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ABSTRACT 

 

The lung is responsible for the gaseous exchange of carbon dioxide (CO2) with 

oxygen (O2). Furthermore, within the lung there is an equilibrium that is maintained 

by a great number of mechanisms that filter the air, making it free of materials that 

can induce damage. The knowledge of the different lung physiological processes 

helps understand diseases and promote adequate and efficacious therapies. 

Additionally, the study of the physics and mechanics of the lungs can work 

favourably when lung is used as a route of administration for drugs. Nowadays, there 

is a myriad of marketed inhalers that are mainly used in the therapy of asthma and 

chronic obstructive pulmonary disease. These essentially include metered dose 

inhalers and dry powder inhalers, the latter currently observing increased popularity. 

Research on the topic of inhalable dry powders is intense, with many formulations 

being proposed in the literature. After the intrinsic characterisation of formulations, 

their study continues focusing on behaviour aspects, particularly addressing the 

interactions with biological structures, such as cells, tissues or animals. These 

studies require the existence of methodologies and tests that generate reproducible 

data for a potential approval by the competent authorities. These methodologies can 

be divided in three categories: in vivo, ex vivo and in vitro tests. When the study of 

dry powders is focused, it is easier to replicate data in in vivo platforms, not only 

because animals are used after a careful selection of the best model and 

subsequent documentation for validation of an experimental setting, but also 

because dry powders are used and delivered as such. However, in in vitro assays, it 

is not easy to mimic the lung environment and inhalation itself, as the delivery of 

powders over cells cultured on an air-liquid interface is required for the drawing of 

robust conclusions. Often, cell-based in vitro assays entail testing of dry powders in 

suspension, meaning that the powder is added to the liquid media where cells grow, 

and the exposure is provided with the mediation of the media. Regrettably, this does 

not mimic the occurrences in the lung, as the organ is devoid of abundant liquid. In 

vitro platforms allowing to comply with realistic conditions are relatively scarce and 

those existing are expensive and technically complex, which is not feasible in early 

stages of research. The design and development of an affordable and simple in vitro 

platform capable of testing dry powders, ensuring reproducible experimentation and 

data, would be highly helpful. 
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This PhD project proposed the development of tools to improve lung delivery 

research using dry powders. The development of a device that allows the delivery of 

dry powders onto cell surfaces, thus simulating more appropriately the lung 

environment, was envisaged. Moreover, a quartz crystal microbalance was used to 

establish a technique enabling the determination of dry powder deposition profiles. In 

parallel, the determination of the viability of respiratory cells after the insufflation of a 

dry powder using the developed device was performed. 

 

Locust bean gum (LBG) is a polysaccharide that has been proposed as excipient in 

several drug formulation strategies. It has been included in drug delivery systems 

such as microparticles and nanocarriers, but regrettably LBG does not have the best 

features for this end, with a low solubility in cold water, the high viscosity of solutions 

at concentrations above 1% (w/v), and the neutral character, hinder its use. 

Chemically modified LBG could be a strategy to overcome these limitations. A 

sulphated derivative of LBG was thus prepared and used in the production of lipid 

nanocapsules (LNC) by a technique of solvent displacement. Despite adequate 

properties of the carriers (size around 200 nm, PdI < 0.2, highly negative ζ-potential), 

encapsulation of the model drug rifabutin failed to achieve satisfactory loadings (< 

2%). Moreover, the conversion of LNC into inhalable microparticles by spray-drying 

using mannitol as carrier matrix, was also not successful, resulting in a negligible 

amount of powder being recovered. The focus on the formulation used in this PhD 

project shifted, and the establishment of a spray-drying protocol permitting the 

production of LBG-based microparticles suitable for lung delivery purposes was 

investigated. In parallel, an exhaustive study of LBG characteristics, relevant for its 

role as matrix material, was performed. LBG from three different suppliers was 

tested, along with a range of spray-drying inlet temperatures, varying between 103 

ºC and 160 ºC. The various dry powders were prepared and observed to have 

similar aspect from a macroscopical visualization. Considering the yields obtained for 

different temperatures, the chosen formulation was that prepared with an inlet 

temperature of 130 ± 1 ºC. This temperature ensured a compromise with an inlet 

temperature that is intermediate and an acceptable production yield around 55-60%. 

The geometric diameters of the microparticles were determined to vary within 3.8 

and 4.5 µm. Further chemical characterisation of LBG was performed (Fourier-

transform infrared spectroscopy (FT-IR), molecular weight distribution by High 
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Performance Size Exclusion Chromatography (HPSEC), thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC)), evidencing that the heating 

cycles (for solubilisation and processing in the spray-dryer) might induce LBG 

depolymerization to a certain extent. However, additional tests are required to 

confirm these observations, and aerodynamic characterisation of the different LBG-

based microparticles is also considered necessary. Notwithstanding, an LBG-based 

microparticle formulation was chosen to advance to cell-based and in vivo assays. 

The former relied on cell viability determination, where a concentration-dependent 

effect was observed. In fact, as concentrations increment, so does the viscosity of 

LBG, impacting negatively on cell viability. However, testing of LBG did not induce 

the disruption of the cell membrane and, thus, the release of the cytoplasmatic 

enzyme lactate dehydrogenase (LDH). As for the in vivo assays, no allergic reaction 

was initiated in the sequence of the inhalation of LBG microparticles, thus 

constituting a strong indication of LBG safety for lung drug delivery applications, 

although more studies, addressing different indicators, are needed. This work 

demonstrated that a thorough characterisation of polymers works favourably in the 

process of preparing dry powders, its optimisation and subsequent biological risk 

assessment. 

 

The design and development of a device enabling the insufflation of dry powders 

onto cell supports followed the successful preparation of LBG-based microparticles. 

After several optimisations concerning the model, the method by which the dry 

powder is weighed and loaded into the device and the air insufflation mechanism, a 

final model comprised of a funnel and a weighing accessory was conceived. 

Different 3D printing techniques were also tested to obtain the device (fused 

deposition modelling and stereolithography), as well as several air pumps. An air 

compressor was selected as air pump, being tested at different outlet air pressures 

and using several polysaccharide-based dry powders, but the insufflation yields 

generally did not go beyond 20-30%, signalling this as a feature requiring future 

optimisation.  

 

Alveolar epithelial cells were cultured on a petri dish and exposed for 24 h to LBG 

microparticles, insufflated with the developed device. No significant effect was found 

on cell viability (always > 70%) and the same was observed after pumping air, 
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indicating potential safety of LBG microparticles and of the proper insufflation 

method. Future assays assessing other parameters are anyway required to further 

support these findings. 

 

An application of the device was further explored by means of inclusion of a Quartz 

Crystal Microbalance (QCM) into the experimental setting, which permitted 

evaluating the deposition profile of different dry powders in real time, allowing for a 

more thorough analysis of the device performance. The use of the QCM in cell-

based tests, where cells are cultured over the crystal, using the developed device 

can provide more insight into the real interaction between cells and dry powders. 

Overall, the inclusion of this technology in experimentation, especially concerning the 

in vitro analysis of dry powders, can provide more precise data when compared with 

conventional techniques. In dry powder formulation development, it is advantageous 

for choosing the most adequate excipients that translates into the best deposition 

profile. At more advanced stages, the quantification of interactions between cells and 

particles will be certainly crucial, as the determination of the best excipients for 

formulations will help on the improvement of the therapeutic approaches. Further 

developments concerning this PhD project are envisaged, but all that was achieved 

and the discussion that followed, will certainly guide future endeavours in aerosol 

research. 

 

Keywords: Aerosol, biorelevance, dry powder, insufflation, lung drug delivery, 

polysaccharide  
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RESUMO 

 

O pulmão é um dos órgãos essenciais à vida, sendo responsável pelas trocas 

gasosas de dióxido de carbono por oxigénio. Para que este processo decorra, existe 

um equilíbrio que é mantido por diversos tipos de células e diferentes mecanismos, 

que filtram o ar atmosférico de substâncias que podem danificar o pulmão. O 

conhecimento dos diferentes processos fisiológicos deste órgão permite 

compreender as doenças a ele associadas. Além disso, o estudo da física e dos 

processos mecânicos que ocorrem no pulmão ajudam ao desenvolvimento de 

terapêuticas mais adequadas e eficazes quando este órgão é usado como via de 

administração. Atualmente, encontram-se disponíveis no mercado um conjunto de 

dispositivos, usados na terapêutica da asma e da doença pulmonar obstrutiva 

crónica, como por exemplo, os inaladores pressurizados com válvula doseadora e 

os inaladores de pó seco. Estes últimos têm visto, nos últimos anos, um incremento 

da sua popularidade. Além disso, e em paralelo, a investigação científica no que aos 

pós secos para inalação diz respeito é profícua e intensa, com diversas formulações 

a serem propostas na literatura. Após a caracterização intrínseca destas estratégias 

terapêuticas, o seu estudo prossegue, concentrando-se nas interações com 

estruturas biológicas como sejam células, tecidos ou animais. Os estudos de 

desenvolvimento de formulação requerem diversos métodos experimentais e testes, 

que geram dados reprodutíveis, que serão utilizados pelas autoridades competentes 

no processo de aprovação de novas terapêuticas. Os métodos experimentais 

podem ser divididos em três categorias distintas: in vivo, ex vivo e in vitro. Num 

contexto in vivo, quando se procura caracterizar uma formulação para ser 

administrada através do pulmão, gerar e replicar dados é uma tarefa relativamente 

simples, já que se utilizam modelos animais, que foram rigorosamente escolhidos, 

assim como o método experimental, previamente estudado e validado, usando-se o 

pó seco como tal. Contudo, nos ensaios in vitro, a mimetização do ambiente 

pulmonar e do processo de inalação é difícil, já que é necessária a insuflação de 

pós secos sobre células, que se encontram em cultura numa interface ar-líquido, 

para que se obtenham conclusões robustas. Atualmente, ensaios de células in vitro 

requerem experimentação com os pós secos em suspensão, isto é, estes são 

adicionados ao meio líquido onde as células estão a crescer, e a exposição é 

mediada por este meio líquido. Contudo, apesar de serem ensaios com peso 
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económico baixo, esses ensaios, tal como estão desenhados atualmente, não 

mimetizam as condições do pulmão, porque este não tem líquido abundante 

associado à sua fisiologia. As plataformas in vitro que permitam mimetizar de forma 

mais realista o ambiente pulmonar são escassas, sendo esta uma necessidade 

urgente e que precisa de ser suplantada. De facto, esta falta fomenta o uso de 

alternativas mais caras e complexas, que são inadequadas em estadios mais 

preliminares de investigação e desenvolvimento. Assim, uma possível solução é o 

desenho e o desenvolvimento de uma plataforma capaz de ser usada em testes in 

vitro de pós secos para administração pulmonar, assegurando experimentação 

reprodutível e, para esse efeito, dados robustos. 

