14 is used to confirm the 

cells have undergone differentiation into macrophages using flow cytometry. 

 RAW 264.7 cells – mouse macrophages  

RAW264.7 cells were a gift from Dr. Andy Paul (University of Strathclyde, SIPBS). They are a continuous 

cell line derived from macrophages of mouse origin. The cells are adherent and are grown in 

Dulbecco's modification of Eagle medium (DMEM) supplemented with 10% FBS and Penicillin-

Streptomycine allowed to grow till 60 - 70% confluency before being passaged.  

 MH-S cell line – mouse alveolar macrophages  

MH-S cells are mouse derived alveolar macrophages. They are adherent in nature and are circular in 

shape. These cells were obtained from ECACC. The cell line was derived by SV40 transformation of 

adherent alveolar macrophages from a seven week old male. The cells retain many of the properties 

of alveolar macrophages including morphology, phagocytic nature, esterase positive and peroxidase 

negative. Treatment with lipopolysaccharide (LPS) encourages the production of IL-1. The cells are 

grown using complete RPMI with 0.05 M 2-mercaptoethanol and 10% FBS.  

 

5.3.13.1 Cell viability 

For the determination of the cell viability or toxicity after incorporation of the PLGA particles, an in 

vitro colorimetric assay was used. The selected method was the Cell Titre blue (CTB) assay which is 

based on the ability of active cells to convert resazurin into the fluorescent product resorufin. This 

metabolic conversion will cause a visual colour change from blue to pink if cells are alive. The amount 

of live cells can be quantified using a spectrophotometer at 590 nm wavelength. 

Confluent cells (THP-1, MH-S or RAW264.7) were plated on a 96 well plate at a density of 1-2 x106/mL, 

which was calculated by cell counting using a light microscope. Cells were allowed to settle for 24 

hours before addition of the particles and subsequently, PLGA nano- and microparticles were added 

at a concentration of 0.006 - 0.2 mg/mL for 24 hours. CBT was added to these wells at a volume of 20 

µl per 100 µl of media, and left until a colour change occurred (approximately 1 to 5 h). Based on the 
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viable cell difference between the positive control, which was represented by cells without exposure 

to the PLGA particles, and the sample test, cell viability was calculated. Three controls were used 

during the experiments: a negative control containing cells exposed to PLGA particles and lysed, PLGA 

particles in absence of cells and a positive control containing untreated cells.  

 

5.3.13.2 Particle uptake 

For the quantification of the PLGA particles uptake by the three cell lines used, particles were 

fluorescently labelled with the fluorophore 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate (DilC). A small volume of DilC (0.5 µL per mL of sample) was added into the polymer stock 

before formulation of the nano- and microparticles, as larger volumes of DilC increased the size of the 

polymer particles. Fluorescently labelled PLGA NPs and MPs were diluted to a concentration of 20 

µg/ml in serum free RPMI 1640 medium and added at 1:1 v/v ratio to the cells which were plated at a 

density of 1x105 cells/mL in 24 well plates. This mixture was incubated at 37°C 5% CO2 and at specific 

intervals (0.5, 1, 2 and 3 h) 200 µl of co-culture was mixed with 200 µl of ice cold cRPMI before analysis. 

Interaction of fluorescent PLGA NPs and MPs with the cells was analysed via flow cytometry (BD 

FACSCanto) using a minimum of 5000 events per sample. A parallel experiment was carried out with 

the cells kept at 4°C to stop endocytosis as a negative control experiment.  

 

5.3.13.3 DQ-OVA processing 

The DQ™ovalbumin is a self-quenched conjugate used for the quantification of the amount of OVA 

processed by cells. The DQ-OVA is conjugated to the dye BODIPY FL and only fluoresces once the OVA 

undergoes enzymatic degradation by the cells. If degradation occurs the DQ-OVA exhibits bright green 

fluorescence.  

PLGA NPs and MPs encapsulating a mixture (1:1 w/w) of OVA and DQ-OVA were produced by either 

microfluidics or the double emulsion method and diluted to a concentration of 20 µg/ml in serum free 

RPMI 1640 medium and added at 1:1 v/v ratio to the plated cells (cell density 1x105 cells/mL in 24 well 

plates). This mixture was incubated at 37°C 5% CO2 and at selected time points 200 µL of co-culture 

was mixed with 200 µl of ice cold cRPMI before analysis. The cells were then added to flow cytometer 

tubes and measured using the BD FACSCanto at 505/515 nm of excitation/emission wavelengths.  
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5.3.14 Statistical analysis 

One-way ANOVA and two-way ANOVA followed by Tukey’s multiple comparison test were used for 

the data analysis. All the experiments were carried out in triplicate unless otherwise stated. Results 

are the mean of at least 3 measurements ± SD. Standard deviation is plotted as error bars. Results 

p<0.0.5 were considered statistically significant. 

 

5.4 Results and discussion 

In chapter 4, the production of antigen loaded PLGA nanoparticles manufactured using the 

microfluidics was optimised. Therefore, formulations prepared at selected process parameters were 

used for the production of dry powders for inhalation in further experiments. According to the 

obtained results, the TFR did not significantly alter neither the particle size nor the loading of the 

nanoparticles, thus, TFR of 10 mL/min was chosen (since it is medium speed at which nanoparticles 

can be formulated). These particles are aimed to be delivered to the deep lungs, specifically the AM 

which, as reported in literature, should have particle sizes from 500 nm to 5 µm for a better deep lung 

deposition and interaction with AMs [148, 149]. The FRR was the main parameter dictating the particle 

size; therefore, FRR 1:1 was selected as this ratio produced the largest particle sizes. As the loaded 

PLGA nanoparticles produced used microfluidics ranged from 100 nm to 500 nm, further aerodynamic 

modification of the particles is needed. Besides, direct inhalation of the PLGA nanoparticles is not 

possible due to its particle size (sub-micron), as they would be exhaled [260]. Consequently, these 

PLGA NPs were formulated as dry powders using freeze drying with prior addition of cryoprotectants 

to prevent these particles from agglomeration/fusion [134, 261, 262]. 

 

5.4.1 Selection of the adequate cryoprotectant 

One of the main problems limiting the use of PLGA for the development as a delivery system is its 

physical and chemical instability in aqueous suspensions. After a prolonged period of time, PLGA 

particles tend to fuse/aggregate and the payload leaks from the particle due to hydrolytic 

degradation/erosion [263-265]. An optimal method to enhance the nanoparticles stability is freeze 

drying (also known as lyophilisation). Freeze drying generally consists of three steps: freezing 

(solidification), primary drying (sublimation) and secondary drying (desorption) [264]. However, this 

method also promotes fusion or aggregation of the particles, which can occur during the freezing step 

due to the formation of ice crystals and/or during the drying step due to the removal of the water 

content from the formulation [264, 266]. For this reason, cryoprotectants are added prior to freezing 
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to protect and to stabilise the NPs, preserving their physical and chemical characteristics and helping 

with the redispersion of the powder in aqueous media [266-268]. The most common cryoprotectants 

are sugars which exert their stabilising effect through the formation of hydrogen bonds with the polar 

groups at the NPs surface. This hypothesis is known as the water replacement theory which is named 

due to their mechanism of action (sugars act as water substitutes). These sugars create a glassy matrix 

around the nanoparticles, immobilising the nanoparticles and thus avoiding aggregation due to the 

mechanical stress produced during the formation of ice crystals [269]. This protection depends on the 

cryoprotectant ability to form this glassy matrix around the particles which is proportional to the 

cryoprotectant concentration [264, 265]. Another hypothesis of the mechanism of action of sugars is 

the particle isolation theory, which takes place during the freezing step (above Tg) and whereby sugars 

avoid aggregation of the NPs by isolating particles in the unfrozen part [270]. Amino acids such as 

alanine, leucine and glycine are also used in the formulations of dry powders working as dispersibility 

enhancers and improving aerosolisation performance of the powders for inhalation [271-273]. 

Therefore, in order to screen the effect of the addition of cryoprotectants in the PLGA nanoparticles, 

different concentrations of the nonreducing sugar sucrose and the amino acid L-leucine were 

externally added into the samples. Sucrose was added at concentrations of 3%, 5%, 7% and 10% (w/v) 

whereas L-leucine was added it a concentration of 0.5%, 0.7% and 1% (w/v). Samples were freeze-

dried for 24 hours and then reconstituted with ultrapure water prior to measure their physicochemical 

characteristics including size, PDI and zeta potential. 

 

5.4.1.1 Effect of sucrose 

The PLGA-NP produced using microfluidics at a total flow rate of 10 mL/min and a flow rate ratio of 

1:1 (aqueous:organic phase ratio) were freeze-dried with and without cryoprotectants present. Figure 

5.1 shows the effect of the addition of sucrose on ‘empty’ PLGA NPs for the copolymers 50:50, 75:25 

and 85:15. PLGA NPs without the addition of cryoprotectant were agglomerated and difficult to 

redisperse giving all three copolymers particles in the micrometre range and highly heterodisperse 

(results not shown). The size of the PLGA 50:50 nanoparticles particles was ~110 nm with a low 

polydispersity index (below 0.2) (Figure 5.1A). When only 3% of sucrose was added into the 

formulation, the size of the particles significantly (p<0.05) increased, up to approximately 300 nm and 

the samples were more heterogeneous in nature, with a PDI from 0.3 to 0.4 (Figure 5.1A). However, 

PLGA 50:50 nanoparticles with 5%, 7% and 10% sucrose did not significantly change in size nor the 

polydispersity after freeze-drying and resuspension. 
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The particle size of the PLGA 75:25 nanoparticles after microfluidics and prior to freeze drying was 

~170 nm, with a PDI below 0.2. After addition of 3% of sucrose the size and PDI of the particles 

increased up to 300 nm and 0.4 respectively (Figure 5.1B). As seen for PLGA 50:50, after addition of 

higher sucrose concentrations, PLGA 75:25 nanoparticles were stable in terms of size and PDI, no 

significant differences were found. In contrast the size and PDI of the PLGA 85:15 nanoparticles (Figure 

5.1C) was preserved independent to the amount of sucrose added (3 to 10%; Figure 5.1C).  

It has been reported elsewhere the need for cryoprotectants for the preparation of PLGA particles to 

prevent  aggregation and assist in the reconstitution of the dry powders [274]. The level of 

cryoprotection is related to the concentration and type of cryoprotectant added to the formulation 

[264]. Thus, the ratio between the sugar and the polymer has to be optimised, and in this case it has 

been demonstrated that the necessary concentration of sucrose to protect the polymer from 

aggregation is above 3% (w/v) for a PLGA formulation of 5 mg/mL. For example, Saez et al. showed 

that PLGA NPs could be freeze dried with satisfactory results when sucrose was added at a 

concentration of 20% [275]. Chacon et al. demonstrated that at least 5% of cryoprotectant is 

fundamental to preserve the initial particle characteristics [276]. In general, higher concentrations of 

sugar produce better protection and redispersion of the formulation [277]. However, care should be 

taken when increasing the concentration of sugar as it can reach a point where the stabilisation limit 

is reached and consequently, the formulation destabilises and aggregates [259, 278]. In this case, it is 

suggested that 3% w/v sucrose is not enough to stabilise the NPs and resulted in slight aggregation of 

the polymer due to lack of sugar to form H-bonds with the polymer during the drying process (water 

replacement theory). 
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Figure 5.1 Particle size and particle size distribution of the empty PLGA (A) 50:50, (B) 75:25 and (C) 
85:15 nanoparticles after addition of 3, 5, 7 and 10% w/v sucrose into the formulation prior freeze 
drying and reconstitution with ultrapure water. Results represent the mean ± SD of at least three 
independent batches. 
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The zeta potential of the formulations was also measured and no significant difference was measured 

between them. All the formulations remained highly anionic after the addition of sucrose as 

cryoprotectant as it is characteristic of PLGA [279, 280]. (Figure 5.2). Zeta potential is an important 

characteristic as the nanoparticles will interact with cells, so the charge plays a role in the interaction. 

It has been reported that the anionic surface of PLGA particles favour their internalisation by 

phagocytic cells (e.g. macrophages) [281]. 

 

Figure 5.2 ZP of all three copolymers after addition of 3, 5, 7 and 10% w/v sucrose into the formulation 
prior freeze drying and reconstitution with ultrapure water. Results represent the mean ± SD of at 
least three independent batches. 

 

5.4.1.2 Effect of leucine 

Leucine was added into the formulations at three different concentrations due to its performance as 

a dispersibility enhancer and improvement of the aerosolisation behaviour of the powders [271]. The 

addition of the amino acid resulted in a significant increase of the particle size and polydispersity of 

the samples (Figure 5.3A-C). In general, results were very variable for all three PLGA copolymers with 

the particle size increasing after the incorporation of leucine into the formulation independently of 

the concentration of cryoprotectan added. No obvious trend related to the amount of leucine added 

was observed. Zeta potential values did not significantly change for PLGA 50:50 being ~-40 mV,  

whereas for PLGA 75:25 and 85:15 the ZP significantly increased (p<0.01) after freeze drying. 

Nevertheless, all the particles retained the negative zeta potential after FD (Figure 5.4).  

Seville et al. investigated the use of amino acids as dispersibility enhancer for the delivery of 

salbutamol as a powder for inhalation using spray drying [271]. Among all the amino acids 

investigated, leucine showed to be the best for improving the aerosolisation properties. The 

mechanism of action whereby leucine enhances the aerosolisation performance of the dried powders 
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is due to the surfactant like behaviour of this amino acid, which alters the surface of the particles [272, 

273]. The hydrophobicity related to leucine might be the explanation for the increase in particle size 

upon its incorporation onto the PLGA formulations. 