 

O trabalho desenvolvido durante o projeto de doutoramento discutido neste 

documento propôs o desenvolvimento de ferramentas que melhorem a investigação 

e o desenvolvimento na área pulmonar, utilizando pós secos. Neste caso particular, 

foi previsto o design e o desenvolvimento de um dispositivo que permite a 

aerossolização de pós secos sobre um suporte celular, com o intuito de mimetizar o 

ambiente pulmonar. Além disso, uma microbalança de cristal de quartzo foi utilizada 

para desenvolver e estabelecer um método experimental para a determinação dos 

perfis de deposição dos pós secos testados. Paralelamente, a viabilidade celular 

após insuflação de ar com e sem pós secos com a ajuda do dispositivo foi 

determinada.  

 

A goma de alfarroba é um polissacárido que tem vindo a ser proposto como 

excipiente em diversas formulações para veiculação de fármacos, tendo sido 

incluída em trabalhos em que micro- e nanopartículas foram estudadas. Porém, a 

goma de alfarroba não possui as características químicas mais adequadas para a 

sua fácil manipulação: baixa solubilidade em água fria, requerendo sempre 

temperaturas altas para a sua dispersão, a elevada viscosidade quando a 

concentração da goma é maior do que 1% (m/v) e a ausência de carga. Uma das 

possíveis soluções para ultrapassar estas limitações é a utilização de uma goma de 

alfarroba quimicamente modificada. Neste sentido, após a sua purificação e 

posterior sulfatação, o derivado foi usado na produção de nanocápsulas lipídicas por 

um processo de deslocamento de solvente. Apesar das características físico-

químicas adequadas (tamanhos de cerca de 200 nm, índice de polidispersão < 0.2, 
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e um potencial zeta fortemente negativo), a encapsulação de um fármaco de 

interesse, a rifabutina, foi inefetiva, não tendo sido atingidos valores de drug loading 

satisfatórios (< 2%). Além disso, a conversão das nanocápsulas lipídicas em 

micropartículas inaláveis por um processo de atomização, usando o manitol como 

matriz, não teve o êxito esperado. A massa de pó seco obtido para esta formulação 

foi baixa e, por essa razão, a estratégia de formulação de pós secos pensada para o 

projeto de doutoramento teve de ser ajustada. Assim, procedeu-se à otimização de 

um protocolo de atomização, que permitisse a produção de micropartículas à base 

de goma de alfarroba, com características adequadas à sua inalação. Além disso, e 

em paralelo foi realizado um estudo mais profundo sobre as características físico-

químicas da goma de alfarroba. Assim, este polissacárido obtido de três 

fornecedores diferentes foi usado para este efeito, tendo sido feito um varrimento de 

temperaturas inlet, entre 103 ºC e 160 ºC. Após a preparação dos respetivos pós 

secos, uma análise macroscópica preliminar evidenciou características semelhantes 

entre todos os pós. Assim, considerando os rendimentos de atomização para as 

diferentes temperaturas inlet testadas, a formulação escolhida foi aquela que foi 

produzida a 130 ± 1 ºC. Esta temperatura assegura um compromisso entre uma 

temperatura inlet intermédia e um rendimento de atomização aceitável, entre os 55-

60%. Os diâmetros geométricos para as micropartículas produzidas a 130 ºC, com 

goma de alfarroba de três fornecedores distintos, foram determinados, variando 

entre 3.8 e 4.5 µm. Uma caracterização química adicional foi realizada 

(espectroscopia de infravermelho com transformada de Fourier (FT-IR), distribuição 

de pesos moleculares por cromatografia de exclusão por tamanho de alta 

performance (HPSEC), análise termogravimétrica (TGA) e calorimetria de 

varrimento diferencial (DSC)), em que se detetou que sucessivos ciclos de 

aquecimento (para a solubilização da goma e as altas temperaturas decorrentes do 

processo de atomização) podem induzir algum grau de despolimerização. Contudo, 

são necessários mais testes para confirmar esta hipótese, assim como a 

caracterização aerodinâmica das micropartículas à base de goma de alfarroba. Não 

obstante, a formulação que havia sido escolhida anteriormente foi utilizada em 

ensaios com células (in vitro) e animais (in vivo). Os ensaios in vitro evidenciaram 

um efeito dependente da concentração, ou seja, à medida que a concentração de 

goma de alfarroba testada aumenta, a sua viscosidade também incrementa, o que 

impacta negativamente a viabilidade celular. Adicionalmente, experiências com a 
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goma de alfarroba não induziram a disrupção da membrana celular e como tal, a 

libertação da enzima citoplasmática lactato desidrogenase (LDH). Com respeito aos 

ensaios in vivo, nenhuma reação alérgica foi iniciada na sequência da inalação de 

micropartículas à base de goma de alfarroba, sendo esta uma forte indicação de 

que a goma de alfarroba é segura para administração pulmonar. Este trabalho 

demonstrou que uma caracterização minuciosa e rigorosa de polímeros facilita a 

preparação de pós secos, a sua otimização e subsequentes testes de determinação 

de risco biológico. 

 

O design e o desenvolvimento de um dispositivo que permita a insuflação de pós 

secos sobre suportes celulares foi o passo seguinte, após a preparação de 

micropartículas à base de goma de alfarroba. Após diversas otimizações relativas 

ao modelo, ao método através do qual o pó seco seria pesado e colocado dentro do 

dispositivo e ao mecanismo de insuflação que seria aplicado, um modelo final foi 

produzido, sendo este composto por um funil e por um acessório de pesagem. 

Diferentes técnicas de impressão 3D foram testadas para a obtenção do dispositivo 

(modelação por deposição fundida e estereolitografia), assim como diversas 

estruturas de injeção de ar, das quais se elegeu o compressor de ar. Este último foi 

posteriormente testado com diferentes pressões de saída de ar e diversos pós 

secos à base de polissacáridos previamente preparados, mas os rendimentos de 

insuflação não foram além dos 20-30%, um parâmetro que foi assinalado como 

sendo necessário otimizar no futuro. 

 

Células epiteliais alveolares foram colocadas em cultura numa caixa de petri e 

expostas, por um período de 24 h, a micropartículas de goma de alfarroba, que 

foram insufladas com o dispositivo desenvolvido. Os ensaios, de maneira geral, 

evidenciaram que a insuflação de ar e de pós secos sob uma interface ar-líquido 

não impactaram negativamente a viabilidade celular, que se manteve em todos os 

ensaios acima dos 70%, tendo-se obtido resultados semelhantes quando 

unicamente ar foi insuflado. Estes resultados indicam um perfil de segurança tanto 

para as micropartículas à base de goma de alfarroba como para o método de 

insuflação utilizado. Apesar destes resultados, ensaios futuros necessitarão da 

determinação de outros parâmetros além da viabilidade celular para dar suporte aos 

resultados obtidos. 
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Uma possível aplicação do dispositivo na análise de pós secos in vitro foi estudada, 

quando a microbalança de cristal de quartzo foi integrada nas experiências, o que 

permitiu a avaliação do perfil de deposição de diferentes pós secos em tempo real, 

permitindo uma análise mais rigorosa do desempenho do dispositivo. Neste sentido, 

o uso da microbalança de cristal de quartzo em testes celulares futuros poderá 

providenciar dados importantes a respeito da interação real entre células e pós 

secos. De uma maneira geral, a inclusão desta tecnologia em experiências, mais 

concretamente, na análise in vitro de pós secos, mostrar-se-á útil na obtenção de 

dados mais precisos quando comparados com aqueles gerados por equipamentos 

mais convencionais. O desenho de formulações de pós secos poderá ver vantagens 

nesta tecnologia, já que o QCM permitirá a escolha de um polímero que resulte 

numa formulação com um perfil de deposição muito bom. Além disso, em estadios 

mais avançados de investigação, a quantificação das interações entre células e 

partículas será crucial, já que esta determinação permitirá escolher os excipientes 

mais adequados para serem usados em formulações, com vista ao melhoramento 

das estratégias terapêuticas atuais. Tal como estas experiências futuras, outros 

desenvolvimentos focados na melhoria do dispositivo estão previstos, indo além do 

que foi inicialmente proposto para este projeto de doutoramento. De qualquer 

maneira, tudo o que foi aqui concretizado e discutido permitirá futuros avanços 

importantes na investigação e desenvolvimento de aerossóis. 