 

 

 

Figure 5.3 Particle size and particle size distribution of the empty PLGA (A) 50:50, (B) 75:25, (C) 85:15 
nanoparticles after addition of 0.5, 0.7 and 1% w/v leucine into the formulation prior freeze drying 
and reconstitution with ultrapure water. 
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Figure 5.4 ZP of all three copolymers after addition of 0.5, 0.7 and 1% w/v leucine into the formulation 
prior freeze drying and reconstitution with ultrapure water. 

 

5.4.1.3 The effect of combining both sucrose and leucine within a dried nanoparticle product 

To further develop a freeze-dried nanoparticle formulation for inhalation, the combination of sucrose 

(as a cryoprotectant) and leucine (for improved aerosolisation) was considered. The selected 

formulations were 10% or 3% (w/v) sucrose in combination with 0.7% and 1% (w/v) leucine. Two 

options with four combinations were evaluated. Initially, the possibility of reducing the amount of 

sucrose in the formulation by incorporating leucine was considered. For this reason 3% (w/v) sucrose 

was selected. Therefore, 0.7 and 1% (w/v) leucine was added into the formulations. Next, to make 

sure that the PLGA nanoparticles were protected after FD, 10% (w/v) sucrose in combination with 0.7 

and 1% w/v leucine was selected. Addition of the cryoprotectant combinations to all three PLGA 

nanoparticles resulted in an increased particle size and PDI (Figure 5.5). The formulations containing 

10 % sucrose tended to show smaller particle sizes and PDI after reconstitution compared to the 3 % 

sucrose, irrespective of the leucine content or the PLGA copolymer blend.  In terms of leucine content, 

there was no significant difference in particles freeze-dried with 0.7 and 1 % w/v. Figure 5.6 shows the 

zeta potential values for the formulations, which were all highly anionic with no notable difference.  

The addition of leucine onto the formulations is desirable in order to improve the deposition into the 

deeper lungs and enhance the aerosolisation behaviour since it decreases the cohesivity of the 

particles and  is also approved by the FDA as an excipient for inhalation delivery [134]. Eedara et al. 

used leucine in combination with 1,2‐dipalmitoylphosphatidylcholine (DPPC) to deliver two anti-TB 

drugs into the deep lungs for the treatment of pulmonary TB [153, 154].  
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Figure 5.5 Particle size and particle distribution of the empty PLGA (A) 50:50, (B) 75:25 (C) 85:15 
nanoparticles and (D) ZP of all three copolymers after addition of: 3% sucrose in combination with 
0.5% or 1% (w/v) leucine; 10% sucrose in combination with 0.5% or 1%  leucine into the formulation 
prior freeze drying and reconstitution with ultrapure water. 
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Figure 5.6 ZP of all three copolymers after addition of: 3% sucrose in combination with 0.5% or 1% 
(w/v) leucine; 10% sucrose in combination with 0.5% or 1%  leucine into the formulation prior freeze 
drying and reconstitution with ultrapure water. 

 

5.4.2 Characterisation of the PLGA particulate delivery systems (nano- and microparticles) 

after Freeze-drying 

From the results in Figure 5.5 and 5.6, the combination of 10% (w/v) sucrose and 1% (w/v) leucine was 

chosen for further experiments. Therefore, these concentrations were added onto the PLGA MPs 

produced by the w/o/w method described in the previous chapter (Chapter 4). These selected PLGA 

NPs and MPs were formulated in a dry powder format with or without the addition of antigen (Table 

5.3 and 5.4). 

PLGA particles formulated using microfluidics were produced at TFR 10 mL/min and FRR 1:1. The 

largest sizes were seen with PLGA 85:15 followed by PLGA 75:25 and 50:50 with mean particle sizes 

approximately 300 nm, 200 nm and 100 nm respectively (Table 5.3). After freeze drying of the 

nanoparticles with the combination of 10% sucrose and 1% leucine incorporated within, the mean 

particle size of the PLGA 50:50 and 75:25 NPs increased after reconstitution with ultrapure water. In 

contrast, PLGA 85:15 NPs did not change in terms of particle size (Table 5.3). All PLGA NPs were 

homogenous in nature with PDIs below 0.25. All empty nanoparticles preserved the highly anionic 

zeta potential after FD (Table 5.3). 

Incorporation of the antigen into the formulations did not increase the particle size when compared 

to the empty nanoparticles, therefore the physicochemical characteristics remained unaffected (Table 

5.3). On the other hand, when antigen loaded NPs were freeze dried, all three copolymer NPs 

increased in size yet the polydispersity and zeta potential values were preserved after FD suggesting 

that a small degree of fusion/aggregation may be occurring during the FD process. 
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For the preparation of larger PLGA particles the double emulsion method was used. Table 5.4 shows 

D50 values (also known as mass median diameter) for the particle sizes obtained before freeze drying 

and after reconstitution of the dry powder for each PLGA copolymer. PLGA 85:15 microspheres 

showed the largest sizes (around 1.5 µm), followed by PLGA 75:25 microspheres and PLGA 50:50 with 

particle sizes of approximately 1.3 and 1 µm respectively. None of the particles showed a significant 

increase in size after freeze drying being all the particles in the range from 1 to 1.5 µm. 

When antigen was incorporated into the formulation, microspheres sizes did not increase in particle 

size. In general, the particle size population D50 was between 1 – 1.3 µm. It has been reported in the 

literature that PVA remains on the surface of the microparticles even after washing. The presence of 

PVA associated to the MPs surface might further improve the lyophilisation of the microparticles by 

stabilising them [282]. SPAN values, which are representative of the width of the particle size 

distribution, were all in the range of 0.9 to 1.1 independent of the copolymer used, the addition of 

cryoprotectant and the incorporation of antigen. Besides, all the microparticles displayed neutral zeta 

potential values. This is due to the presence of PVA on the surface of the PLGA MPs, although PLGA 

MPs were centrifuged and washed to eliminate the PVA from the formulations, it has been reported 

the existence of residual PVA on the surface of the particles, and thus, this PVA increases the zeta 

potential to neutral values [264]. 
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Table 5.3 Physicochemical characteristics of the empty and antigen loaded PLGA nanoparticles manufactured using microfluidics TFR 10 mL/min, FRR 1:1 

containing 10% (w/v) sucrose and 1% LEU (w/v) before freeze drying and after reconstitution of the dried powders. All results represent the mean ± SD of at 

least 3 different batches. 

 

  EMPTY NANOPARTICLES  ANTIGEN LOADED NANOPARTICLES 

 Before FD  After FD 
 

Before FD 
After FD 

PLGA 
copolymer 

Size 

(nm) 
PDI 

ZP  

(mV) 
 

Size  

(nm) 
PDI  

ZP  

(mV) 

 

Size  

(nm) 

PDI 
ZP 

(mV) 

Antigen 
loading 

(%) 
 

Size 
(nm) 

PDI 
ZP 

(mV) 

Antigen 
loading  

(%) 

PLGA 
50:50 

112.3 ± 0.9 
0.09 ± 
0.01 

-41.8 ± 
3.8 

 153.3 ± 2.12 
0.15 ± 
0.01 

-36.8 ± 
4.3 

114.9 ± 1.2 
0.12 ± 
0.03 

-43.7 ± 
0.04 

17.6 ± 
3.0 

 
152.3 ± 

22.9 
0.11 ± 
0.05 

-45.4 ± 
1.6 

12.0 ± 3.0 

PLGA 
75:25 

199.0 ± 6.6 
0.13 ± 
0.02 

-55.1 ± 
1.7 

 239.0 ± 18.6 
0.17 ± 
0.01 

-56.6 ± 
1.9 

231.0 ± 7.3 
0.24 ± 
0.04 

-54.4 ± 
2.7 

25.9 ± 
4.1 

 
248.0 ± 

36.6 
0.23 ± 
0.06 

-54.6 ± 
2.6 

19.9 ± 3.4 

PLGA 
85:15 

331.2 ± 4.7 
0.16 ± 
0.02 

-44.0 ± 
1.5 

 338.2 ± 14.2 
0.21 ± 
0.05 

-37.4 ± 
3.1 

333.2 ± 8.7 
0.32 ± 
0.07 

-44.4 ± 
2.9 

36.7 ± 
9.3 

 
375.6 ± 

48.0 
0.19 ± 

0.1 
-43.8 ± 

1.0 
29.4 ± 

6.3 
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Table 5.4 Physicochemical characteristics of the empty and antigen loaded PLGA microparticles manufactured using microfluidics TFR 10 mL/min, FRR 1:1 

containing 10% (w/v) sucrose and 1% LEU (w/v) before freeze drying in and after reconstitution of the dried powders. All results represent the mean ± SD of 

at least 3 different batches. 

  EMPTY MICROPARTICLES  ANTIGEN LOADED MICROPARTICLES 

 Before FD  After FD 
 

Before FD 
After FD 

PLGA 
copolymer 

Size (µm) 

D50 
SPAN 

ZP 
(mV) 

 
Size (µm) 

D50 
SPAN 

ZP 
(mV) 

 

Size (µm) 

D50 
SPAN 

ZP 
(mV) 

Antigen 
loading 

(%) 
 

Size (µm) 

D50 
SPAN 

ZP 
(mV) 

Antigen 
loading 

(%) 

PLGA 50:50 
1.03 ± 
0.02 

1.2 ± 
0.01 

-1.0 ± 
0.3 

 
1.13 ± 
0.06 

1.1 ± 
0.02 

-2.7 ± 
0.1 

1.15 ± 
0.03 

1.07 ± 0.05 
-0.2 ± 

0.4 
11.3 ± 1.0  1.18 ± 0.08 

1.04 ± 
0.07 

-0.6 ± 
0.3 

8.44 ± 
0.01 

PLGA 75:25 
1.32 ± 
0.08 

1.1 ± 
0.10 

 

-1.3 ± 
0.6 

 
1.27 ± 
0.04 

0.9 ± 
0.05 

-1.6± 
0.7 

1.14 ± 
0.05 

1.03 ± 0.01 
-0.2± 
0.3 

18.5 ± 4.3  1.20 ± 0.02 
1.10 ± 
0.07 

-0.6 ± 
0.2 

10.3 ± 
0.01 

PLGA 85:15 
1.56 ± 
0.07 

0.9 ± 
0.12 

-0.5 ± 
0.2 

 
1.47 ± 
0.06 

1.0 ± 
0.12 

-3.7 ± 
1.0 

1.31 ± 
0.05 

1.13 ± 0.01 
-0.1 ± 

0.2 
29.4 ± 3.3  1.18 ± 0.08 

1.07 ± 
0.11 

-0.6 ± 
0.3 

21.7 ± 
0.01 
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Visual inspection of the samples demonstrated that all three copolymers, independent of the 

manufacturing method, had a cloudy appearance before freeze drying and after reconstitution with 

ultrapure water. The powder cakes formed during freeze drying were completely reconstituted after 

addition of ultrapure water and no visual aggregation could be seen. PLGA MPs were faster and easier 

to reconstitute compared to PLGA NPs. Both, nano and microparticles retained the same appearance 

before FD and after reconstitution. It has been reported in literature that the PVA (stabiliser) used 

during the production of PLGA particles by the w/o/w method remains in the nano- or microparticle 

surface despite of the many washing steps [243, 283]. The residual PVA contributes to the stabilisation 

of the polymer particles as well as improving protection during the freezing step. Therefore, it is 

hypothesised that this residual PVA assist with the reconstitution of the dry powders.  

 

Figure 5.7 Visual inspection of the antigen loaded PLGA nanoparticles and microparticles before freeze 
drying, after freeze drying (dry powder) and after reconstitution to the original volume with ultrapure 
water. 
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5.4.3 Antigen release profiles from PLGA nanoparticles 

The release profile of the PLGA nanoparticles after freeze drying was studied. Samples were freeze 

dried for 24 hours and reconstituted with ultrapure water back to the initial volume. PLGA NPs were 

dialysed (300 KDa) against PBS pH 7.4 10 mM at 37°C in a shaking bath (60 rpm). Overall, from the 

results shown in Figure 5.8 an initial burst release of antigen can be observed for all three copolymers 

NPs (20-40 % of loaded antigen). This is more marked for PLGA 50:50 NPs as they degrade the fastest 

[102]. PLGA 50:50 NPs approximately released 35% of the initial antigen loaded during the first hour, 

releasing up to 50% after 6 hours. PLGA 85:15 and 75:25 NPs released 40% and 30% of the initial 

payload respectively. The release of the freeze dried antigen loaded PLGA NPs was reduced when 

compared to the non-freeze dried PLGA NPs without cryoprotectant investigated in Chapter 4 (Table 

5.5). 

Table 5.5 Results from the release study carried out on PLGA NPs loading OVA before freeze drying 
and described in Chapter 4. 

 % Antigen inside the PLGA NPs (mean ± SD) 

Time points (hours) PLGA 85:15 FRR 1:1 PLGA 75:25 FRR 1:1 PLGA 50:50 FRR 1:1 

0 100 ± 8.3 100 ± 2.5 100 ± 2.1 

1 74 ± 3.9 80 ± 1.5 67 ± 0.9 

4 59 ± 1.1 77 ± 1.5 56 ± 1.3 

6 56 ± 1.2 62 ± 1.9 46 ± 1.1 

 

As seen in literature PLGA particles commonly show a characteristic biphasic or triphasic behaviour 

which consist on a burst release during the first hours, which according to literature corresponds to 

the amount of antigen loaded on the surface or in the matrix followed by a sustained released due to 

hydrolytic degradation of the polymer and in some cases a final burst release [102, 279, 284]. Due to 

the short duration of the release study, only the burst release could be detected, but it is hypothesised 

that a sustained release of the antigen would follow if the time of the study was extended but this was 

irrelevant for our purpose since the PLGA NPs will be cleared by the alveolar macrophages in a short 

period of time. The physicochemical characteristics of the PLGA NPs during the release study at the 

selected time points is reported in Figure 5.8. The mean particle size did not significantly change for 

any of the copolymer used, as well as the surface charge of the NPs, which remained highly negative. 