 

Palavras-chave: Aerossol, biorrelevância, insuflação, polissacáridos, pó seco, 

veiculação de fármacos por via pulmonar 
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1.1. Overview 

The human body is a very complex structure comprised of cells, organs, 

mechanisms, and barriers that allow life as it is today. Together with evolution, 

humans have improved their existence, their ways to maintain life, to cure diseases 

and, most of all, to strive in very harsh environments [1]. This capacity to adapt 

allows for continuous improvement [2], but despite all scientific advancements, 

scientists still struggle to alter the course of certain diseases, efficiently and 

effectively [3,4]. Notwithstanding, the convoluted array of biological processes can 

still be manipulated to turn what could be a damaging feature into something 

beneficial. 

 

1.1.1. Physiology and barriers of the lung 

The study of the different organs and the way they intertwine has still many 

mysteries to uncover, but all are important in homeostasis. The lung is responsible 

for the gaseous exchange of carbon dioxide (CO2) with oxygen (O2) [5]. The first is a 

by-product of cell metabolism that needs to be expelled due to its toxicity. The 

exchange occurs deep within the lung, and its rate is dependent on the individual’s 

activity state, being more rapid and intense if any physical activity is being made [6]. 

In any case, the lung is one of the few structures that is in constant contact with the 

environment. Atmospheric air with oxygen and many other components enters 

through the nose and mouth, passes through the nasal cavity and several more 

passages to reach the alveolar sacs, where the gaseous exchange occurs [7]. But, 

as simple as it may sound, breathing is a process involving a great number of cells 

and mechanisms that filter the air of materials that can have a damaging effect on 

the human body. A depiction of the lungs and their branching can be seen in Figure 

1.1.  
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Figure 1.1 – The structural organisation of the lung and its branching, in accordance 

with the Weibel model [8]. Adapted from [9]. 

 

Figure 1.1 shows the complex structure of an adult human lung, an organ that had its 

embryonic development studied greatly elsewhere [5,10,11]. The respiratory system 

can be divided into two different regions: (1) the upper airways, consisting of all the 

structures going from the nasal cavity until the larynx; and (2) the lower airways, that 

further divide into the conducting zone, comprised by the trachea, the bronchi, and 

the terminal bronchioles and the respiratory zone, having the respiratory bronchioles, 

the alveolar ducts, and the alveolar sacs. This macro structure was simplified in one 

of the first descriptions of this tree-like architecture made by Weibel, back in 1963 [8]. 

This model divides the lung into 24 generations, to which generations 0 through 16 

correspond to the conducting zone, and the remaining generations (17 to 23/24) are 

attributed to the respiratory zone. Although simplistic, this is a very useful model of 

the lung. Additionally, it helps researchers estimate the aerodynamic parameters of 

potential therapeutic particles. 
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The adult human lungs are comprised of two soft tissue units, one on the left and 

one on the right side. These units exhibit three lobes on the right and two lobes on 

the left, which are enveloped by a membrane called pleura. The lungs are delimited 

by the diaphragm, separating the thorax from the abdominal zone [12]. At a more 

mechanistic and cellular level, the lung is a complex environment with a great 

number of components, each taking an important role in lung defence, as depicted in 

Figure 1.2. 

 

 

Figure 1.2 – Overview of the lungs and the respective sectional cuts of the bronchial 

epithelium and of the alveolar barrier, containing various types of cells and 

physiological barriers [13]. 
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Like any other structure inside the human body, lungs are populated by cells that 

differ depending on the zone of the respiratory tree, as detailed in Figure 1.2. The 

access to the lungs is given by the nose and the oesophageal region, that is 

comprised of a multi-layered squamous non-keratinising epithelium [14,15]. Going 

deeper into the tree, the next region to be considered is the tracheae, and the 

bronchi. Here, there is a pseudo-stratified epithelium containing a mixture of non-

ciliated, basal [16], ciliated [17], and secretory cells (club [18] and goblet [19]). The 

latter are responsible for the production of mucin and other substances that, together 

with other proteins coming from a sub-mucosal gland containing serous cells [20], 

form the mucus. This  is one of the defence mechanisms of the lung, as the mucus’ 

catches particulate matter and microorganisms, being expelled from the lungs 

helped by the movement of the cilia, in a process called mucociliary clearance [17,21]. 

The bronchiolar epithelium comes next, bearing the same pseudo-stratified 

epithelium comprised also by a mixture of non-ciliated, basal, ciliated, secretory, and 

neuroendocrine cells [22,23]. The next region comprises the alveoli, which are 

comprised by a thin layer of alveolar epithelial cells , also known as pneumocytes 

(type 1 and 2) [24], that are covered, on the basolateral side, by a network of 

capillaries. Type 1 alveolar cells cover around 95% of the alveoli and are flattened 

squamous cells responsible for the CO2 - O2 gas exchange [25,26]. Type 2 alveolar 

cells cover the remaining 5% of the alveolar surface, being responsible for the 

production of lung surfactant, a key component preventing pulmonary collapse [27], 

and for maintaining lung homeostasis by playing an important role in immunity [26,28]. 

Additionally, in the alveoli, there is a very small amount of liquid called lung lining 

fluid, which is useful for the non-desiccation of the organ spread across [29]. 

Important to mention is the presence of alveolar macrophages, another important 

defence mechanism [30]. In addition to this complex variety of cells and 

organisational structure, there are also other types of tissue, including the muscular 

and cartilage, which are present in the trachea and bronchi [8,12].  

 

Altogether, the homeostasis within this organ is a delicate equilibrium that is 

achieved by the many cellular components, some discussed herein, which find a 

more detailed explanation, alongside their genetic characterisation, elsewhere [31]. 

Some imbalances are far too critical and can result in diseases that negatively 
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influence not only the lung, but also the overall balance in the human body. Some of 

the most common or relevant lung diseases will be discussed next. 

 

1.1.2. Pathophysiology of lung diseases 

In the previous section, the lung was discussed from the perspective of the absence 

of disease. However, due to the intricate equilibrium the lung requires to be always 

in, the presence of a disease alters the physicochemical dynamics of the cells [32] 

and the capacity of the lung to be used as a route for drug delivery [33,34]. The 

importance of the lung goes beyond its physicochemical traits, and the 2020 report 

published by the World Health Organisation (WHO), concerning the top leading 

causes of death is proof of that. Globally, chronic obstructive pulmonary disease 

(COPD), lower respiratory infections and trachea, bronchus and lung cancers are 

positioned in third, fourth and sixth places as to being the diseases that have the 

highest number of deaths (in millions) [35]. In Portugal, the situation is similar, with 

lower respiratory infections, trachea, bronchus and lung cancers and COPD taking 

the fourth, fifth and seventh places as to being the diseases causing more deaths 

per 100 000 inhabitants [36]. These alarming statistics evidence the importance of 

lung health, and the relevant impact lungs have on everyday life. Although this 

document does not intend to be an index of lung disease, it is important to describe 

some of these physiological disturbances. 

 

Lung pathology can be divided in two major categories: infectious and non-infectious 

diseases. Tuberculosis and the most recent coronavirus disease (COVID-19) are two 

examples of diseases that are included in the first category. In these two cases, 

there is an external agent, either a bacterium (Mycobacterium tuberculosis) or a virus 

(severe acute respiratory syndrome coronavirus 2 or SARS CoV-2, in short), that 

accesses the lung through contaminated droplets. These are left in suspension in the 

air by an infected person, after a sneeze or cough, and are afterwards breathed by a 

healthy individual, leading to a probable development of the corresponding disease. 

In most cases, the lung defences protect the host, and the disease does not 

manifest. However, when it does, different mechanisms can be observed. In the 

case of pulmonary tuberculosis, after the bacterium enters the nose and goes 

through all the respiratory tree, it reaches the alveoli where it is taken up by the 
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alveolar macrophages. After that, either it remains contained or develops into an 

active disease [37], as depicted in Figure 1.3.  

 

 

Figure 1.3 – Mycobacterium tuberculosis infection mechanism. If the bacterium 

reaches the alveolar zone, it is phagocyted by an alveolar macrophage and either 

two possible paths can follow: (1) degradation inside a phagolysosome, resulting 

from the fusion between the phagosome and the lysosome or (2) escape from the 

phagosome and after a series of inflammatory events, the formation of the 

granuloma [38]. 

 

As for COVID-19, the virus goes through the same path as the bacterium, reaching 

the alveoli, but the final target changes and it interacts with host target receptor 

angiotensin-converting enzyme type 2, leading to the subsequent replication of the 

virus and the development of the disease [39]. This results in a myriad of symptoms, 

that greatly differ from person to person without a pattern, but that, in a long-term 

scenario, might leave the patient with sequelae (increased mucus production, cough, 

tiredness, alteration of lung respiration capacity) [40]. Despite the numbers of infected 

individuals for tuberculosis have been incrementing for the past few years [41], and 

the numbers for COVID-19 are, nowadays, highly dependent on the dominant variant 

and its inherent transmissibility, infectious diseases still have a lower dominance in 

developed countries. Even so, other lung infections such as influenza infection and 

pneumonia are also worth of mention. The former is known by the community as the 

common cold, and the spike of infections usually spawns through winter, caused by 

the propagation of the influenza virus in aerosols from infected persons [42]. As for 

pneumonia, this is a more complex disease because, not only it can be caused by 

both bacteria and virus, but it is also a disease difficult to spot. It is required to know 
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the etiology of the microorganism causing pneumonia to establish an adequate 

treatment, otherwise resulting in long-term complications that can hinder the overall 

quality of life of a patient [43,44]. Despite this scenario, in developed countries, the 

prevalence of non-infectious diseases is still larger, thus requiring a larger budget 

investment and take a great toll on the national health systems. 