This might be explained by the burst release, since there is not degradation of the polymer and 

therefore, no size reduction can be detected. Release patterns of for PLGA NPs have been reported in 
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literature previously [285, 286] but there are few studies published showing the release profile of 

PLGA NPs after freeze drying [266, 274, 284]. Studies by Fonte et al. encapsulating insulin within PLGA 

NPs showed a burst release in the first 2 hours of 35% when sucrose was used as cryoprotectant, 

which was increased when no cryoprotectant was added (~60%). After 48 hours approximately 70% 

of the initial amount of insulin loaded was released [284]. A suggested explanation for the decreased 

release from the PLGA nanoparticles after freeze drying with the incorporation of cryoprotectants is 

due to the increased osmotic pressure in the buffer medium due to the existence of sugars in the 

formulation, which has been previously reported in literature [284, 287]. Therefore, the volume of 

water entering the dialysis tubing, where the sample is located, is reduced due to the osmotic 

difference between the medium and the sample. This reduction will result in a decrease in the water 

channel formation in the PLGA nanoparticles and thus, a decreased burst release [284, 288].  Release 

studies of the PLGA MPs were not performed due to the low antigen loading which resulted in antigen 

release concentrations below the limit of detection and quantification of the method. 
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Figure 5.8 Particle size and PDI of the PLGA (A) 50:50, (B) 75:25 and (C) 85:15, (D-F) overlay intensity plots and (G) ZP values at the selected time points 
measured for the release study. (H) Release study at 37°C of the PLGA 85:15, 75:25 and 50:50 nanoparticles manufactured by using microfluidics at a TFR of 
10 mL/min and FRR 1:1 after FD and reconstitution with ultrapure water. Results represent mean ± SD of triplicate measurements. 
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5.4.4 Thermal analysis of the dry powder PLGA formulations using HOT-Stage microscopy  

In the formulation of delivery systems, thermal analysis plays an important role for the investigation 

of the phase transitions of the materials in use and their changes in heat capacity. Hot stage 

microscopy is the method of choice for the study of the thermodynamic properties of powders since 

it is relatively fast, cheap, straight forward and highly sensitive. Therefore, hot stage microscopy 

studies were carried out to study the thermo-microscopic changes of the antigen loaded PLGA nano- 

and microparticle powders as well as for the starting material used for the preparation of these 

particulate delivery systems. Representative micrographs at various temperature points are shown 

from Figure 5.9 to Figure 5.14. Citric acid powder was used as a control since its melting point is well 

known (156°C as shown in Figure 5.9).  

 

 

Figure 5.9  Representative HSM micrographs of citric acid powder used as a control (magnification 
10x). 

 

In order to characterise the PLGA micro- and nanoparticles formulations and understand their thermal 

behaviour, the starting material used during the manufacturing process of these particles was 

characterised individually. According to literature, the melting points for sucrose and leucine are 186°C 

and 293°C respectively. Figure 5.10 shows the representative micrographs of the sucrose and leucine 

powders used as cryoprotectants for the PLGA nano- and microspheres. Sucrose showed a melting 

temperature of 190°C, similar to the temperature found in other publications [289]. In contrast, 

leucine showed a lower melting temperature compared to literature (~293°C) [290], since the 

micrographs showed its melting at 260°C. 
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Figure 5.10 Representative HSM micrographs of the cryoprotectants used for the production of dry 
powders using freeze drying: (A) sucrose and (B) leucine (magnification 10x). 

 

Polyvinyl alcohol is used during the manufacturing process of microspheres to avoid their 

agglomeration. Although the microspheres are washed by centrifugation several times to remove the 

PVA, traces usually remain in the formulation [243, 283]. Therefore, PVA was also characterised by 

HSM. Figure 5.11 shows the representative micrographs for PVA. Our results correlate to the results 

reported in literature, with a melting point of 200°C [291]. 

 

 

Figure 5.11 Representative HSM micrographs of PVA used during the preparation of PLGA 
microspheres by the double emulsion method (magnification 4x). 

 

PLGA copolymers have different melting temperatures depending on the percent composition 

(commonly between 176°C to 220°C). Thus, PLGA 85:15, 75:25 and 50:50 crystals were examined by 

HSM as well as the different PLGA copolymer micro- and nanoparticles with and without the addition 

of cryoprotectant. Figures 5.12-14 show the micrographs for PLGA 85:15, 75:25 and 50:50 based 

particles respectively. The starting material was obtained after crushing the PLGA crystals to obtain 

smaller crystals (Figures 5.12-14A). PLGA 85:15 crystals showed a melting temperature of 

approximately 160°C, whereas PLGA 75:25 and 50:50 crystals showed lower melting temperatures 

(130°C and 100°C respectively). In general, PLGA NP and MP powders produced without the addition 

of cryoprotectants had similar melting temperature as their respective PLGA crystals. In contrast, 

when cryoprotectants were added to the formulation, all three copolymers showed higher melting 

A 

B 
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temperature (up to 180°C). The increase in melting temperature in the PLGA formulation containing 

cryoprotectant can be explained by the higher melting temperature of the sucrose and leucine as is 

shown in Figure 5.10A-B.  

The differences in hydrophobicity of the three PLGA copolymers, attributed to the lactic acid ratio, 

contributes to the different melting points. Thus, the copolymer 85:15 which contains higher lactic 

acid ratio resulted in higher a melting point, followed by the copolymer 75:25 and 50:50 [102]. The 

mixture of the polymer, the protein, the sugar and the amino acid resulted in a different temperature 

compared to the individual components. The component with the lowest melting temperature melts 

first, and provokes an accelerated dissolution of the other compounds. Therefore, the compounds 

start to melt until the eutectic point(s) of the mixture is reached. In this case, PLGA nano- and 

microparticles, independently of the copolymer used, lowered the melting temperature of the 

cryoprotectants, enhancing the melting of the mixture [292]. There are many studies in the literature 

focused on the dissolution enhancement of delivery systems and drugs. For example, Stott et al. 

showed that mixing propranolol with fatty acids reduced the melting point of the drug improving its 

transdermal delivery [293]. Other studies have demonstrated the improved delivery of ibuprofen due 

to the formation of eutectic systems with terpenes [294]. Brostow et al. demonstrated that upon 

addition of different ratios of melamine resin with low density polyethylene, produced a depression 

on its melting point [295].  
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Figure 5.12 Hot-stage micrographs of the (A) PLGA 85:15 (starting material) (magnification 4x), (B) antigen loaded PLGA 85:15 microparticles after freeze 
drying with no cryoprotectant  (magnification 10x), (C) antigen loaded PLGA 85:15 microparticles after freeze drying with a combination of sucrose (10% w/v) 
and leucine (1% w/v) (magnification 10x), (D) antigen loaded PLGA 85:15 nanoparticles after freeze drying with no cryoprotectant (magnification 4x) and (E) 
antigen loaded PLGA 85:15 nanoparticles after freeze drying with a combination of sucrose (10% w/v) and leucine (1% w/v) (magnification 10x).  
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Figure 5.13 Hot-stage micrographs of the (A) PLGA 75:25 (starting material) (magnification 4x), (B) antigen loaded PLGA 75:25 microparticles after freeze 
drying with no cryoprotectant (magnification 10x), (C) antigen loaded PLGA 75:25 microparticles after freeze drying with a combination of sucrose (10% w/v) 
and leucine (1% w/v) (magnification 10x), (D) antigen loaded PLGA 75:25 nanoparticles after freeze drying with no cryoprotectant (magnification 4x ) and (E) 
antigen loaded PLGA 75:25 nanoparticles after freeze drying with a combination of sucrose (10% w/v) and leucine (1% w/v) (magnification 4x). 
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Figure 5.14 Hot-stage micrographs of the (A) PLGA 50:50 (starting material) (magnification 10x), (B) antigen loaded PLGA 50:50 microparticles after freeze 
drying with no cryoprotectant (magnification 4x), (C) antigen loaded PLGA 50:50 microparticles after freeze drying with a combination of sucrose (10% w/v) 
and leucine (1% w/v) (magnification 10x), (D) antigen loaded PLGA 50:50 nanoparticles after freeze drying with no cryoprotectant (magnification 10x) and (E) 
antigen loaded PLGA 50:50 nanoparticles after freeze drying with a combination of sucrose (10% w/v) and leucine (1% w/v) (magnification 10x)  
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5.4.5 Morphological characterisation of the antigen loaded PLGA nano- and micro-

particles 

Characterisation of the morphology of the PLGA nanoparticles and microparticles was done using 

SEM. Figure 5.15 shows the micrographs of the PLGA 85:15, 75:25 and 50:50 nanoparticles whereas 

Figure 5.16 shows the micrographs of the microparticles after freeze drying (powder state) and after 

reconstitution of the dry powder using ultrapure water.  

In the powder samples, nano- and microparticles can be seen embedded in the cryoprotectant matrix, 

whereas the reconstituted powders showed spherical particles in the nanometre range (for the 

particles produced using microfluidics) and in the micrometre range (for the particles produced using 

the double emulsion method). The inclusion of cryoprotectant in the PLGA formulation creates a 

continuous glassy matrix embedding the NPs which has been previously reported in literature by other 

groups [264, 266, 284]. All three copolymers showed good redispersibility of the powders since the 

particle size was maintained after FD. Particle sizes from the SEM micrographs were in agreement with 

the values obtained from the DLS measurements. 

Figure 5.17 shows the comparison between the PLGA microparticles produced with different 

monomer ratios. The morphology of the PLGA particles before freeze drying and after reconstitution 

was preserved. Interestingly, the surface of the particles produced with different monomer ratios was 

different. Overall, all three copolymers showed a rough surface but this was more markedly for PLGA 

75:25. This rough surface, also reported as wrinkle surface in literature, has been related to 

hydrophobicity and surfactant-like properties of leucine which alter the surface viscosity of the 

particles [271, 296, 297]. Another theory to explain the increased roughness in the particle surface 

after FD might be due to the removal of water during the freeze drying process. This change has been 

seen by Fonte et al. (2015) when investigating the co-encapsulation of cryoprotectants for increasing 

the stability of insulin-loaded PLGA nanoparticles after FD [284]. This can affect  the release of the 

protein, increasing the burst effect [284]. However, PLGA 50:50 microparticles did not display this 

wrinkle surface.  PLGA 75:25 without the addition of leucine did also exhibit this rough surface, 

therefore, this change in surface morphology cannot be attributed to the inclusion of leucine into the 

formulation nor the freeze drying method. 
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Figure 5.15 SEM micrographs of the OVA loaded PLGA nanoparticles (1) 85:15, (2) 75:25 and (3) 50:50 

(a) powder state after freeze drying and after (b) reconstitution with ultrapure water. 

 

 

1a 1b 

2a 2b 

3a 3b 

1a 



Chapter 5: Aerodynamic engineering of PLGA Ag delivery system for targeting alveolar macrophages 
 

199 
 

 

 

 

Figure 5.16 SEM micrographs of the OVA loaded PLGA microspheres (1) 85:15, (2) 75:25 and (3) 50:50 
(a) powder state after freeze drying and after (b) reconstitution with ultrapure water. 
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Figure 5.17 SEM micrographs of the OVA loaded PLGA microspheres (L) before freeze drying and (R) 
after reconstitution of the dry powder with ultrapure water. 

 

5.4.6 Aerosol performance of the dried powder PLGA particles 

The powder aerosolisation characteristics of the antigen-loaded PLGA formulations, was assessed in 

vitro using a dry-powder inhaler device with the aid of a NGI at an air flow rate of 60 ± 5% L/min. 

Powder aliquots of 20 mg were manually filled into a size 3 HPMC capsule and inserted into a 

monodose inhaler and the formulation was actuated once for 4 seconds. Simulated inhalation lifts the 

capsule located inside the inhaler up and down vigorously for the selected time (in this case 4 

seconds). This movement favours the disaggregation of the powder inside the capsule and favours its 

exit from the pierced holes. The capsule is retained within the inhaler due to a grid located at the 

bottom of the mouthpiece. The particle deposition (%) on each stage of the NGI was estimated and 

plotted in Figure 5.18.  

According to some reports, to achieve good deposition in the deep lungs, particles should have an 

aerodynamic diameter from 1-2 µm [298]. The calculated mass median aerodynamic diameter 

(MMAD) was between 1 - 1.8 µm for the PLGA NPs and whereas for PLGA MPs the calculated MMAD 

was between 1.3 - 2.5 µm. All PLGA particles tested showed a good dispersibility of the powders and 

good aerodynamic behaviour.  

50:50 MS R 75:25 MS R 85:15 MS R 

75:25 MS L 85:15 MS L 50:50 MS L 
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Figure 5.18 Aerosol dispersion performance of the loaded freeze dried (A) PLGA nanoparticles 
particles and (B) PLGA microparticles with different copolymer ratios 85:15, 75:25 and 50:50, as 
percentage deposition on each stage of the Next Generation Impactor (NGI). Results represent mean 
± SD, n =3 of independent batches. 