 

One of the most relevant examples is asthma, a chronic airway inflammatory 

disease, that is highly prevalent in the world. A variety of symptoms can be 

associated with this disease, such as, wheezing, shortness of breath, cough and 

limited expired airflow, thus negatively influencing patients quality of life [45]. Even if it 

is triggered by allergens, infections or airway irritants, asthma is a reversible disease, 

meaning that, with adequate therapy, the typical acute symptomatic episodes either 

do not occur or, when they do, the lung returns to its normal state [46]. The same 

cannot be said about COPD, being also an inflammatory airway disease that leads to 

increased mucus production and thickening of the airways [47]. Due to the constant 

inflammation of the lungs, ultimately, it can lead to the destruction of the tissue (also 

called emphysema), fibrosis and loss of function. Symptoms such as cough, 

breathlessness, and increased mucus production are the most reported by patients 

[48]. Despite the approved therapeutic guidelines, COPD is irreversible, especially if 

there is emphysema already occurring. The chronic inflammation of the lung, that is 

observed in COPD patients, can also play a pivotal role in another troubling disease: 

lung cancer. This disease can be classified into two major groups: small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC), the latter subdivided into 

adenocarcinoma, squamous cell carcinoma and large cell carcinoma [49]. The high 

heterogeneity seen in this classification relates to the different genetic backgrounds 

and histological patterns lung cancer presents [50]. One of the main differences 

between SCLC and NSCLC is the aggressiveness, with the former being the most 

destructive [51]. SCLC is a neuroendocrine tumour characterised by its fast-growing 

rate and early metastases, resulting in a late diagnosis and a very diminished 

survival rate [52]. Fortunately, this type of lung cancer is the least common, NSCLC 

being reported in approximately 85% of all cases [53]. NSCLC evidences slower 

growth and is characterised by an heterogeneity of genetic mutations, resulting in 

neoplasia with different histological subtypes that must be determined upon 

diagnosis [54]. Due to the slow growing profile, NSCLC has a long-term healthcare 
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impact, and guidelines for the determination of cancer stage and the best possible 

therapeutic approach were proposed, as to lead the medical community to the best 

possible outcome [55]. Notwithstanding, both neoplasia require a quick action, 

corresponding to the total removal by surgery and/or radiation and/or chemotherapy 

to avoid metastasis, and even then, the prognosis is still uncertain.  

 

Despite lung cancer being discussed herein as a single disease, it can be the 

terminal consequence of idiopathic pulmonary fibrosis, a debilitating and progressive 

lung disease [56] that is characterised by an irreversible alteration of the tissue going 

from a normal epithelium to a fibrous one. The latter results in a loss of function, 

which ultimately leads to respiratory failure. This disease is triggered by many 

factors, such as particles and virus, that result in an inflammation and a series of 

healing events, leading to an excessive accumulation of fibrous components. 

Regrettably, no treatment options are available to cure this disease and the life 

expectancy does not go beyond 5 years [57,58]. In fact, the quality of life and the 

number of years yet to live for a patient with any type of lung disease is a complex 

matter and a major issue in cystic fibrosis, the last lung condition to be debated in 

this section. This is a genetic disease caused by a mutation in the cystic fibrosis 

transmembrane conductance regulator (CFTR) protein. This protein is a chloride 

channel located in the epithelial cells, that is responsible for the flow regulation of 

chloride ions [59]. This flow is impaired in cystic fibrosis patients, that experience a 

major alteration on the lung mucus (Figure 1.4) [60].  

 

 

Figure 1.4 – Differences in the airways in a healthy and in a cystic fibrosis patient, 

the latter having a mutant CFTR channel. Adapted from [60]. 
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In these patients, the produced mucus is very thick, thus blocking several ducts and 

constituting a favourable environment for the proliferation of bacteria [60,61]. These 

patients must constantly take antibiotics, which can lead to multidrug-resistant 

species, that can further hinder their health [62]. Although detected early in a patient’s 

life, understanding the CFTR mutation of patients is the priority upon diagnosis. 

There are several CFTR mutations, which are grouped in seven different categories, 

each corresponding to a specific impairment of the receptor [63]. The F508del 

mutation belonging to class II (“impaired trafficking”) is the most frequently found in 

European patients (82.4%) [64], but despite research and the therapeutic guidelines 

enabling life without major lung events [65,66], there is no cure for cystic fibrosis.  

 

As seen, lung diseases tend to share a similar symptomatic pattern. In most cases, 

the mucus production is increased, breathlessness and/or modification of breathing 

patterns occurs and inflammation develops. All combined result in the loss of lung 

tissue function and its progressive destruction, further leading to respiratory failure 

and, ultimately, death. Understanding these diseases and the underlying 

mechanisms allows for better guidelines and therapeutic strategies. For some 

illnesses, treatments can only act on the symptoms, whilst others go even further 

and can help return patients to their healthy state. These strategies will be discussed 

later, but it is a proof that the compilation of information, its integration in a bigger 

picture and the multidisciplinary approaches will enable all to give hope to patients 

and a better quality of life in long-term care. 

 

1.1.3. Studying the lung 

The study of the lung has seen great advancement in the last years. In fact, despite 

being one of the organs that most contacts with the environment, accessing and 

assessing it is not easy. In vitro approaches may include the use of cell lines with 

lung origin, such as A549 (alveolar) and Calu-3 (bronchial) cells [13], that may be 

used to enable a first perception of the interaction of samples with structures of the 

lung [67,68]. Better replication of the lung environment involves culturing the cells at 

an air-liquid interface in order to allow the development of features of a cell barrier, 

although it is only possible with certain cell lines (e.g. Calu-3 cells)  [69]. Cells can 

also be grown to form organoids, which are 3D structures resembling the lung [70] 

and will be discussed later. Finally, a third strategy called “lung-on-a-chip”, is a more 
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complex approach requiring microfluidics, but it can be helpful as it incorporates an 

analogous breathing mechanism into the growth of cells [71], also detailed later. 

Despite these strategies, in vitro approaches are generally considered to not fully 

mimic the lung. Notwithstanding, these strategies are advantageous and useful, and 

a handy approximation for the biological characterisation of drugs and formulations.  

 

Regardless of these living systems, in parallel, technology advanced and made other 

options available. This is the case of 3D printing, an additive manufacturing strategy, 

because it builds a device by adding a material layer-by-layer, thus resulting in a 3D 

object [72]. The first description a 3D printing method was reported by Hull et al., in 

the 1980s [73], and it all starts with a computer-assisted design (CAD) software to 

develop the idea [74]. Since then, several methods have been described to obtain the 

diversity of devices and parts that are designed [75]. One of the most common 

methods is the fusion deposition modelling, a technique requiring the melting of a 

polymer filament, that goes through a nozzle onto a heated bed. The printer builds 

the piece considering the spatial position of the model contained into the file that was 

loaded into the 3D printer [76]. A different kind of method is the one employed in 

stereolithography, as it uses the same file coming from the CAD software and build 

the object by discharging UV light onto a resin, causing it to harden [77]. Whichever 

method used, this technology enables the exploration of several new approaches in 

science, as it allows researchers to create specific objects for experimentation that 

otherwise could not. This same consideration can be applied to lung drug delivery. It 

is true that, nowadays, (micro/nano)cameras allow the inspection of certain zones of 

this organ, but it is almost impossible to go deeper in the lung without causing 

damage to the patient. It is, at this point, that these additive manufacturing strategies 

come in handy, because they enable the design and creation of models of certain 

areas of the human body (e. g. lungs), without the need for invasive procedures. One 

of the earliest cases reported belongs to Minocchieri and his team, in which they 

describe a premature-infant nose throat aiming at the study of aerosol delivery at this 

age [78]. The team used images of the respiratory system of the infant obtained from 

magnetic resonance imaging, which were afterwards compiled to prepare a real-life 

model by 3D printing. In line with this use of medical imaging, Bücking and 

collaborators propose this same use to prepare a 3D-printed model of the thorax [79] 

for a general medical use. In line with these authors, throat models can also be 3D 
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printed, as seen elsewhere [80]. Despite their use being outside the medical field, 

these structures may be relevant in inhalation experimentation that will be discussed 

in later sections. 

 

In the age of personalised medicine, 3D printing can also find its place, and in a 

lung-related area, it is specifically applicable in cases of cystic fibrosis. As mentioned 

before, cystic fibrosis is a genetic disease encompassing several mutations that 

differ from patient to patient, resulting in different pathological outcomes [63]. In this 

regard, Mirza et al. reported the use of a radiograph and computed tomography data 

of a cystic fibrosis patient to create and print a 3D model of the afflicted lungs. The 

authors state that the use of 3D printing in these patients helps on the 

characterisation of the disease for each individual, the education of both patient and 

their medical team, and on the improvement of the treatment plan [81]. Within the 

scope of making models of organs, the works of Zhang and Galliger and their 

respective teams are also important [82,83]. The former uses the technology for the 

bioprinting of tissues [84], that is the same layer-by-layer deposition method using 

biological materials or cells. The authors refer not only to this process but also the 

use of bioinks [85], functionalised high-molecular polymeric mixtures encapsulating 

cells, that will be very useful in tissue regeneration. As for Galliger, they propose this 

method of bioprinting and bioinks to produce organs for transplantation. Although 

this bioprinting technology applied to this medical scenario still needs to respond to 

various concerns, it can be a viable option, in the future, to overcome the lack of 

organ donors throughout the world [86]. 

 

The advancements that are made in science and technology everyday allow for 

researchers to go further in the proposals of solutions for day-to-day problems and 

for medical procedures. Since the discovery of 3D printing and going from the most 

common polymeric filaments to the most recent ones mixing biological components 

[87], the interdisciplinary network between engineering, healthcare and the most 

fundamental biology pose a viable solution for the current limitations the world faces 

[88-90]. The study of the lung encompasses several points of view, and the scenario 

would be incomplete if only the pathophysiology, its mechanics and innovative ideas 

were discussed. In the next section, a more detailed look into the current therapeutic 

approaches involving lung delivery will be given, as well as new delivery strategies 
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that have been studied, culminating with aerosols, one of the major approaches on 

the approved guidelines. 

 

1.2. The lung as a viable route of administration 

1.2.1. Therapies into and through the lung: inhalation and other (new) 

strategies 

Inhalation has been used since ancient times for the delivery of vapours and gases, 

as described in several manuscripts [91]. At that time, people did not know that the 

architecture-like structure of the lungs and the presence of an epithelium throughout 

the organ endowed the lung of an enormous surface area. This enables the contact 

of the components of the gases and vapours with a great number of cells, throughout 

the respiratory system, in a vast surface area. Furthermore, the high capillary density 

allows for an easier access to the bloodstream [92], avoiding the first-pass effect, a 

metabolic effect that can greatly influence the circulating concentration of the active 

principle. These advantages can work in favour of local drug delivery, such as the 

dry powders in asthma and COPD [93], and systemic approaches for treatments, 

such as the work developed with inhalable insulin for diabetes management, which 

started with Exubera® [94] and has evolved to the currently marketed formulation 

Afrezza® [95]. 

 

The design and development of drug delivery approaches for lung applications has 

seen a lot of advancement in the last years. Despite the number of approved 

excipients for this route of administration being small, the scientific community has 

been making an effort into the proposal of several new strategies for lung diseases, 

as debated elsewhere [96]. Inhalable formulations for the treatment of tuberculosis 

[37] are a sound example, finding diverse approaches in the literature. In some 

cases, carriers of the antitubercular drugs were prepared with polysaccharides 

containing mannose residues that are recognized by the mannose surface receptor 

on the alveolar macrophages, the hosts of the bacteria. This recognition facilitates 

the internalisation of drug carriers bearing these residues on their composition and, 

thus, the co-localisation with the bacteria, with a possible benefit on the therapeutic 

effect [97,98]. Still in infectious diseases, COVID-19 has been part of society’s life for 

the past three years, changing many behaviours and highlighting the importance of 

the lung for human health and vaccination [99]. Other viral infections such as 
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influenza are also important to note, especially because, before COVID-19, their 

impact in healthcare systems was already huge. In the past, therapies for the 

common cold focused on treating the symptoms but research has been contributing 

with new antivirals [100], to stop transmission of the virus in the community, thus 

protecting those frailer. Moreover, to avoid complications in the winter months, 

governments put out vaccination campaigns, so that risk populations are immunised 

against the dominant influenza strain circulating in that year. Formulation 

development also occurs in vaccines, to improve their overall efficacy, 

pharmacokinetic aspects and release profile, as discussed by Masjedi in his most 

recent work [101]. The same immunisation seen for viral infections can also find its 

usability in diseases caused by bacteria, as it is the case of pneumonia and one of 

its main microorganisms, Streptococcus pneumoniae. The scientific community has 

discussed the feasibility of spray-dried pneumococcal membrane vesicles, which 

were successfully prepared and showed promising results in terms of immunogenic 

potential, still requiring an in vivo and clinical step up [102]. 

 

In the domain of non-infectious diseases, asthma has been known for a long time, 

and despite the myriad of pharmaceutical options [103], much work has been done to 

improve what is already on the market. One of the innovative approaches towards 

asthma is the proposal of a non-phospholipid nanovesicular carrier called novasome 

to increment the bioavailability of terbutaline sulphate, a bronchodilator used in 

asthma patients [104]. As for COPD, nowadays, there is even more knowledge as to 

its intrinsic mechanisms of disease. Although the current therapy is effective in giving 

patients a better quality of life, an overall improvement would be beneficial, which 

has been proposed to be possible through the use of nanotechnology platforms 

[105,106]. The case of lung cancer is more complex, as it is the most heterogenous 

disease of the lung. Treatment guidelines often involve chemotherapy, which, under 

certain circumstances, can result in pharmacological resistance. Understanding the 

molecular mechanisms behind this, enables a better use of the drugs and 

therapeutic alternatives [107]. It is this heterogeneity that allows many different 

research approaches, especially in terms of nanotechnology and the development of 

drug-loaded carriers [108], as well as the delivery of biologics [109]. Despite the more 

critical prognosis of lung cancer, treatment options are available, which is not the 

case for idiopathic pulmonary fibrosis. In this disease, the best that can be done is to 
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control the symptoms. Nevertheless, some authors have highlighted the advantages 

of gene therapy in this disease, to control the fibrous events [110]. As for cystic 

fibrosis, and the many complications associated with this disease, innovative drug 

delivery systems have also been explored [111]. Another approach that has been 

reported is the analysis of the resistome, which is the analysis of the lung 

microorganisms aiming at discovering possible antibiotic resistances to improve 

treatment possibilities [112].  

 

Formulation development still holds many hopes for future therapies, and many 

proposals have been suggested [113-115]. Multifunctional strategies have also been 

widely studied, employing modifications in the polymers or even endowing them of 

chemical moieties that are stimuli-responsive [96,116-118]. Additionally, 3D printing 

has also found its place in lung drug delivery, in the development of carriers using 

this technology, by tailoring the aerodynamic parameters of the particles [89]. 

Different formulation strategies have also been proposed under the name of 

aerogels. These are solid materials with very low density, high porosity, high surface 

area, and high versatility as to the materials that can be used for their production and 

the components that can be associated with them [119]. One of the applications 

found for these aerogels in lung drug delivery is the work of Obaidat and their team, 

that successfully prepared a chitosan-based aerogel loaded with salbutamol, a drug 

used often in asthma patients [120]. One final approach worth of mention is the one 

proposed by McVey and their team. Despite not being a formulation in its entirety, 

the analysis of extracellular vesicles that encapsulate molecules and components 

coming from cells might be one of the future targets, to determine if there are any 

signs of disease in a person, contributing to yet another mechanism to better detect 

and diagnose, and to effectively guide treatment options [121]. 

 

Lung research has been giving a great contribution to the improvement of guidelines 

and current therapy of known lung diseases. The efforts made to look at the lung as 

a viable route of administration are being successful, and further advancements, 

especially the ones concerning excipients [122], drug repurposing [123] and the use of 

medicinal chemistry [124], enable new therapeutic ventures.  
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1.2.2. The case of aerosols 

Inhalation is the corner stone of lung therapy, and formulations used for that 

endeavour are called aerosols. However, their use in lung drug delivery is a delicate 

subject because there are aerodynamic requirements that need to be met for an 

efficient delivery and an efficacious therapy.  

 

1.2.2.1. Aerodynamic parameters of inhalable formulations 

Particle engineering and particle deposition are two fundamental topics when lung 

drug delivery is referred. While the former focuses on the formulation, the latter relies 

on the bio- and physicochemical aspects of the different parts of the respiratory tree 

[125]. Despite being two different approaches, both particle engineering and particle 

deposition are intertwined, influencing the efficacy of a lung formulation. Tailoring 

particles has been one of the focuses in the last years within the research 

community, especially in terms of size, and although not exclusively, it can influence 

the region where the particle will deposit upon emission, as shown in Figure 1.5 [126]. 

 

 

Figure 1.5 – The size dependent deposition of the particles in the different parts of 

the lung. Adapted from [126]. 
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The size of these particles can be characterised by two parameters: the geometric 

size also known as Feret’s diameter (dF), and the aerodynamic diameter (daer). Both 

refer to the diameter of a sphere, but dF is considered an approximation of the real 

size, because its determination is made by the manual measurements of the 

diameters of the particles by optical microscopy [127]. As for the daer, it is a parameter 

closer to the real diameter of the particle, defined as the diameter of a sphere with 

unit density and a similar velocity as the studied particle [128], and it can be 

calculated using Equation 1.1, 

 

𝑑𝑎𝑒𝑟 = 𝑑𝐹√
𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝜌0𝜒
        (Equation 1.1) 

 

where 𝑑𝐹 corresponds to the geometric size of the particles, 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 refers to the 

density of the particles, 𝜌0 specifies the unit density (1 𝑔/𝑐𝑚3) and 𝜒 is the shape 

factor, that varies between 1 (spherical) and 2 (irregular) [129]. In parallel, the mass 

median aerodynamic diameter (MMAD) refers to the mean size of particles that 

reach the respiratory tree, excluding the ones that deposit in the throat [128], and it 

can be calculated using Equation 1.2,  

 

𝑀𝑀𝐴𝐷 = 𝑑50√
𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝜌0𝜒
         (Equation 1.2) 

 

where 𝑑50 corresponds to median diameter of the particle size distribution. Moreover, 

parameters such as the Fine Particle Dose (FPD) and the Fine Particle Fraction 

(FPF) aid on further characterising an aerosol. The former characterises the mass of 

formulation/drug with a daer between 1 and 5 µm [130], an interval of sizes that 

ensures particles fly into deeper parts of the lung. The FPF refers to the percentage 

ratio of the FPD that is recovered from the emitted dose, which is the amount of 

formulation/drug released from the inhaler upon activation [131]. These parameters 

can be determined experimentally using an Andersen Cascade Impactor (ACI) or a 

Next Generation Impactor (NGI) [132]. These two apparatuses are crucial in lung 

research because they allow for the aerodynamic characterisation of aerosols for 

lung applications (Figure 1.6) [133].  
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Figure 1.6 – Schematic representations of the apparatuses for the experimental 

determination of aerodynamic parameters of dry powders: on the left, the Andersen 

Cascade Impactor (ACI) and on the right, the Next Generation Impactor (NGI) [133]. 

 

Figure 1.6 shows the structures of the ACI and the NGI, historic apparatuses created 

to mimic the respiratory tree at a laboratory scale [133,134]. The different regions of 

the lung are presented in the form of stages with orifices that have narrower 

diameters for the levels either closer to the bottom on the ACI or on the right part of 

the NGI. Data obtained from tests performed with either the ACI or the NGI provide 

useful information for the optimisation of a lung formulation, making it easier to 

predict where the deposition will occur inside the lung (Figure 1.7) [135]. 
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Figure 1.7 – Size-dependent particle deposition in the different parts inside the lung. 