 

It is not recommended to give more than 10 - 20 mg of powder in one actuation shot. To do so would 

trigger a cough reaction in the patient, resulting in the loss of the inhaled antigen into the air. In order 

to optimise the amount of powder filled within the capsules for the dry powder inhaler, different 

amounts of powder (10, 30 and 50 mg) were weighed and filled into the capsules. Figure 5.17 shows 

the particle deposition at the different stages of the NGI when different amounts were added into the 

capsules. As could be expected, the higher the amount loaded into the capsule, the higher the 

deposition of the powder in the throat whereas no significant differences were observed in the 

deposition of these particles in the deep lungs (stages 5-7).  
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Figure 5.19 Aerosol dispersion performance of the freeze dried PLGA-loaded 85:15 TFR 10 FRR 1:1 
nanoparticles as percentage deposition on each stage of the Next Generation Impactor (NGI). Results 
represent mean ± SD, n =3 of independent batches. Different amounts of dry powder were filled into 
the size 3 capsule: 10 mg, 30 mg and 50 mg. 

       

Aerodynamic parameters representing the individual behaviour of the antigen loaded PLGA powders 

are displayed in Table 5.6. The emitted dose (%), which is defined as the amount of powder exiting 

the capsule compared to the initial amount loaded, was determined by weight after inhalation. The 

average emitted dose, ED% of the antigen loaded PLGA powders was determined to be 100% 

independent of the either the copolymer used, the initial amount of powder added into the capsule 

or the particle production method used. The complete release of the powder during aerosolisation is 

representative of an adequate dose uniformity. Therefore, no static interaction of the dried powder 

with the capsule material occurred. The fine particle fraction, which is the mass of polymer/antigen 

reaching stages below 5 µm was approximately 60% for the antigen loaded PLGA NPs and significantly 

lower (~50%) for the loaded PLGA MPs. Studies by Seville et al. also showed high ED% with approx. 

95% ED with powders formulated using spray drying and containing leucine [271]. The calculated 

respirable fraction as a percentage was above 80% in all the formulations tested. The studies by Seville 

et al. also showed high ED% with approx. 95% ED with powders formulated using spray drying  

containing leucine [271]. These powders also showed high FPD and high FPD (from 50 to 85% 

depending on the concentration of leucine added into the formulation). The use of leucine for the 

enhancement of the aerosolisation properties of the powders (mainly using spray drying) has been 

studied by several groups. For example, Najafabadi et al. [299] demonstrated addition of 9% w/w 

leucine into a formulation containing 91% sodium cromoglycate increased the dispersibility of the 

formulation when produced using spray drying. Chew et al. [300] investigated the use of amino acids 
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(5% w/w) in combination with sodium cromoglycate for the preparation of SD powders. Their studies 

showed that the accumulation of leucine on the surface of the particles produced better dispersibility 

when compared to any of the other amino acids studied. Chow et al [301] showed the improved 

aerosolisation of naked siRNA using Leucine as a dispersibility enhancer with high ED (80%) and 

modest FPF (45%). Other groups reported that the combination of the sugar mannitol and leucine 

produced the highest ED and FPF>80% compared to other combinations of sugars and amino acids 

[302]. Eadara et al. used leucine for the development of spray dried powder containing drugs for the 

treatment of tuberculosis and the obtained results showed that the addition of LEU increased the FPF 

up to 70%  [154]. Some researchers have hypothesised that the improvement in the aerosolisation of 

powders containing leucine is due to its molecular structure, specifically to the hydrophobic alkyl side 

chain [271, 303].  

Table 5.6 The table shows the calculated aerolisation parameters of the PLGA powders prepared using 
freeze drying: fine particle dose (FPD), fine particle fraction (FPF), emitted dose (ED) and respirable 
fraction (FR), after Next Generation Impactor (NGI). 

Formulation 

NANOPARTICLES 

Fine particle dose 
(FPD) mg 

Fine particle 
fraction FPF (%) 

Emitted dose 
ED (%) 

Respirable fraction RF 
(%) 

85:15 12.6 ± 0.1 62.8 ± 4.9 99.7 ± 0.4 83.4 ± 2.0 

75:25 11.3 ± 0.1 56.7 ± 0.4 99.8 ± 0.2 77.1 ± 3.2 

50:50 11.3 ± 1.2 56.6 ± 6.2 99.8 ± 0.2 81.3 ± 2.2 

Formulation 

MICROPARTICLES 

Fine particle dose 
(FPD) mg 

Fine particle 
fraction FPF (%) 

Emitted dose 
ED (%) 

Respirable fraction 
RF (%) 

85:15 10.5 ± 0.8 52.5 ± 3.8 99.05 ± 1.04 79.9 ± 2.3 

75:25 10.2 ± 0.6 51.0 ± 3.1 98.15 ± 1.48 81.2 ± 2.1 

50:50 9.4 ± 1.5 46.8 ± 7.4 99.68 ± 0.22 82.2 ± 2.3 

Formulation 
Fine particle dose 

(FPD) 
Fine particle 

fraction FPF (%) 
Emitted dose 

ED (%) 
Respirable fraction RF 

(%) 

10 mg 5.8 ± 0.2 57.8 ± 1.9 98.7 ± 0.47 82.1 ± 2.1 

30 mg 16.4 ± 0.8 54.7 ± 2.7 99.6 ± 0.15 82.5 ± 2.1 

50 mg 25.3 ± 1.7 50.6 ± 3.4 99.5 ± 0.34 84.4 ± 0.7 
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5.4.7 In vitro studies in different cell lines 

Three macrophage cell lines were screened for viability, uptake and processing ability when exposed 

to PLGA nanoparticles and microspheres containing antigen. Two of the cell lines were of mouse 

origin, RAW264.7 cells (mouse derived monocytes) and MH-S (alveolar macrophages). The other, THP-

1 monocytes was of human origin and was used only after stimulation into macrophages.   

 

5.4.7.1 Cell viability studies   

In vitro cytotoxicity studies carried out in both nanoparticles and microparticles (Figure 5.20) showed 

no toxic effects on either MH-S, THP-1 or RAW264.7 cells at all concentrations evaluated (6, 12, 25, 

50, 100 and 200 µg/mL). In both cases >85% of cells were viable even at the highest concentration of 

0.2 mg/mL tested. These results correlate with the results reported in literature (e.g. [304, 305]) as it 

has been extensively reported the high safety profile of PLGA, which upon hydrolysis in the body, 

degrades into its nontoxic metabolites lactic and glycolic acid and thus is approved for human use by 

the FDA and EMA.   

 

5.4.7.2 In vitro uptake studies in macrophages cell lines 

PLGA NPs and MPs were produced incorporating a fluorophore (DilC) in order to quantify the 

macrophages uptake using fluorescence. Fluorescence intensity was measured after 30 min and 1, 2 

and 3 h. Uptake studies were carried out at 37°C and 4°C to determine whether the particles were 

efficiently taken up by endocytosis or attached to the cell surface since, due to the inhibition of 

endocytosis at low temperatures (energy dependent process). We observed that NP uptake was 

significantly decreased at 4°C (Figure 5.21), suggesting that indeed NP uptake is mediated by 

endocytosis. Results from the PLGA NPs and MPs uptake study using three different macrophages cell 

lines are displayed in Figure 5.21 and 5.22 respectively. In general, results showed the ability of all 

three cell lines to take up PLGA particles independently of the copolymer used or the particle size. In 

all three cell lines, uptake was observed within 30 minutes for all PLGA formulations. Continuous 

uptake increase was seen within the first 3 h for all formulations used except for the particles studied 

on the RAW264.7 cell line which showed a sustained uptake from 30 min to 3 h. No major differences 

were observed in uptake between NPs and MPS, suggesting that in these studies the particle size is 

not making any difference.  
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Lorenz et al. tested the uptake of polymeric NPs in three different cell lines: HeLa cells, Jurkat cells (T 

cell model) and KG1a cells (for CD34+ hematopoetic stem cells) and observed no difference in particle 

uptake after 24 h [306]. Opposite to that, chitosan NPs loading α-hederin showed different uptake 

when incubated in HepG2 and HSC cell line [307]. Cartiera et al. investigated the uptake of PLGA 

particles in epithelial cells from the renal tubule, gut epithelium and respiratory airway (OK cells, Caco-

e-cells and HBE cells respectively) and demonstrated that PLGA NPs were faster and more efficiently 

taken up in OK cells compared to the other two cell lines, which showed lower or negligible particle 

uptake [308] 

Regarding the influence of the particle size on the particle uptake, Akagi et al demonstrated that PLGA 

NPs of 200 nm size encapsulating OVA were taken up faster by RAW264.7 cells than PLGA:OVA NPs of 

40 nm [309]. Qaddoumi et al. investigated the uptake of PLGA nano- (100 nm and 800 nm) and 

microparticles (10 μm) in primary cultured rabbit conjunctival epithelial cells, demonstrating highest 

uptake for the smallest PLGA NPs (100 nm) compared to larger PLGA particles [310]. Nicolete et al. 

compared the uptake of PLGA NPs (~400 nm and – 35 mV) and MPs (6.5 μm and -17 mV) in J774 cell 

line (macrophages, mice origin) and the results showed that PLGA NPs were efficiently taken up by 

the macrophages whereas PLGA MPs were attached to the cell surface [311]. 
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Figure 5.20 CTB assay for the quantification of nanoparticle and microparticle cell viability in three different cell lines: MH-S, RAW264.7 and THP-1. Results 

in collaboration with Maryam Hussain (Strathclyde Institute of Pharmacy and Biomedical Sciences).
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Figure 5.21 Nanoparticle uptake in three different cell lines MH-S, RAW264.7 and THP-1 at 37°C (A, C and E) and 4°C (B, D and F). Results in collaboration 
with Maryam Hussain (Strathclyde Institute of Pharmacy and Biomedical Sciences). 
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Figure 5.22 Microparticle uptake in three different cell lines: MH-S, RAW264.7 and THP-1 at 37°C (A, C and E) and 4°C (B, D and F). Results in collaboration 

with Maryam Hussain (Strathclyde Institute of Pharmacy and Biomedical Sciences).
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5.4.7.3 DQ-OVA processing of PLGA particulate delivery systems  

The functional ability of OVA being taken into the cells was tested using DQ-OVA. The conjugated OVA 

has a fluorescent tag attached to it which becomes fluorescent (bright green) when undergoing 

intracellular proteolytic degradation. Thus, DQ-OVA was encapsulated into the PLGA NPs and MPs in 

order to evaluate the ability of the formulated PLGA particles to deliver functional OVA to the cells 

(Figure 5.23). The results showed that 49 - 65% of the DQ-OVA delivered from the nanoparticles is 

degraded by RAW264.7 cells whilst THP-1 cells showed higher degradation, showing that 72- 83% of 

the DQ-OVA undergoes proteolytic degradation within three hours. The MH-S cells performed 

similarly to THP-1 cells with 51- 74% DQ-OVA undergoing proteolytic degradation after three hours. 

In contrast, there were no significant differences between the amounts of DQ-OVA processed by 

RAW264.7 and THP-1 cells when DQ-OVA was entrapped inside PLGA microparticles, showing low 

antigen degradation in both cell lines. In contrast, PLGA MPs showed higher OVA processing when 

exposed to MH-S cells (up to 16%). 

In addition, degradation of OVA as a function of time was studied using PLGA 75:25 NPs and MPs 

incubated in the presence of RAW264.7, MH-S and THP-1 cells for up to 48 hours (Figure 5.24). Results 

showed that 100% DQ-OVA encapsulated within the PLGA NPs undergoes proteolytic degradation in 

all three cell lines after 24 h. In contrast, PLGA MPs did not show complete antigen presentation in 

any of the three investigated cell lines. The maximum DQ-OVA degraded by RAW264.7 cells was 23%, 

while THP-1 cells showed 28% whereas MH-S cells resulted in 57%. Overall, MH-S cells (alveolar 

macrophages) showed the best and most rapid uptake for both NPs and MPs and represent the target 

place for the delivery of the tuberculosis subunit vaccine.  

As the three cell lines tested showed a similar trend, the differences observed were attributed to the 

particle size of the PLGA particles since PLGA NPs showed much higher antigen degradation compared 

to the MPs. This has been previously shown in literature. For example, Akagi et al. showed that PLGA 

NPs of 40 nm loading DQ-OVA showed less degradation of the protein compared to PLGA NPs of 200 

nm in RAW264.7 cells, demonstrating the importance of the particle size for the antigen processing 

within polymer NPs. Besides, increased degradation was observed with increased incubation 

time [309]. The larger size of the MPs might contribute to a reduced antigen release due to slower 

polymer degradation in comparison to NPs, which has been shown in Chapter 4, to release up to 40 – 

50% of the loaded content within the first 6 hours. 
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Figure 5.23 DQ-OVA encapsulated in PLGA NPs (A, C and E) and MPs (B, D and F) as a percentage of amount cleavage after 3 hours exposure to MH-S cells, 
RAW264.7 and THP-1 cell for PLGA nanoparticles and microparticles. Results in collaboration with Maryam Hussain (Strathclyde Institute of Pharmacy and 
Biomedical Sciences). 
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Figure 5.24 DQ-OVA encapsulated in PLGA NPs and MPs as a percentage of amount cleavage after 

48 hours exposure to RAW264.7 (A), THP-1 (B) and MH-S cells (C). Results in collaboration with 

Maryam Hussain (Strathclyde Institute of Pharmacy and Biomedical Sciences). 