Adapted from [135]. 

 

Figure 1.7 details the deposited fraction of inhaled particles in function of their daer 

and the target region of the lung. There are three main particle size-dependent lung 

deposition processes: inertial impaction, sedimentation and diffusion [9]. The first 

occurs in the tracheal region, for particles bigger than 5 µm. For particles with sizes 

between 2 and 5 µm, a process of sedimentation governs its deposition pattern 

along the bronchiolar region. Particles with sizes between 0.5 and 2 µm have a 

deposition pattern that is dominated by Brownian motion, allowing for the random 

diffusion inside the alveolar region [130]. Furthermore, other mechanisms such as 

turbulent mixing, electrostatic precipitation, and interception contribute to particle 

deposition and are discussed elsewhere [136,137]. The many aerodynamic requisites 

that are needed for a formulation to be suitable for lung applications is challenging, 

but in all cases, all information converge to obtain optimised products and successful 

therapies. These strategies will be discussed next. 

 

1.2.2.2. Types of aerosol devices 

Lung research has evolved greatly in the past years but aerosols and their 

corresponding devices are still one of the essential strategies by which asthma and 

COPD patients, as well as others, manage their disease [138]. In this great group of 
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aerosols, there are four main types of devices: the metered dose inhalers (MDIs), the 

dry powder inhalers (DPIs), the nebulisers and the soft-mist inhalers (SMIs). 

 

MDIs first appeared in the second half of 1950s [139], and their technology has not 

changed much ever since. It is a simple system, in which the patient activates the 

device by pressing the cannister and the dose is released from a reservoir onto a 

metering chamber. At this point, the drug and a propellant mix in either a 

homogeneous solution or a micronized suspension. Finally, this mixture is released 

into a mouthpiece, thus contacting with the patient taking the medication [140]. It is 

required that, upon activation, the patient takes a deep breath so that the drug enters 

the respiratory tree, hold for some seconds, and then exhale. This process 

maximizes the contact between the drug and the lung tissue, so that it can be 

absorbed and exert the therapeutic effect. The easiness of use, multi-dose capacity, 

high reproducibility in dosing, among others, make this a desirable approach in 

therapy [141]. The process that makes it so easy to use is, at the same time, one of 

the limitations. Due to que requirement of coordination between inspiratory 

movements and device activation, for some patients, this task can be difficult. For 

that reason, two alternatives were developed: (1) the use of a spacer, in which the 

device is activated first, with a subsequent diffusion of the cloud containing the drug 

inside it; afterwards, the patient just breathes the dose [142] and (2) the breath 

actuated inhalers, where the device is activated only when the patient breathes, 

permitting an easier patient compliance with the therapy [143]. Several other 

improvements were described elsewhere, such as valve innovations and alternative 

cannister designs [144], but that is out of the scope of this section. Another limitation 

concerning the MDIs is related with environmental sustainability [145,146], as their 

carbon footprint is high due to the propellants used. When the MDI devices were 

developed, they used chlorofluorocarbons (CFC) as propellants. Regrettably, due to 

the enormous impact that CFC have on the ozone layer, they were replaced by 

hydrofluoroalkenes (HFA), a safer alternative [141]. Nowadays, the most used HFA 

are the HFA 134a and HFA 227ea [147,148], but there are others being studied such 

as HFA 152a [149] and HFO 1234ze [150], with a carbon footprint that is equivalent to 

the DPIs.  
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The latter constitute an alternative to MDIs [151], and are the second type of device to 

be discussed in this section. The fundamental difference between an MDI and a DPI 

is that, while the former uses a propellant to disperse the drug or drugs, the latter is a 

dry powder formulation, which can use an excipient to help with its dispersion [152]. 

Moreover, another difference is that the aerosolisation of the dry powder in the DPI is 

only dependent on the patient’s inspiratory flow, thus not requiring the coordination 

between the activation of the device and the patient’s breathing. This feature is one 

of the three aspects that are used to categorise the DPI devices, and it is called the 

activation mechanism of the DPI. The mechanism can be either active, requiring a 

battery or other external source of energy that causes the deagglomeration of the dry 

powder as the patient inhales, or passive, the most common mechanism that relies 

on the patient’s inspiratory flow to cause the deagglomeration of the dry powder 

particles upon inhalation [153]. Besides this one, it is also considered the number of 

doses the device carries, which can be single-unit dose (capsule), multi-unit dose 

(blister) and multi-dose reservoir [154], and the device resistance that can be low, 

medium or high [155] being closely linked to the patient’s inspiratory flow [156]. Adding 

to this, the type of formulation used on the DPI can also be a factor, because it can 

be carrier-free or carried-based. The former entails only micronized particles of the 

drug, which have been subject of intense research concerning particle engineering 

[157], while the latter is comprised of a mixture of micronized drug and carrier 

particles, usually lactose [158]. The categorisation of the DPI devices is complex, and 

a detailed inventory of the marketed devices can be consulted elsewhere [159]. 

Fluticasone propionate is an example of an active pharmaceutical ingredient that is 

currently part of the asthma Portuguese guidelines described by the Direcção Geral 

de Saúde [160]. This carrier-based formulation is a mixture of the drug with lactose 

and it is included in a multi-unit dose (blister) device with a passive mechanism 

(breath-actuated), being the given commercial name of Flovent® Diskus [159,161]. 

The choice of a DPI is dependent on the patient, the progression of the disease, the 

therapy that is currently prescribed and the proper training of the patient towards the 

device [162]. The advantages of the DPI are closely related to the formulation being a 

dry powder, because the production is facilitated as well as its transport, ultimately 

having an impact on the marketing-associated costs. Additionally, in terms of drug 

compatibility, the adsorption of drugs to a solid carrier is easily understood, as no 

requirement of solubility in a liquid propellant is needed [103]. However, despite being 
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an advantage, the administration of dry powders can result in cough reflexes more 

frequently than in MDIs, in which the propellant could help on the wettability of the 

dosed powder, thus making it easier to breathe. Nevertheless, the use of DPIs has 

been increasing for the past few years, even among children [163], aiming at 

improving current formulations and devising new ones aided by particle engineering 

[164], while decreasing the health economic burden and the environmental impact 

associated with inhalers [165]. 

 

Nebulisers are the third approach to be mentioned in this section. Contrary to MDIs 

and DPIs, these devices aerosolise liquid solutions and suspensions by a myriad of 

methods [153]. They are comprised of three basic parts: an energy source, a 

container and a mouthpiece [166]. Due to the nature of the device, they do not require 

propellants, as the vehicle of aerosolisation is the one comprising the 

solution/suspension, that will create the droplets and drag the active pharmaceutical 

ingredient and excipients. The droplets are tailored to have a certain aerodynamic 

diameter, to reach the required target zone within the lungs, and it is a viable 

approach for nanoscale treatments and for patients unable to work with both MDIs 

and DPIs [167]. Nebulisers can be divided into three different categories: 

pneumatic/jet, ultrasonic and mesh, depending on the type of source used to form 

the aerosol. The energy source can be an air compressor or a piezoelectric crystal 

producing either a high-frequency (1-3 MHz) or low-frequency (100-200 kHz) 

acoustic waves [168], respectively. The energy created by these sources will interact 

with the vehicle, thus forming the aerosol that will be inhaled by the patient. Despite 

being technologically more advanced than MDIs and DPIs and providing a viable 

therapeutic approach, nebulisers are expensive devices [169,170], and still fail to be 

as portable as the MDIs and the DPIs [171]. Notwithstanding, the choice of the device 

continues to be centred around the patient and is often influenced by the respiratory 

capacity of the user, an important feature that must be evaluated with the patient’s 

medical team [172].  

 

The last type of device worth of mention corresponds to the soft-mist inhalers. There 

is only one marketed formulation called Respimat®, approved since 2003 [173]. This 

type of device was developed for two main reasons: (1) to improve the mechanisms 

already marketed for a better patient compliance and (2) to create an optimised 
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single-breath inhalable aerosol from a solution containing the active pharmaceutical 

ingredient [174]. This device simplifies patient manipulation, requiring only the twisting 

of the base of the device at 180º. The twist will induce tension on a spring inside the 

device, forcing the solution to go through an array of filters and nozzles. This 

mechanical mechanism forms the aerosol that will be inhaled after it is released 

upon pressing the dose-release button [175,176]. The delivery of the aerosol is 

performed at a slow velocity, which coupled with an optimised droplet diameter given 

by the array of nozzles, it increases the fine particle dose and maximizes lung 

deposition [177]. Despite these improvements, the soft-mist inhalers are more 

expensive than MDIs, DPIs and nebulisers, which can impact the decision-making 

process of patients upon choosing their therapy [175]. Moreover, the soft-mist 

inhalers require a basic assembly and priming before the first use. The latter is a 

process that ensures that every dose results in a reproducible ready-to-inhale 

aerosol, requiring a certain dexterity that is often lacking in older patients [178].  

 

Considering all that was discussed until now, going from a more pathophysiological 

approach of the lung to the many therapeutic strategies and respective innovations, 

lung research should be straightforward. However, that is not the case, and for the 

approval of dry powders and aerosols to be used in therapeutics, thorough studies 

must be conducted to guarantee safety and to determine the toxicological profile. 

This is easier when researchers investigate the methods at their disposal and use in 

vivo models, as they are the closest to a human living system, enabling robust 

conclusions and correlations. However, at a more fundamental level, in vitro assays 

can also give strong inputs, which requires ensuring biorelevance of the assay 

conditions. This concept entails testing in an experimental setting that allows robust 

in vitro-in vivo correlation, with the aim of waiving the need for animal models [179]. In 

the next section, various methods for aerosol research will be discussed as potential 

biorelevant in vitro approaches in lung research. 

 

1.3. Aerosol research in lung delivery 

The importance of the lung has been discussed, in previous sections, as to its role in 

the overall health maintenance. It is a structure that allows the exchange of gases 

[180,181], thus implying an interaction with atmospheric air. The air is subject to many 

changes related to temperature, pressure, relative percentages of gases and 
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particulate matter in suspension, and all these can have an important impact (either 

positive or negative) in the act of breathing [182]. It is natural that this close contact 

with externalities would induce evolution to develop several protective mechanisms 

to safeguard the organ from any kind of aggression [183,184]. Although advantageous 

for the maintenance of life, the protective mechanisms can hinder lung drug delivery 

applications, requiring formulations to comply with several aerodynamic 

requirements to efficiently deliver drugs through the lungs. 

 

The use of the lung as a route of administration for drugs has been discussed within 

the scientific community [138,185]. The development of a formulation requires several 

methods and tests that generate reproducible data for a potential approval by the 

competent authorities. These can be divided into three categories: in vivo, ex vivo 

and in vitro tests. In lung applications, producing and replicating data in vivo requires 

an evaluation of the best animal model to use and the validation of an experimental 

setting [186]. In vitro assays, in turn, do not make mimicking the lung environment an 

easy task. Therefore, drawing conclusions concerning the behaviour of formulations 

from an in vitro assay can be severely hindered as they fail to be as robust as the 

conclusions obtained in in vivo assays. After the development of a medicinal 

formulation, an inhalable one in the case, the characterisation of its behaviour 

becomes a need. At initial stages of development, many of the envisaged assays are 

to be performed with cells. When the inhalable formulation comprises a dry powder, 

it should be tested as a dry powder. However, nowadays, the most common cells 

assays performed, test dry powders in suspension. This means that the powder is 

added to the liquid media where cells grow, which is followed by a waiting period to 

enable contact between the dry powder and cells. Regrettably, although being cost-

effective, this is a strategy that does not mimic lung conditions, because the lung 

does not have abundant liquid [29]. Moreover, international guidelines foster the 

reduction of animal experimentation [187] and, thus, in vitro approaches that may 

replace in vivo studies while helping building robust conclusions, are highly needed.  

In vitro platforms enabling the assessment of dry powders in cell-based studies are 

scarce. The existing ones are expensive and technically complex, not feasible for 

early stages of research. The identified limitation still requires a more permanent 

solution. 
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The existing approaches evidencing a possible application in the evaluation of 

inhalable dry powders are detailed subsequently. Firstly, the in vivo methods will be 

looked into, followed by the new ex vivo techniques, and finishing with the in vitro 

strategies employed in lung drug delivery. 

 

1.3.1. In vivo methods 

The use of animals in experimentation, often referred as in vivo assays, has been 

subject of controversy. Although they are the most reliable method of establishing 

behavioural correlations and conclusions, ethical questions concerning the life and 

safety of the animals are making scientists rethink experimentation, particularly in 

early stages of formulation development. Furthermore, European legislation has 

been getting tighter concerning the use of animal models [188]. Despite this context, 

in vivo assays are still crucial for the approval of new medicines, especially if lung 

drug delivery is concerned. The lack of adequate alternatives (ex vivo and in vivo) 

impairs a much-needed transition, particularly in early stages of formulation 

development.  

 

The first approach is an insufflator developed by PennCenturyTM (Figure 1.8) [189]. 

Conceived for in vivo assays [190,191], it was later adapted for in vitro tests [192,193], a 

use that will be detailed and discussed later. 

 

 

Figure 1.8 – PennCenturyTM insufflation device (model DP-4M) conceived for in vivo 

assays [189]. Its core use was for the insufflation of dry powders onto the lungs of 

mice (in vivo), but it could be adapted for the same type of assays on cell culture 

supports containing grown lung-derived cell lines (in vitro). 
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The device shown in Figure 1.8 was designed for in vivo assays, as the metal 

cannula is used to enable an oral gavage and the direct insufflation of dry powders 

onto the lungs of the mice [190,191]. It is a tool that is comprised of three parts. 

Looking at the figure and going from left to right, there is a first tube that will enable 

the connection of a syringe to serve as a point of entry for the air, redirecting it to the 

remainder of the tool. The middle part, which has a black line, is comprised of a 

series of membranes, that help on the weighing of the powder and function as a 

collection chamber. The final part, more on the right, is the cannula, which goes into 

the mice onto the lung. Its small diameter endows the powder of enough velocity to 

simulate an insufflation, thus enabling its dispersion inside the organ. Although being 

practical, this device doesn’t consider the breathing of the animals. In fact, in the 

process of breathing, there is always loss of powder/active principle, thus delivering 

almost all the powder directly into the lung possibly can lead to biased conclusions. 

This one limitation was surpassed by an apparatus proposed in a patent called 

“Laboratory Animal Pulmonary Dosing Device” [194]. This apparatus requires the 

animals to be contained in side chambers that will be connected to a main chamber. 

To the latter, there will be a nebulizer connected, enabling the generation of an 

aerosol, that will be accumulated in the main chamber, and then breathed by the 

animals. This second approach can be considered an improvement of the first, 

considering the breathing of the animals for the intended analysis. A third approach 

is yet another improvement of the PennCenturyTM device, a recent invention 

designed and created by AptarPharma called “Powder Administration Device for 

Animal”. It resembles an automatic pipette, that has on its end a compartment for 1-

20 mg of powder and a cannula, much like the Insufflator DP-4M (Figure 1.8). Each 

time this device is used by pressing the button on top of it, it releases around 200 µL 

of air that drags the powder into the cannula, and afterwards into the lungs of mice 

[195].  

 

One last approach worthy of note is a setup mentioned elsewhere [98,196] 

corresponding to an unofficial device, as several parts were put together to achieve 

the intended purpose. In brief, mice were restrained in a 50 mL Falcon tube with a 

hole pierced in the bottom. Using a baby bottle teat, the 50 mL tube was connected 

to a 15 mL tube, also pierced on the bottom, where the dry powder/sample (30 mg) 

was weighed. The connected holes allow the dispersion of the powder to the mouse, 
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by means of a plastic pump connected to the upper part of the 15 mL tube, that 

creates a turbulent air stream. The animals would have to inhale the formulations for 

2 min, a timeframe ensuring that the dose of the weighed powder is breathed by the 

animals. Similar approaches relying on adaptations, adjustments of parts of other 

apparatuses or even one specific design [197] occur not only in vivo, but in the 

alternatives that will be discussed next. Ultimately, some of those devices or 

solutions were built to help achieve a certain goal and, in parallel, to avoid more 

complex, expensive and unreachable strategies, but the limitations still remain for 

early stage formulation development. 

 

1.3.2. Ex vivo approaches 

One of the possible solutions to bypass concerns regarding in vivo assays, is the use 

of ex vivo platforms, which are considered a bridge between in vivo and in vitro 

assays, as they combine advantages of both. In brief, ex vivo assays conserve the 

organ intended to study, maintaining its 3D-structure and microenvironment, but at a 

laboratory scale [198]. Precision cut lung slices and isolated perfused lungs are two 

proposed models. The former refer to sections that are collected from lung tissue 

immediately after the death of an animal, which are infused with low-melting agarose 

in buffer or tissue culture media, solidifying at low temperature and retaining their 

physiognomy and physiology [199,200]. Despite the higher reproducibility of the 

platform for therapeutic efficacy and drug toxicity, there is a lack of significant 

translation of data to clinical applications, and dosing problems [201]. The latter 

model entails the isolation of the lung of a rodent in a thoracic chamber, at 

physiological conditions, while a perfusion buffer is administered to mimic pulmonary 

circulation [202]. This strategy allows the determination of aerodynamic and 

pharmacokinetic parameters, being a viable option to better come near a real 

scenario, permitting a robust and stronger clinical translation [13]. Nevertheless, 

these ex vivo approaches still require animals to provide the organs, which does not 

comply with international guidelines, thus requiring the development of adequate and 

accurate in vitro methodologies. 

 

1.3.3. In vitro methods 

In the specific application of lung delivery, in vitro assays show a limitation regarding 

the adequate mimicking of the respiratory conditions. Apparatuses and other viable 
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strategies developed in this context have been trying to overcome this key limitation. 

The first set of in vitro platforms deserving a mention are (1) cell culture in air-liquid 

interface [203], (2) organoids [204] and (3) lung-on-a-chip [205]. 

 

The cell culture in air-liquid interface is the simplest of all the techniques to be 

discussed in this section. It has been studied for many years, and a detailed 

description can be found elsewhere [69]. It can be resumed to an insert, over a well 

of a cell support, in which a monolayer of lung epithelium grows. After that, 

sedimentation of a sample, a dry powder for example, occurs by aerosolizing it onto 

the system. The subsequent analysis focuses on permeation, toxicity, or other 

aspects [206,207]. Although the simplest, the air-liquid interface is a feature that will 

take part in many other approaches of increased complexity, that will be detailed 

later. The second platform, pertaining to the organoids, is an improvement of the 

first, because it entails the growth of cells in an immature organ, a shape that 

acquires a 3D structure instead of the 2D cell monolayer, and which is important for 

disease modelling [70]. Moreover, these organoids can be paired with microfluidic 

systems, which will produce an environment to study drug diffusion, an analogous 

strategy to understand what occurs in a human lung [208]. The third and final platform 

refers to the lung-on-a-chip strategy. This consists of microfluidic devices populated 

with cultivated cells that grow by slowly infusing medium and by cyclic movements 

provided by the device resembling the mechanism of breathing [71]. The imposed 

modifications of air pressure and flow induce differentiation and proliferation, which, 

ultimately, contribute for the interaction between the living systems and the test 

sample [209]. This platform seems to be the most competent in establishing a 

potentially biorelevant in vivo environment by itself, allowing for a more translational 

approach concerning lung drug delivery experimentation. 