 

 

0

20

40

60

80

100

0 6 12 18 24 30 36 42 48

D
Q

-O
V

A
 c

le
av

e
d

 (
%

)

Time (hours)

Nanoparticles PLGA 75:25

Microparticles PLGA 75:25

0

20

40

60

80

100

0 6 12 18 24 30 36 42 48

D
Q

-O
V

A
 c

le
av

e
d

 (
%

)

Time (hours)

Nanoparticles PLGA 75:25

Microparticles PLGA 75:25

THP-1 cell line

0

20

40

60

80

100

0 6 12 18 24 30 36 42 48

D
Q

-O
V

A
 c

le
av

e
d

 (
%

)

Time (hours)

Nanoparticles PLGA 75:25

Microparticles PLGA 75:25

MH-S cell line 

RAW264.7 cell line A 

B 

C 



Chapter 6: Prime-pull vaccination with CAF01:H56 and PLGA:H56 
 

212 
 

5.5 Conclusions 

Formulation development for the design of delivery systems for subunit vaccines is crucial to 

effectively deliver the antigen to the right place within the body. In this study, freeze dried powders 

composed of PLGA copolymers 85:15, 75:25 and 50:50, sucrose and leucine were produced using a 

freeze drying technique. All powders composed of different PLGA copolymers showed adequate 

particle size appropriate for deep lung delivery. Besides, in vitro studies in three different 

macrophages cell lines showed the ability of these cell to take up the formulated PLGA particles and 

their ability to deliver the antigen to the cells for processing.  Based on these studies it has been shown 

that particles can be delivered to the lung and these particles can be taken up and antigen 

presentation can occur within 24 h. NPs gave consistently higher uptake and antigen presentation 

across the 3 cell lines tested. To see if this translates into in vivo performance, these formulations will 

move on to the immunisation studies where CAF01:H56 formulation will be administered as a priming 

vaccine, followed by PLGA encapsulating H56 antigen for its delivery to the lungs aiming to develop a 

prime-pull TB vaccine against pulmonary tuberculosis. 
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6.1 Introduction 

Tuberculosis (TB) remains a major health problem, affecting approximately a quarter of the world 

population. The current TB vaccine, the BCG vaccine, was discovered 1921 and it is intradermally 

administrated in children at the time of birth. However, BCG is only partially effective in protecting 

children against disseminate TB, showing severely variable protection versus primary infection in 

children and it does not protect against pulmonary TB which is the most common form of TB [312, 

313]. Therefore, there is an unmet need for a new vaccine which can provide protective and durable 

immune responses, while also controlling among other forms, pulmonary TB. Despite the unsuccessful 

clinical trials carried out, all the efforts in research have given us some knowledge about how to defeat 

this disease. It is believed that the ineffectiveness of BCG protecting against pulmonary TB is due to 

the absence of antigen-specific T cells in the lungs [314]. Although the mechanism underlying TB 

protection is not well understood the majority of the studies agree on the critical protective role that 

T cell mediated immunity plays against TB [34, 139, 140, 315]. Recruitment of T cells to the infection 

site (lungs) takes approximately 10 days after natural infection, as Mtb infection lessens the T cell 

migration to the lungs. Overcoming this delay is a vital element for the design and development of a 

successful TB vaccine since this delay allows Mtb bacilli to proliferate in the alveolar macrophages. 

Thus, respiratory mucosal vaccines promoting the recruitment of T cell in the lungs in order to control 

Mtb growth might be a promising strategy against pulmonary TB, as it has been shown to be critical 

for early infection control [145].  

 

6.2  Aim and objectives 

In this chapter the development of a prime-pull vaccine approach for protection against pulmonary 

TB has been investigated. An immunisation protocol consisting of parenteral priming with the TB 

vaccine candidate (H56) alongside the cationic liposome adjuvant 01 (CAF01) followed by respiratory 

mucosal boosting of the H56 tuberculosis antigen within an inert delivery system (PLGA) was carried 

out in order to elucidate if intranasal administration of the H56 antigen produces the desired 

immunological responses for the protection against pulmonary TB. Therefore, the following analysis 

was conducted: 

- Antibody analysis (total IgG) in serum from blood and lung supernatants. 

- Cytokine analysis (IL-17 and IFN-ɣ) from re-stimulated splenocytes and lung lymphocytes. 

- Intracellular staining to differentiate between the localisation of the CD4 T-cells producing IL-

17 and IFN-ɣ in the lungs, spleen and lymph nodes. 
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6.3 Materials and methods 

6.3.1 Materials 

For the preparation of delivery systems, poly(lactic-co-glycolic acid) 85:15 (Mw: 50,000-75,000), 75:25 

(Mw: 66,000-107,000), 50:50 (Mw: 30,000-60,000) from Sigma-Aldrich were used. Sucrose, leucine 

and the stabiliser polyvinyl alcohol (PVA Mw: 31,000) were purchased from Sigma-Aldrich Company 

Ltd., Poole, UK. The tuberculosis vaccine candidate H56 was donated by Statens Serum Institut (SSI), 

Copenhagen, Denmark. 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris) was obtained from ICN 

Biomedicals Inc. (Aurora, OH, US) and prepared at a 10 mM concentration and pH 7.4 unless otherwise 

stated. All other reagents were of analytical grade and purchased from commercial suppliers. 

 

6.3.2 Preparation of PLGA nanoparticles for nasal delivery 

PLGA nanoparticles were manufactured by the microfluidics method using the Nanoassemblr™ 

Benchtop (Precision Nanosystems Inc., Vancouver, Canada) as described in Chapter 4. Briefly, polymer 

(either PLGA 85:15, 75:25 or 50:50) was dissolved in acetonitrile at a concentration of 10 mg/mL (1% 

w/v). For the production of empty nanoparticles, Tris buffer was used as aqueous phase whereas for 

antigen loaded nanoparticles, antigen (H56) was loaded in the aqueous phase. The process 

parameters TFR 10 mL/min and FRR 1:1 were selected for PLGA NPs with copolymer ratios 85:15 and 

75:25 and 1 mL core sample produced. For the production of PLGA 50:50 a TFR 15 mL/min and FRR 

3:1 was used and 2 mL core sample produced. Polymer in solvent and buffer phase were injected into 

the systems at the selected parameters and the produced PLGA nanoparticles were collected in the 

outlet. To remove solvent, samples were loaded into a dialysis membrane (Mw= 12,000 - 14,000 Da, 

Sigma-Aldrich Company Ltd., Poole, UK) and dialysed for one hour against 250 mL of Tris buffer. A 

combination of 10% sucrose and 1% leucine was added to the purified particles prior freeze drying for 

24 hours using the method described previously in Chapter 5. 

 

6.3.3 Preparation of PLGA microparticles for nasal delivery 

Polymer microparticles were produced as described previously (Chapter 5). H56 antigen was 

concentrated up to 10 mg/mL using Vivacon 2 (Sartorius, Goettingen, Germany) with a MWCO 50,000 

Da. For this purpose, three different membrane treatments (Table 6.1) were investigated in order to 

increase the antigen recovered after centrifugation. Once the method was selected, the antigen was 

concentrated and the concentration verified using the standard BCA method. Briefly, 20 µL of H56 (10 

mg/mL stock) were mixed with 417 µL of 3% PLGA in chloroform and vortexed for 1.5 min in order to 

form the initial primary emulsion. This primary emulsion was then mixed with 10 mL of PVA (10% w/v 
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in dH20) using high speed homogenization (Homogenizer Ultraturrax T25, IKA laboratories) at 8000 

rpm during 3 min. Samples were left stirring overnight to remove chloroform. The next day, samples 

were centrifuged (Hermle Z323K, Labnet International Inc., US.) and washed three times with 10 mL 

of dH20 for 20 min at 5500 x g. After the final washing step, the microparticles were reconstituted with 

10% (w/v) sucrose and 1% (w/v) leucine. PLGA 85:15 MPs were chosen due to the higher EE% 

compared to the other two copolymer ratios. 

Table 6.1 Methods used for increase the recovery of the antigen after concentration using Vivacon 2 
(MWCO 50,000) 

Methods Membrane treatment Centrifugation time and speed 

Method 1 
Membrane wetted with 

ultrapure water 

10 minutes 5,000 xg 

Method 2 
Passivation method: 1% Tween 

in ultrapure water 

10 minutes 5,000 xg 

Method 3 No previous treatment 10 minutes 5,000 xg 

 

6.3.4 Immunisation protocol 

All animal experiments were conducted at Statens Serum Institut and conducted in accordance with 

regulations of the Danish Ministry of Justice and animal protection committees by Danish Animal 

Experiments Inspectorate Permit 2009/561-1655, 2012- 15-2934-00272, 2014-15-2934-01065 and in 

compliance with EU Directive 2010/63. Six groups of 6 – 8 weeks of age female Balb/c x C57BL/6 

crossed (CB6F1 mice) (6 mice per group) were immunised three times with 2 week intervals between 

each immunisation. Mice were primed twice (2 week interval between each injection) with CAF01:H56 

subcutaneously (DDA:TDB:56 250/50/5 µg dose) in a total volume of 200 µL and two weeks after the 

second injection they were boosted intranasally with 40 µL dose (10 µg H56 per dose) PLGA:H56 NPs 

and MPs (20 µL per nare). Two weeks after the final immunization they were terminated and blood 

and organs isolated (Figure 6.1). CAF01:H56 subunit vaccines were prepared at Statens Serum Institut 

whereas the PLGA boosters were prepared at the University of Strathclyde. Table 6.2 shows the 

vaccines administered per group. 
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Figure 6.1 Immunisation protocol followed for the prime-pull immunisation of CB6F1 mice to 
investigate the production of antigen specific antibodies and cytokines for the development of a 
vaccine effective against pulmonary TB. Mice were immunised three times (2 x s.c. with CAF01:H56 
and 1 x i.n. with PLGA:H56) with 2 weeks interval between immunisations and 2 weeks after the 
intranasal boosting they were terminated and data analysed. 

 

Table 6.2 Vaccines administered to the CB6F1 female mice for the immunisation study following a 
prime-pull protocol. All mice were parenterally primed twice with CAF01:H56 except for the 
unvaccinated group. Each group was boosted with the same H56 antigen dose encapsulated in either 
PLGA NPs (50:50, 75:25 and 85:15) or PLGA 85:15 MPs. 

Groups 1st vaccination 2nd vaccination 3rd vaccination 

G1- naïve or 
unvaccinated 

N/A N/A N/A 

G2- PLGA 50:50 NPs CAF01:H56 s.c. CAF01:H56 s.c. 
H56:PLGA 50:50 NPs 

i.n boost 

G3- PLGA 75:25 NPs CAF01:H56 s.c. CAF01:H56 s.c. 
H56:PLGA 75:25 NPs 

i.n. boost 

G4- PLGA 85:15 NPs CAF01:H56 s.c. CAF01:H56 s.c. 
H56:PLGA 85:15 NPs 

i.n boost 

G5- PLGA 85:15 MPs CAF01:H56 s.c. CAF01:H56 s.c. 
H56:PLGA 50:50 MPs 

i.n boost 

G6- Antigen alone CAF01:H56 s.c. CAF01:H56 s.c. 
H56 alone 

i.n boost 

 

6.3.5 Organ processing 

Mice were intravenously injected with 250 µL anti-CD45.2- Fluorescein isothiocynate (FITC) labeled 

antibodies (2.5 µg in 250 µl PBS) and terminated 3 minutes after injection under CO2 atmosphere and 

individual organs isolated. This procedure was carried out with one mouse at a time. Individual spleen 

and lungs were isolated and were kept ice-cold until further processing. Lymph nodes (mediastinal 

and tracheobronchial) were isolated and pooled together. Blood samples were withdrawn for 

antibody analysis. 
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6.3.5.1 Lungs 

Lungs were minced in small fragments and digested for 1 hour at 37°C in a solution containing 

collagenase and RPMI complemented with 10% FCS. Lungs were disrupted by passaging through a cell 

strainer and centrifuged at 600 x g for 7 min. Supernatant was harvested for further antibody studies 

and the pellet was washed and resuspended with 0.5 mL cRPMI. Cells were counted and re-stimulated 

with either 100 µL ConA (5 µg/mL), RPMI media or H56 (5 µg/mL) and incubated at 37°C, 5 % CO2 and 

95 % humidity for 72 hours. After 3 days of incubation, supernatants were harvested (approximately 

160 µL) and stored at -20°C for further processing. 

 

6.3.5.2 Spleens 

Spleens from each mouse were isolated and processed as described in Chapter 3. Cells were counted 

and splenocytes were re-stimulated with either 100 µL ConA (5 µg/mL), RPMI media or H56 (5 µg/mL) 

and incubated at 37°C, 5 % CO2 and 95 % humidity for 72 hours. After 3 days of incubation, 

supernatants were harvested and stored at -20°C for further processing. 

 

6.3.6 Antibodies ELISA 

Total IgG antibody measurements were performed as described previously (Chapter 3) in the serum 

and the supernatants from the lungs. Briefly, Maxisorp microtiter plates were coated with 0.5 μg H56 

tuberculosis subunit vaccine per well and incubated overnight at 4°C. The next day, plates were 

blocked with a 2% BSA in PBS. Serial dilutions of serum samples in 2% BSA in PBS were added to the 

wells and incubated for 1.5-2 h. Attached H56-specific IgG, antibodies were detected with a 

horseradish peroxidase-conjugated goat anti-mouse IgG-isotype antibody. All incubations were 

performed at room temperature. TMB substrate (room temperature), a chromogenic substrate which 

develops blue colour when it detects horseradish peroxidase (HRP), was added to the plates 100 

µL/well. After approximately 20 minutes the reaction was stopped by adding 100 µL/well 0.2 M 

sulfuric acid and the absorbance measure at 450 nm with a correction at 570/620 nm. Results were 

plot as the Log10 of the dilution against the measured optical density value (OD450). 

 

6.3.7 Cytokines ELISA 

Supernatants from restimulated splenocytes and lymph nodes were analysed using a sandwich ELISA 

protocol for the production of cytokines IL-17 and IFN-ɣ as described previously (Chapter 3).  
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6.3.8 Intracellular FACs staining (icFACS) 

Antigen specific T cell production of both cytokines, IFN-ɣ and IL-17, was measured by intracellular 

flow cytometry. Mice were intravenously administered with fluorescein isothiocyanate (FITC)- labeled 

anti-CD45 monoclonal antibody (iv.CD45) CD45.2-FITC prior to euthanization which results in staining 

lymphocytes in the blood and therefore differentiating between blood cells (vasculature) from cells in 

the lung parenchyma [316]. Spleens, LNs (mediastinal and tracheobronchial) and lungs were in vitro 

stimulated with H56 antigen, and icFACS was run. The panel used for icFACS was surface stained for 

CD4 (CD4-APC-eFluor780), CD44 (CD44-PE) and CCR-6 (CCR6-AF647) and intracellular stained for IL-17 

and IFN-ɣ (IFNg-PE-Cy7 and IL-17-PerCp-Cy5.5). Compensation beads were used instead of cells. 

Results are expressed as percentage of activated (CD44+) cytokine producing (IFNɣ+, IL17+) cells of 

the total CD4+ T-cell population. The chemokine receptor CCR6 was determined as the mean 

fluorescence intensity (MFI). 

 

6.3.9 Statistical analysis 

Data presentation, analysis and interpretation was performed at USTRATH using GraphPad Prism 7 

software (GraphPad Soft-ware, La Jolla, CA) and Microsoft Excel. Means and standard deviations are 

plotted on the graphs. Statistical analysis of data was calculated by one- way analysis of variance 

(ANOVA) and when significant differences were indicated, differences between means were 

determined by Tukey’s post hoc test. Statistical differences with p<0.05 were considered significant. 

 

6.4 Results and discussion 

Within this chapter, the immunogenicity of a prime-pull approach by parenteral priming with 

CAF01:H56 followed by intranasal administration of H56 antigen encapsulated in an inert delivery 

systems (PLGA) was investigated as a new vaccine protocol for pulmonary TB. Lack of understanding 

of how TB immunology works in humans has delayed the development of an efficacious and protective 

vaccine against this infectious disease [317]. The H56 vaccine candidate is a fusion protein from 

Mycobacterium tuberculosis which is based on early secreted TB antigens Ag85B and ESAT-6 (ESAT-6 

remains expressed during chronic infection) and the latency phase secreted antigen Rv2660; 

therefore, it is considered a multistage subunit vaccine, as it can be employed as a prophylactic and 

post exposure vaccine [51]. This multistage TB vaccine antigen has demonstrated to be protective in 

animal models and it is currently in clinical trials (phase 2a). It has been previously reported that the 

administration of the adjuvant formulation CAF01 in combination with H56 antigen by parenteral 
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route produces early CD4 T cell responses in the lungs after TB infection [140]. Recent studies by 

Woodworth et al. have also shown that parenteral administration of CAF01:H56 vaccine followed by 

respiratory mucosal boost with the same subunit vaccine further increases the recruitment of memory 

T cells to the lung, enhancing protection against TB [318].  

 

6.4.1 Preparation of PLGA nano- and microparticles for the nasal delivery of H56 vaccine 

candidate: rational design 

We have previously determined the critical process parameters for the development of dry powder 

PLGA NPs and MPs suitable for the delivery of the H56 vaccine candidate to the deep lungs (as 

determined through a wide range of in vitro techniques). PLGA nanoparticles were prepared using 

microfluidics at a TFR 10 mL/min and FRR 1:1. The amount of H56 antigen was fixed at 0.25 mg/mL 

(10 µg per dose). The mean particle size of the PLGA NPs encapsulating H56 before FD was 

approximately 110, 150 and 260 nm for the copolymers 50:50, 75:25 and 85:15 respectively (data not 

shown), in accordance with the data presented in Chapter 4. All the nanoparticles were homogeneous 

in nature showing PDI values below 0.15 (data not shown). The zeta potential values were highly 

anionic as it is characteristic from PLGA particles (values between -35 and -50 mV; data not shown). 

The initial antigen concentration injected into the microfluidics system was calculated according to 

the encapsulation efficiencies previously quantified by HPLC in order to get a final encapsulation of 10 

µg per dose.  

For the preparation of PLGA microparticles, H56 antigen was concentrated up to 10 mg/mL using a 

Vivacon 2 (Sartorius, Goettingen, Germany) with a MWCO 50,000 Da. The protocol was optimised and 

the antigen concentration was quantified using BCA in order to calculate the recovery during the 

centrifugation step. H56 antigen comes in a stock of 1.1 mg/mL (20 mM glycine, pH 8.8) therefore in 

order to get a final antigen concentration of 10 µg per 40 µL within the microparticles, a concentration 

step is needed.  The results from the recovery study are shown in Figure 6.2. Wetting the membrane 

with ultrapure water (method 1) prior to the addition of the antigen into the column produced a 

recovery >90%, whereas the passivation method (method 2) or no previous treatment (method 3) 

produced recoveries of ~75% and ~50% respectively. The mean particle size (D50) of the PLGA 85:15 

MPs was ~1.2 µm with neutral zeta potential (~ -0.7 mV). To achieve higher protein loading, 

modification (increase) of the internal aqueous volume, or the polymer concentration during the 

double emulsion method resulted in a large increase of the mean particle size for the MPs. Therefore, 

MPs were formulated as usual but reconstituted with lower volume of cryoprotectant solution to 

reach the desired final antigen loading of 0.25 mg/mL. 
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Figure 6.2 Percentage recovery of H56 antigen after using three different membrane treatments prior 
concentration of the antigen up to 10 mg/mL. Method 1 consisted in wetting the membrane with 
ultrapure water prior addition of the antigen. Method 2 consisted in addition of a surfactant to 
decrease binding affinity of the Ag to the membrane (passivation method) and Method 3 no 
treatment. 

 

6.4.2 Prime-pull vaccination: immunological responses  

CB6F1 mice were subcutaneously primed with H56 (Ag85B-ESAT6-Rv2660) in combination with the 

CAF01 adjuvant (which promotes Th1/Th17 responses) and boosted with different PLGA copolymers 

encapsulating H56 as outlined in Figure 6.1. Humoral and cellular mediated immune responses were 

measured in serum and supernatants from stimulated lungs, spleens and LNs to evaluate the efficacy 

of this approach as a prophylactic vaccine to replace BCG. 

 

6.4.2.1 Humoral immune responses: IgG quantification  

Systemic and mucosal antigen specific IgG responses were measured in blood serum and lung 

lymphocytes, respectively, 14 days after the last immunisation by direct ELISA. Results are represented 

as the mean OD450 value obtained from each dilution ± the standard deviation (SD) against the log10 

of the dilution.  

From the results in Figure 6.3, it can be seen that no significant differences were observed between 

the vaccinated groups. All the PLGA formulations as well as the mice that received the antigen alone 

gave significant (p<0.001) higher H56 specific IgG immune responses when compared to the naïve 

(unvaccinated) group (Figure 6.3A). H56-specific IgG responses in the supernatants from lung 
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lymphocytes showed similar results (Figure 6.3B). In general, mice boosted with PLGA NPs and MPs 

gave comparable results to those boosted with H56 antigen alone thus demonstrating that 

incorporation of the antigen within the NPs and MPs was not detrimental to the antigen efficacy, and 

that incorporation of the antigen within these systems allows for them to be delivered in a stable dry-

powder format. The importance of IgG production has been reported elsewhere, low levels of IgG are 

associated with higher susceptibility to TB infection, thus, stimulation of early antibody responses at 

the site of infection might contribute to the fight against the infection by neutralising Mtb antigens 

[319, 320]. Therefore, these data suggest that it is possible to incorporate antigen into NPs/MPs for 

dry power inhalation without any detrimental effect. 

It is important to find the best particle attributes (particle size, size distribution and morphology) for 

the delivery systems in order to elicit the adequate immune response. However, this has been 

challenging as many studies evaluating the influence of the particle size on evoking immune responses 

are in disagreement. Studies carried out with PLGA particles with different sizes showed that 

administration of PLGA MPs evoked increased IgG immune responses compared to PLGA NPs [125, 

321] whereas studies by Carcaboso et al. showed that similar IgG responses were obtained after 

administration of PLGA NPs with sizes of 110 nm and 800 – 900 nm  [322]. Regarding copolymer 

composition, studies by San Roman et al. on PLGA MPs encapsulating OVA using copolymers 50:50 

and 75:25 showed similar IgG1 responses for both formulations whereas the IgG2a responses were 

higher for the more hydrophobic copolymer (75:25) [323]. In this study, 4 different particle sizes were 

investigated along with the influence of the PLGA copolymer and the results show that neither size 

nor polymer choice have an impact, similar to the work of Carcaboso et al [17]. This is in contrast to 

the previous uptake and antigen process studies (Chapter 5) which suggested that PLGA NPs were 

more effective compared to PLGA MPs. In vitro results showed similar particle uptake for both NPs 

and MPs independently of the copolymer used whereas the antigen processing studies in the 

macrophages cell lines were significantly better for PLGA NPs.  

 

6.4.2.2 Cellular mediated immune responses: cytokine production and T cell location 

The production of Th1 and Th17 type immune responses was studied by quantification of the H56-

specifific IFN-ɣ and IL-17 cytokines respectively in the supernatants of re-stimulated splenocytes and 

lung lymphocytes (Figure 6.4). These cytokines were selected due to their importance in the 

protection against pulmonary TB [28, 34]. Results showed comparable secretion of both cytokines, IL-

17 and IFN-ɣ, in the spleen and lungs. Stimulation was found to be independent of the PLGA booster 

administrated, since no significant differences between the vaccinated groups were found. All 
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vaccinated groups produced high and comparable cytokine responses whereas the unvaccinated 

group did not stimulate the production of any of the cytokines studied (Figure 6.3). Again this data 

confirms that antigen can be effectively formatted into a dry-powder format, suitable for pulmonary 

delivery without any loss of antigen efficacy. 

There is a wide variety of studies using PLGA particles for vaccine delivery. Vaccine attributes such as 

particle size and polymer intrinsic properties influence the generated immune response. Published 

data generally agree that PLGA MPs produce enhanced humoral immune responses whereas PLGA 

NPs generate higher cellular responses [125, 324]. For example, Gutierro et al. showed that PLGA MPs 

(~1 µm) loading BSA as a model antigen, produced higher IgG serum antibody titres than the PLGA:BSA 

NPs (200 and 400 nm) after any of the three administration routes evaluated: subcutaneous, 

intranasal and oral [125]. Regarding polymer properties, San Roman et al. demonstrated that PLGA 

75:25 MPs encapsulating OVA produced stronger IFN-ɣ responses compared to PLGA 50:50 when 

administered intradermally [323]. This result was attributed to the hydrophobicity of the copolymer, 

since it is likely that the interaction of the copolymer 75:25 with the APCs resulted in superior T cell 

activation [323]. Moreover, Thomas et al. developed vaccine delivery systems for a hepatitis B antigen 

(HBsAg) based on PLGA 85:15 and 50:50 NPs (~770 and 470 nm respectively). He showed that PLGA 

85:15 NPs loading HBsAg produced higher humoral and cellular immune responses compared to the 

other copolymer after pulmonary administration [325]. These immunological differences were 

attributed to the hydrophobicity of the copolymer 85:15 and its particle size [325]. However, studies 

on cationic PLGA 50:50 and 75:25 MPs absorbing a hepatitis B antigen (HBsAg) showed similar humoral 

(IgG) and cellular responses (IFN-ɣ and IL-2) for both copolymers after subcutaneous vaccination [326].  
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Figure 6.3 Antigen-specific humoral immune responses in (A) serum and (B) supernatants from lung 
lymphocytes after prime-pull immunisation (2 x s.c. CAF01:H56 and 1 x i.n PLGA:H56). Serum samples 
from 6 individual mice in each vaccine group were isolated 2 weeks after the booster immunization. 
H56-specific serum production of immunoglobulin G (IgG) was measured by ELISA. ELISA OD450 values 
are represented as mean values ± S.D, n=6. 
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Figure 6.4 Antigen-specific cellular immune responses in supernatants from re-stimulated splenocytes and lung lymphocytes after prime-pull immunisation 

(2 x s.c. CAF01:H56 and 1 x i.n PLGA:H56): IL-17 concentration in the (A) lungs and (B) spleen respectively; IFN-ɣ concentration in the (C) lungs and (D) spleen 

respectively. Individual spleens and lungs were isolated 2 weeks after the booster immunization. H56-specific cellular production of cytokines was measured 

by ELISA. Calculated mean concentration values (bars) ± SD are represented. 
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6.4.2.3 Specific location of the T-cell responses 

Understanding the participation of the cells during the production of immune responses is crucial for 

vaccine development. Production of antigen specific CD4+ T cells and the homing of these cells to the 

lungs is of vital importance to fight against Mtb infection [327]. Their distribution is important since 

the cells located in the lung parenchyma and, therefore, in direct contact with the pathogen will be 

able to protect against the infection [328, 329]. Investigation of the distribution of the CD4+ T cell 

profiles was studied using a well-established in vivo staining technique described by Anderson et al 

[316]. FITC-labelled anti-CD45 monoclonal antibody was intravenously injected 3 minutes prior 

euthanisation in order to differentiate between the cells located in the vasculature and the 

parenchyma. By this method, blood cells will be stained (positive staining) opposite to the cells located 

in the parenchyma (negative staining). Therefore, the H56-specific CD4+CD44+ T cells and CD4+CCR6+ 

T cells cytokine profile (producing IFN-ɣ and IL-17) in the individual cells in the lungs, spleen and LNs 

(mediastinal and traqueobroncheal) were investigated using intracellular flow cytometry staining and 

by gating for activated CD4+ T cells. The in vivo staining technique is more noticeable for the lungs as 

they contain a large number of blood cells whereas the spleen and LNs contain very little. 

Subsequently, the amount of positive (vasculature) CD4+ T cells in the spleen and LNs was minimum 

and therefore, non-quantifiable. In contrary, as it was expected, the CD4+ T cell population in the lungs 

was differentiated between vasculature (positive staining) and parenchyma (negative staining).  

  

6.4.2.3.1 Antigen specific CD4+ T cells responses in the lungs 

Cells expressing CD44+ were measured for the identification of vaccine memory CD4+ T cells [330]. 

Analysis of the H56 specific production of IFN+ CD44+ CD4+ T cells and IL-17+ CD44+ CD4+ T cells located 

in the parenchyma as percentage or number of cells producing these intracellular cytokines (shown in 

Figure 6.5). All vaccinated groups produced significantly (p<0.05) higher levels of both IFN-ɣ and IL-17 

in the lung parenchyma compared to the unvaccinated group, independent of particle size and 

copolymer used. The percentage of IFN+ CD44+ CD4+ T cells from the groups boosted with PLGA NPs 

50:50 and 75:25 as well as the group administered with PLGA MPs 85:15 produced lower levels of IFN+ 

CD44+ CD4+ T cells when compared to the groups boosted with H56 alone or PLGA NPs 85:15. On the 

other hand, when IL-17+ CD44+ CD4+ T cells levels were measured, PLGA MPs 85:15 showed the higher 

percentage of cytokine production alongside the group vaccinated with the antigen alone. The same 

quality but lower quantity was observed for the CD44+ CD4+ T cells confined in the lung vasculature 

(positive). In general, cytokine production in naïve mice was barely detectable and cells in the 

parenchyma were able to produce more cytokines than cells in the vasculature. These results confirm 
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the ability of PLGA to deliver H56 to the lungs with similar levels of antigen-specific cytokine producing 

CD4+CD44+ or CD4+CCR6+ T cells were observed for all the vaccinated groups. Expression of cytokine 

combinations (IL-17+/IFN-ɣ+, IL-17+/IFN-ɣ- and IL-17-/IFN-ɣ+) were measured and the majority of the 

cells were single producers of cytokines, either IL-17 or IFN-ɣ single-positive CD4+ T cells were found 

in the lung parenchyma (Figure 6.6). Vaccinated groups resulted in a significantly higher (p<0.001) 

increase in antigen-specific CD4+ T cells compared to control mice (unvaccinated group). The 

expression of mucosal homing chemokine receptor CCR6 specific of Mtb was measured as a function 

of the mean fluorescence intensity (MFI) (Figure 6.6) [331, 332]. IL-17 and IFN-ɣ cytokine producing 

CD4+ T cells expressed similar levels of CCR6 in all the vaccinated groups, whereas for the unvaccinated 

group, higher levels of single cytokine expression was observed. Boosting with PLGA:H56 NPs and MPs 

induced equivalent percentages of Th1 and Th17 CD4+ T cells as boosting with H56 antigen alone.   

The enhancement of mucosal CD4+ T cells producing IL-17 is important for the development of a 

protective vaccine against TB as well as the production of IFN-ɣ CD4+ T cells, which have been 

previously demonstrated to be of high importance against TB in humans. [141, 333, 334]. The current 

TB vaccine, BCG, does not stimulate T cells in the lungs, which has been attributed to its lack of efficacy 

in protecting against pulmonary TB. Studies carried out in guinea pigs showed that after mucosal 

vaccination with BCG, better protection against TB was found when compared to the conventional 

intradermal route [335, 336]. Recent studies have shown the increased local immune responses 

obtained by mucosal vaccination and consequently, improved protection against TB [334]. The 

importance of the recruitment of T cells to the lungs has recently been demonstrated for protection 

against TB infection. The location of these T cells is crucial for the efficacy of the vaccine since the T 

cells have to be in direct contact with the Mtb infected macrophages [139-144]. Therefore, respiratory 

mucosal vaccination is believed to be the best way to teach the lung macrophages and DCs how to 

fight Mtb infection and to recruit antigen specific T cells to the site of infection (lung parenchyma and 

airway) [145, 146]. Results from this study demonstrate that PLGA:H56 NPs and MPs can be produced 

in a dry powder format which can works as effectively as the administration of free antigen. This is key 

as it is unlikely to find an antigen that after administration alone produces these high immune 

responses as generally, administration of free antigen is poorly immunogenic. 
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Figure 6.5 Percentage of IFN+CD4+CD44+ and IL-17+CD4+ producing T cells measured by intracellular staining in the lung parenchyma (negative) and lung 
vasculature (positive). T cell responses following vaccination 2 x s.c. CAF01:H56 and 1 x i.n PLGA:H56 in CB6F1 mice (n = 6). Two weeks after intranasal boosting 
of the antigen, the cells from the lungs were stimulated with H56 antigen and cytokine production was assessed by icFACS. (A) Percentage and (B) number of 
H56-specific CD4+ T cells producing INF-ɣ in the lung parenchyma and (C) in the lung vasculature; (D) Percentage and (E) number of H56-specific CD4+ T cells 
producing IL-17 in the lung parenchyma and (F) in the lung vasculature. 
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Figure 6.6 Percentage of CD4+CD44+ or CD4+CCR6+ T cells (IL-17 and IFN-ɣ) of the study by intracellular flow cytometry on the lung. T cell responses following 
vaccination 2 x s.c. CAF01:H56 and 1 x i.n PLGA:H56 in CB6F1 mice (n = 6). Two weeks after intranasal boosting of the antigen, the cells from the lungs were 
stimulated with H56 antigen and cytokine production was assessed by icFACS. (A) Percentage and (B) number of H56-specific CD4+ T cells producing INF-ɣ/IL-
17 and (C) CCR6 medium fluorescence intensity cytokine production in the lung parenchyma. 
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6.4.2.3.2 Antigen specific CD4+ T cells responses in the spleen and lymph nodes 

Secretion of IFN-ɣ and IL-17 responses in the spleen and lymph nodes was assessed. Regarding the 

CD4+ T cells responses in the spleen and lymph nodes, all the vaccinated groups secreted significantly 

higher (p<0.0001) amounts of cytokines compared to the naïve group (Figure 6.7). Immunisation with 

PLGA 85:15 NPs produced increased levels of antigen specific IFN-ɣ producing CD4+ T cell responses in 

the splenic T cells as well as in the lymph nodes (Figure 6.7A and D). Similar numbers of H56-specific 

CD4+ T cells producing IL-17 were measured for the vaccinated groups with PLGA 85:15 copolymer, 

independent of the particle size (both NPs and MPs) and for the antigen alone vaccinated group 

(Figure 6.7B and E). It was noticeable that the production of IFN-ɣ+ and IL-17+ CD4+ CD44+ T cells was 

significantly decreased (p<0.05) for the F1 mice vaccinated with PLGA 75:25 NPs. Similar numbers of 

activated CD4+ cells expressing CCR6 were found in the spleens and LNs for all groups. Expression of 

CCR6 in the spleens and LNs was prominent for single IL-17 producers in all the groups (vaccinated 

and unvaccinated). In general, the naïve group lacked antigen specific CD4+ T cells secreting neither 

IL-17 nor IFN-ɣ in the lungs, spleen or LNs. Cytokine production through the stimulation of the 

chemokine receptor CCR6 was increased when compared to the vaccinated groups (Figure 6.7C and 

F). 

This works demonstrates the design of a TB subunit vaccine containing the TB vaccine candidate H56 

(Ag85B-ESAT6-Rv2660) as part of a prime-pull protocol where the Th1/Th17 promoting adjuvant 

CAF01 was administered by parenteral priming followed by a respiratory mucosal booster with 

PLGA:H56. Results demonstrate that the H56 vaccine candidate can be encapsulated within a well-

characterised delivery system without losing its immunogenicity in a murine model. Stimulation of the 

adequate cell subset population in the right location and in the right quantity is believed to be a critical 

factor for controlling Mtb growth. Studies by Woodworth et al.[318], following a protocol based on 3 

x s.c administrations of CAF01:H56 and 2 x s.c followed by 1 x i.n CAF01 in CB6F1 mice showed an 

improvement in the recruitment of the T cells to the lungs (parenchyma) after mucosal vaccination 

compared to the subcutaneous route. Regardless of the increased antigen specific responses in the 

lung parenchyma, the narrowed protection showed after challenge with Mtb demonstrates the 

limited power of the vaccine-induced T cells to regulate Mtb infection [318]. Furthermore, another 

recent study by Asshurst et al. for pulmonary administration of PLGA encapsulating a TB antigen also 

demonstrated that although the T cell immune responses were increased in the lungs, these did not 

enhance the protection against TB after challenge [152].  
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Figure 6.7 Percentage of IFN+CD4+CD44+ and IL-17+CD4+ CD44+ producing T cells measured by intracellular staining in the splenocytes and lymph nodes of 
vaccinated mice. T cell responses following vaccination 2 x s.c. CAF01:H56 and 1 x i.n PLGA:H56 in CB6F1 mice (n = 6). Two weeks after intranasal boosting of 
the antigen, the cells from the lungs were stimulated with H56 antigen and cytokine production was assessed by icFACS: Percentage of (A) IFN-ɣ, (B) IL-17 
and (C) CCR6 in the spleen. Percentage of (D) IFN-ɣ, (E) IL-17 and (F) CCR6 cytokines in the LNs. 
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6.5 Conclusions 

There is still an unmet need for an efficacious TB vaccine. The current TB vaccine (BCG) has shown 

variable efficacy in children, while failing to elicit any protection against the main form of TB 

(pulmonary TB) at any age. Thus, to overcome the limitations of BCG, a wide range of vaccination 

strategies are being develop to stop and control TB transmission and infection. Current research has 

focused on the stimulation of T cell responses at the point of entry for the bacteria – the mucosa 

within the lungs. Here we evaluated a prime-pull immunisation approach for a vaccine against 

pulmonary TB, consisting of priming with CAF01:H56 followed by a mucosal boost with PLGA:H56. The 

inert delivery system based on PLGA encapsulating the TB vaccine candidate H56 was formulated in a 

scale independent manner and lyophilised to a dry powder format for aerolisation into the lungs. 

Results shown here demonstrate the applicability of this manufacturing method to deliver 

encapsulated antigen to the lungs via the intranasal route of administration. The immune responses 

generated by this approach indicate the retention of the immunogenicity of the antigen encapsulated 

within a lyophilised PLGA delivery system. Although no enhancing effect could be observed compared 

to the administration of antigen alone as a boost, the work demonstrates the scale independent 

manufacture of polymer based delivery systems encapsulating antigens for inhalation/aerolisation 

delivery to the lung mucosa. During this process the antigen remains efficacious compared to the free 

antigen. 
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7.1 The need for a new Tuberculosis (TB) vaccine 

Tuberculosis remains the leading cause of death due to an infectious disease, affecting more than one 

third of the population worldwide. Despite the existence of a TB vaccine (the well-known BCG vaccine) 

and besides being the world’s most administered vaccine it fails to protect against the most common 

form of TB, pulmonary TB. Several initiatives are focused on the development of a TB vaccine to 

control and stop TB by 2035. Different approaches for vaccine development can be followed 

depending on the target population (children, adults, elderly, immunocompetent and so on); the 

vaccine backbone structure (live, attenuated or subunit vaccines); immunisation protocol (from 

replacement vaccines to vaccine boosters) and degree of exposure to the microorganism 

(prophylactic, post-exposure, and therapeutic vaccines). Due to the poor immunogenicity of highly 

purified peptides/antigens (subunit vaccine) and inactivated vaccines when administered by 

themselves, the inclusion of adjuvants in the vaccine formulation is generally necessary. Adjuvants are 

substances that enhance and modulate the immune response when combined with vaccine antigens 

and among them, lipid and polymer-based adjuvants have been extensively studied for this purpose. 

Independently of the vaccine approach or category selected, the same rational  for the development 

of any vaccine should be followed in terms of production, cost, safety and efficacy [45]. The vaccine 

cost should be reduced, and the method of production should be reproducible and accessible in 

developing countries, where the highest TB incidence occurs. The route of administration directly 

influences the outcome and efficacy of the vaccine. Eliciting specific immune responses at the target 

site can greatly enhance protection. Lungs are the port of entry of Mtb and thus, the lung mucosa is 

one of the first lines of defence against the bacteria, therefore, it is hypothesised that strong mucosal 

immune responses are required to build protection against TB. 

The main aim of this thesis was to develop a prime-pull vaccine approach for protection against 

pulmonary TB following an immunisation protocol consisting of parenteral priming with the TB vaccine 

candidate (H56) alongside the cationic liposome adjuvant 01 (CAF01) followed by respiratory mucosal 

boosting of the H56 tuberculosis antigen within an inert delivery system (PLGA) 

 

7.2 The use of microfluidics as a tool for the manufacture of CAF01 

Initial studies were focused on the ‘priming’ part of the vaccination protocol. CAF01 has been 

extensively investigated alongside the H56 antigen for immunisation against TB. This formulation is 

commonly prepared by the thin film method which has several drawbacks including scale-up and 
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reproducibility. By this methods MLVs are produce therefore, to reduce the size and lamellarity of the 

formulation, a size reduction method such as high shear mixing (HSM) has to be applied to the 

preformed MLVs. In contrast, controllable technologies such as microfluidics have advantages in 

material preparation such as uniform flow and mixing, high efficiency, continuous operation, easy 

control and low cost [163]. Therefore, the aim of this study was to investigate the use of microfluidics 

as a manufacturing method for CAF01.  

Results here demonstrate that cationic liposomes formulated by microfluidics can be formulated in 

sizes down to 65 nm depending on the parameters adopted. In general, increasing FRR reduces the 

size of the particles. This is in contrast to vesicles subject to HSM, where the minimum size was ~200 

nm. Liposomes prepared by LH showed the biggest particle size. However, liposomes produced using 

microfluidics tended to be more heterogeneous in nature. Addition of cholesterol was shown to 

facilitate the production of liposomes by microfluidics. This might be due to the decrease of transition 

temperature in the formulation when cholesterol is incorporated. In terms of antigen loading, OVA 

was added as a model antigen to the preformed liposomes, and the results obtained showed that OVA 

adsorption is dependent on electrostatic interactions between the liposomal surface and the 

negatively charged protein. Therefore, OVA could be efficiently loaded on the positively charged 

membrane surface of the liposomes containing DDA (all CAF formulations gave high protein loading 

>90%) whereas liposomes containing DMPC were not as effective due their neutral surface charge. 

Lipid content of liposomal adjuvant formulations was successfully quantified using a HPLC-ELSD 

method. Lipid film hydration, HSM and microfluidics have shown to be suitable methods for 

manufacturing of liposomal adjuvants since the recovery of the lipids was high across all three of the 

manufacturing methods evaluated.  

Production of CAF01 using the LH and HSM can be an inefficient time consuming process, especially 

in regards to high scale industrial manufacture. If large scale production of a TB vaccine is to be 

achieved for global immunisation, new manufacturing methods that can achieve this must be 

considered. Novel techniques to rapidly produce liposomal vesicles such as microfluidics could 

alleviate large scale production issues. Results demonstrated here indicate the ability of a microfluidic 

platform to produce CAF01 with highly similar physicochemical characteristics when compared to the 

traditional methods mentioned above. Additionally, the use of microfluidics allows for the control of 

numerous production parameters yielding a range of particle sizes for CAF01. 
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7.3 In vivo studies with CAF01 liposomal formulation manufactured by microfluidics 

retains its biodistribution profile and immunogenicity 

CAF01 has been shown to be a potent adjuvant and produce a Th1-biased immune response in 

combination with a range of sub-unit vaccines including chlamydia, influenza, HIV and tuberculosis 

vaccine (e.g. [73, 87-90]). Its immunological profile consists of strong production of cellular and 

humoral immune responses based on high IFN-ɣ and IL-17 secretion, low IL-5 production and high IgG 

antibody production [98, 99]. Thus, after the successful production of CAF01 liposomes using 

microfluidics in the previous study, the aim of Chapter 3 was to evaluate the in vivo performance of 

CAF01 liposomes manufactured using microfluidics compared to the traditional LH method.  

The pharmacokinetic and immunological profile of the microfluidic formulations (CAF01 MF) remained 

intact when compared with the commonly used method for the preparation of the CAF01 formulation 

(CAF01 LH) in vivo. In order to track the movement of both antigen and liposomes in vivo, both vaccine 

components were radiolabelled. High amounts of liposomes and antigen were detected at the site of 

injection (SOI) at all the time points studied. CAF01 biodistribution showed a sustained draining of the 

vaccine from the SOI independently of the manufacturing method used. Immunological studies of 

CAF01 LH and CAF01 MF showed no significant difference between the antibodies responses 

measured. Both formulations showed increasing IgG1 and IgG2c over time with strong responses after 

day 21. Regarding cytokine responses from re-stimulated splenocytes and lymph nodes, both CAF01 

formulations showed strong Th1/Th17 responses with the CAF01 MF producing higher amounts of 

IFN-ɣ in cells from the lymph nodes. 

The use of a microfluidic based manufacturing method shows potential for the production of vaccine 

adjuvants in a scalable process. Vaccine production is a high-cost area involving large economic 

investments in both research and development and vaccine manufacture. In order to bring overall 

costs of new vaccines down, streamlining the manufacturing process is an essential task. Novel 

techniques such as microfluidics offer a scale- up alternative to batch production.   

 

7.4 Scale independent production of PLGA delivery systems 

Once the production of CAF01 for the priming of the immune system was stablished, the manufacture 

of an inert delivery system to carry the H56 antigen to the lungs was investigated. Biodegradable 

compounds degrade into non-toxic and biocompatible products upon in vivo administration. 

Subsequently, the degradation products are removed from the system by the normal metabolic 

pathways. The PLGA family has been widely investigated due to its exceptional safety profile and its 
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FDA and EMA approval for human use [55]. These particulate delivery systems can be manufactured 

through a wide range of methods and therefore their physicochemical properties can be easily 

manipulated in order to achieve the adequate characteristics for the right interaction with biological 

cells. Commonly PLGA nanoparticles (NPs) and microparticles (MPs) are manufactured by using 

methods such as double emulsion, coacervation, nanoprecipitation, extrusion or solvent evaporation 

[104-111].  

For the formulation design on PLGA as a vaccine delivery system, knowledge about its intrinsic 

properties is crucial in order to improve its efficacy. Several factors influence PLGA performance, 

among them, the monomer molar ratio, average molecular weight, crystallinity, size and shape are of 

absolute importance. PLGA polymer can be synthesized in a wide variety of lactic to glycolic monomer 

ratios. The main PLGA copolymers used in research are 50:50, 75:25 and 85:15, which in general 

contain higher lactic acid percentage. Varying the percentage of lactic or glycolic acid present in the 

polymer composition, influences the hydrophilicity of the polymer and thus, the degradation rate. The 

percentage of PGA dictates the hydrophilicity of the copolymer, therefore, PLGA copolymers with 

higher PGA content show accelerated degradation when compared to PLGA copolymers with higher 

PLA content. Antigens can be encapsulated within these PLGA particles which provide antigen 

protection and controlled release profiles [102, 212].  

Since the aim of this thesis is to develop a prime-pull protocol for vaccination against pulmonary TB, 

Chapter 4 assessed the applicability of microfluidics for the preparation of PLGA delivery systems 

encapsulating H56 antigen and using copolymers 50:50, 75:25 and 85:15. Results have shown the 

successful manufacturing of polymer nanoparticles using microfluidics. In general, altering the flow 

rate ratio of the microfluidics system has shown to control the size of the PLGA nanoparticles obtained 

as well as the PLGA copolymer ratio used and the concentration of antigen loaded within these 

systems. In contrast, the total flow rate and therefore the output capability of the system did not 

impact on these parameters demonstrating the suitable scalability of this system. The formed PLGA 

nanoparticles were spherical and regular shaped particles with a rough outer surface suitable for 

pulmonary delivery. Encapsulation of the H56 tuberculosis antigen was achieved via a one-step in-line 

microfluidics process showing medium antigen loading (from 20 to 40%). Residual solvent was 

removed from the formulations to a level below the acceptable cut off point as dictated by the ICH 

guidelines. Microfluidics has shown to be a fast, reproducible and easy method for the production of 

PLGA nanoparticles. However, the microfluidics system was limited to particles below 500 nm which 

may require further modification for appropriate cell uptake/lung deposition. PLGA MPs were also 

formulated in order to have a wide range of particle sizes for further cellular uptake and deposition 

studies. Thus, in order to get an overview of the importance of the particle size for the delivery of the 
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vaccine in the deep lungs, PLGA microparticles were manufactured using the conventional double 

emulsion method (w/o/w). Results showed the production of micrometre range particles (~ 1- 1.5 µm) 

independently of the copolymer ratio used, with lower encapsulation efficiency (from 10 to 30%) than 

the NPs and same physical characteristics as shown by the NPs (spherical in shape and with a rough 

surface).  

 

7.5 Aerodynamic engineering of a TB vaccine for lung delivery 

Formulation of an inhalable delivery system containing tuberculosis antigens to target the site of 

infection could be an interesting approach for the development of a subunit vaccine against this 

disease. PLGA particles suffer hydrolytic degradation when stored in liquid environment for prolonged 

periods of time. Preparation of PLGA delivery systems as dry powders can increase the stability of 

these particles and allow for the engineering of particles with suitable aerodynamic parameters to 

achieve deposition in the appropriate lung region. Besides, the exclusion of the cold-chain 

requirement would contribute with the reduction of the vaccine cost and it would facilitate the 

stability of the vaccine during transit and storage.  

In this regard, particle size is one of the main factors dictating the aerosol deposition in the airways. 

Therefore, the rational design of delivery systems has to consider physicochemical properties such as 

size and shape, geometry, charge and density of the particulate system for the deposition of the 

inhaled particles [134]. This study aimed to develop dry powders for inhalation containing PLGA as 

delivery system for the delivery of the H56 tuberculosis antigen into the deep lungs (alveoli), which 

will be used for an in vivo ‘pull’ vaccination. 

In the previous study, microfluidics was assessed for the manufacture of PLGA particles, and the 

production parameters were optimised. Thus, the next step was to evaluate the suitability of the PLGA 

nano- and microparticles produced by MF and w/o/w method to deliver the antigen to the deep lungs 

(alveoli). Formulations prepared at FRR 1:1 were selected for further development since using this 

parameter, the largest particles were obtained. Besides, formulations prepared by the double 

emulsion method were also included in the study to get an overview of the influence of particle size 

on  the deposition and cellular uptake within the lungs.  

A cryoprotectant screening was carried out to determine the best stabiliser and concentration to 

incorporate within the PLGA formulations prior to freeze drying. Sucrose (10% w/v) was selected as 

cryoprotectant due to its efficacy protecting the particles from agglomeration and because it is 

cheaper than other sugars (e.g. trehalose). The amino acid leucine (1% w/v) was also included into the 
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formulation due to its performance as a redispersibility enhancer. Dry powders composed of PLGA 

copolymers 85:15, 75:25 and 50:50, sucrose (10% w/v) and leucine (1% w/v) were produced using a 

freeze drying technique. All powders composed of different PLGA copolymers showed adequate 

particle size appropriate for deep lung delivery as shown by the aerosol performance dispersion 

results from the NGI (Pharmacopoeia approved airway simulator), which showed high particle 

deposition in the deep lungs. Besides, in vitro studies in three different macrophages cell lines showed 

the ability of these cell to take up the formulated PLGA particles and their ability to deliver the antigen 

to the cells for processing. Further evaluation of the developed powders is necessary to determine 

their ability to facilitate improved mucosal immunity without causing local side effects. Subsequently, 

these formulations moved on to the immunisation studies in mice as part of the prime-pull vaccination 

protocol.   

 

7.6 Prime-pull immunisation stimulates cytokine production in the lung parenchyma 

Alveolar macrophages can be found in multiple locations including the vasculature and the 

parenchyma and represent the first line of defence against Mtb. The importance of the recruitment 

of T cells to the lungs for protection against TB infection has recently been demonstrated. The location 

of these T cells is crucial for the efficacy of the vaccine since the T cells have to be in direct contact 

with the Mtb infected macrophages [139-144]. Therefore, respiratory mucosal vaccination is believed 

to be the best way to teach the lung macrophages and DCs how to fight Mtb infection and to recruit 

antigen specific T cells to the site of infection [145, 146].   

Here we evaluated a prime-pull immunisation approach for a vaccine against pulmonary TB, consisting 

of priming with CAF01:H56 followed by a mucosal boost with PLGA:H56. PLGA encapsulating the TB 

vaccine candidate H56 was formulated in a scale independent manner and lyophilised to a dry powder 

format for aerolisation into the lungs. Results shown here demonstrate the applicability of this 

manufacturing method to deliver encapsulated antigen to the lungs via the intranasal route of 

administration. The immune responses generated by this approach indicate the retention of the 

immunogenicity of the antigen encapsulated within a lyophilised PLGA delivery system. Although no 

enhancing effect could be observed compared to the administration of antigen alone as a boost, the 

work here could provide the foundations for the scale independent manufacture of polymer based 

delivery systems encapsulating antigens for inhalation/aerolisation delivery to the lung mucosa. 
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7.7 Concluding remarks and future work 

Microfluidics allows for the large-scale and reproducible preparation of liposomal and polymer-based 

vaccine adjuvants. These particles can be produced in a range of sizes depending on the control 

parameters selected. Adjuvant characteristics such as particle size, surface zeta potential and 

polydispersity are highly dependent on the composition of the formulation. This manufacturing 

process is more efficient, fast and offers a tight control of the physicochemical characteristics of the 

particulate systems. Furthermore, production of PLGA nano-and microparticles as dry powders for 

inhalation was successfully achieved. In vitro and in vivo studies in mice have shown the ability of these 

polymer particles to deliver H56 antigen to the deep lungs, eliciting high cellular and humoral immune 

responses compared to the unvaccinated group.  

Further studies should focus on the administration of the PLGA:H56 vaccine as a powder for inhalation 

to achieve improved immune responses. Unfortunately, the lack of administration devices for powder 

format in mice hampered the use of the designed dry powders for mucosal boosting. Animal models 

used for the development of a TB vaccine include mice, rabbits, guinea pigs and non-human primates, 

and the mice are commonly used because they are easy to work with, low cost and their genetic 

background is well known. Most of the companies producing inhalation devices for animal research 

fabricate masks for rats as the smallest animal model. Once this problem is overcome, protection 

studies by challenging mice with a TB strain could be performed to offer more information with 

regards to the potential success of the immunisation protocol developed here. Furthermore, it is 

important to understand that the design and development of the CAF01 and PLGA adjuvant systems 

demonstrated in this thesis could be applicable for the encapsulation of antigens for the treatment 

and prevention against a range of other diseases. 
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