 

Other more complex strategies have been proposed that can better mimic the 

respiratory system. Overall, these require high investments that are not feasible for 

many research groups. Formulation development for lung drug delivery involves, 

many times, creative investments to reach a certain goal, due to the scarcity of funds 

and the need to allocate those that exist in alternatives, especially in more 

preliminary approaches. One of these proposals is an apparatus called 

Pharmaceutical Aerosol Deposition Device On Cell Cultures (PADDOCC) that was 
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built by Hein et al. [210,211]. The three-component tool can be seen, in a drawing, in 

Figure 1.9. 

 

 

Figure 1.9 – The PADDOCC system: A represents the air-flow control unit, B depicts 

the aerosolisation unit and C illustrates the deposition unit. The left grey panel shows 

a drawing of a blank assay, in which air is going through the system and the right 

grey panel is a depiction of an assay with cells waiting for the dry powder to deposit 

on top of them. Adapted from [210]. 

 

The authors describe this ingenious device as having three different parts:  A 

represents the air-flow control unit, B depicts the aerosolisation unit and C illustrates 

the deposition unit. The latter is a disk comprised of several holes, that alternate 

between the ones receiving samples and the others that are for ventilation only. 

Thus, the PADDOCC system has two modes to generate data: the first is the 

ventilation mode, in which, only air passes through the device, whereas on the 

sampling mode, air and the dry powder are aerosolised, as mentioned previously.  

 

The next apparatus that is worth mentioning is protected by two patents. It is named 

as “device for measuring superfine particle masses” and it is comprised of a platform 

with six sampling units, with one or more containing a Quartz Crystal Microbalance 

(QCM) [212]. In brief, this technology allows for the detection of masses by the 
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variation of frequency of a vibrating quartz crystal. The QCM technology has been 

investigated for the past years as a biosensor [213,214] but its application as 

measuring balance in this context was just proposed. In the case of these inventions, 

the aerosols were thought to be emitted onto deposition surfaces (the QCM), for 

subsequent analysis. Differences in the frequencies are studied by comparing the 

oscillating crystal with the other crystals that are not moving but are incorporated into 

the platform. Although permitting the study of the insufflation of powders, the 

introduced complexity is reflected on the price, which hinders a more preliminary use 

in formulation development. However, other similar technologies are in the market, 

such as the VITROCELL® equipments, which also use the QCM technology to 

generate data concerning aerosol deposition. One apparatus that was first 

documented elsewhere [215,216], was comprised of a box covering six sampling 

holes. On top of this, there was a nebulizer that received a liquid solution or a 

particle suspension, and upon formation of a cloud, it deposited on top of the QCM 

and the necessary analytical information was assessed. Despite making use of a 

nebulizer, this method can be useful for the evaluation of the impact of droplets on 

cells cultured in inserts placed on the sampling holes and, in parallel, understand its 

mechanism. An improvement of this device was proposed some years later as the 

VITROCELL® Powder Chamber, using the same QCM technology, and enabling 

deposition of dry powder aerosols on cells at an air-liquid interface [217]. Firstly, the 

dry powders are loaded into the device by means of an adapter and then, the 

sedimentation tubes are filled with these powders. The final step is the rotation of the 

tray, enabling the exposure of the inserts to dry powders, in which cells are being 

grown in a monolayer, resembling what occurs in the lung. 

 

Still in the in vitro domain, there is a simpler approach that is worth mentioning. It is a 

device used for dry powder dispersion proposed by Asai et al. [218], which can be 

seen in Figure 1.10.  
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Figure 1.10 – Apparatus for dry powder dispersion. From left to right: an Eppendorf 

tube functioning as a disposable sampling tube, connected to a 3-way stopcock by a 

disposable tip, and on the right end, a 1 mL syringe. From [218]. 

 

These authors developed a very simple device, with an eppendorf tube, a 3-way 

valve and a 1 mL syringe, enabling the insufflation of powder over an air-liquid 

interface. They had also an alternative sampling mechanism for liquid, consisting of 

using the cannula of the PennCenturyTM insufflator inside an eppendorf tube much 

like in Figure 1.6, coupled with a metal syringe, responsible for introducing air into 

the system and enable the insufflation over cultured cells. 

 

Another adaptation made by our research group at Universidade do Algarve resulted 

in using the PennCenturyTM tool for in vitro assays, instead of its normal in vivo use, 

as described elsewhere [219-222]. Figure 1.11 depicts this repurposing, that will 

respond to the need of a tool enabling dry powder insufflation over cultured cells. 

 

 

Figure 1.11 – Schematic of how the insufflator and the funnel work as devised. From 

left to right: the cannula of the PennCenturyTM tool inside a funnel, the home-made 

funnel on top of a 6-well plate and a bottom view of the placement of the funnel.  
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For the insufflator to be used in this repurposing experimental method, the design 

and development of an accessory to direct the insufflated dry powders towards a 

specific area, a cell support containing grown lung-derived cell lines, was required. 

The best solution was to draw and use 3D printing to obtain a funnel that would be 

placed on top of the cell support. This funnel would be fit to secure the cannula of the 

PennCenturyTM device, so that the cells grown in the cell support underneath would 

interact with the insufflated dry powder (Figure 1.11). However, the dispersion of the 

powder on the cell support was far from optimised, because upon insufflation, the 

sample would fall off predominantly on the centre of the well. As optimisation was 

being conducted, the news about PennCenturyTM closing its doors broke out, 

meaning that they would stop selling this device and other tools [223]. This decision 

left the market lacking a solution that, although not ideal, provided a way to conduct 

important experiments at a lower cost. 

 

These simpler strategies were left to last because they concentrate the many issues 

and limitations concerning the apparatuses used for in vitro testing in lung drug 

delivery. This section intended to give a broader view on the mechanisms and 

apparatuses that are used for in vivo, ex vivo and in vitro assays related with lung 

delivery. Although simpler approaches were discussed, the need that arose from 

PennCenturyTM closure is still not fulfilled. Or, better yet, this need is partially taken 

care of for a selected number of research groups that can gather the necessary 

funds to invest and are able to justify said investment long-term. Moreover, if all 

propositions herein discussed are considered, all in vivo and ex vivo seem to be 

more robust, completed and developed, showing that higher funds were applied 

here. Although there is a confidence conferred by these assays concerning lung drug 

delivery, nowadays, in vitro methods becoming more popular, and positioning 

themselves as cost-effective. In the next and final section of the Introduction, these 

implications will be discussed culminating in what this PhD project proposes to 

achieve.  
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1.4. Lung-related economy 

Nowadays, Earth is experiencing very delicate circumstances concerning the 

environment [224]. Airborne diseases are systematically posing some sort of threat to 

the way humans live [225,226]. The last one was COVID-19, caused by SARS-CoV-2, 

a virus that is easily transmissible through droplets with origin in the nose and mouth 

of infected people [227], with a recurrent negative impact on individuals [228]. With the 

air quality throughout the world decreasing, and the probability of developing 

respiratory diseases increasing [229], the lung should be paid more attention. Lung-

related economy translates all the aspects concerning respiratory health impacting 

daily life, thus requiring constant surveillance and, in parallel, scientific 

advancements [230] to improve therapeutics. This can only be achieved with the 

correct tools, ultimately resulting in the prevention of diseases at earlier development 

stages [31,231]. The use of technology to develop and tailor devices was discussed in 

the previous section, and the current massification of the 3D printing devices 

stimulated even more creativity in experimentation. Although 3D printing is still 

finding its way to be incorporated in scientific methods and laboratories, the 

development of lung delivery formulations can possibly benefit of the technology 

regarding the design of new assessment devices, tailored to the needs. The 

feasibility of the inclusion of 3D printing in lung drug delivery was evaluated through 

a SWOT analysis [232] to provide a wider view (Table 1.1). 
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Table 1.1 – SWOT analysis [232] integrating the concepts of 3D printing and lung 

drug delivery at a laboratory scale. 

Strengths Weaknesses 

- Versatility and low-cost associated with 3D 

printing and easiness of implementation in 

research groups with limited funds 

- Coverage of many scientific areas with 3D 

printing technology 

- Easiness on the adaptation of the technique to 

rapidly respond to a necessity 

- Lung delivery being a niche research topic, 

meaning that it is for specific market 

- Questionable long-term sustainability to 

translate from the laboratory to the industry 

- Longer learning curve to work with design 

programs and 3D printing 

Opportunities Threats 

- Market gap 

- Inclusion of 3D printing at a laboratory scale, 

increasing the potential and versatility of 

scientific experimentation 

- Design and development of other types of 

personalised devices/equipments/apparatuses 

- Few funding opportunities 

- Development of simpler products and/or a 

cheaper portfolio of products that can 

compromise ideas/patents at a laboratory scale 

 

The inclusion of 3D printing in the experimental method widens the applicability of 

this technology in the scope of scientific experimentation [89]. In fact, despite the 

many options in the market for devices/equipments/apparatuses, the economic 

limitations frequently experienced in science and some niche scientific domains 

without support, hinder much needed advancement [233]. The incorporation of these 

most recent technologies enables the development of more specific tools for 

experiments, which would not be feasible to be built at a large-scale endowing 

projects with new capabilities [234,235]. Notwithstanding, and despite 3D printing 

answering to a necessity, those are often niche problems, presenting a questionable 

long-term viability. In parallel, simplifications of commercialized devices are an 

opportunity for companies to build a cheaper portfolio of products, which can turn the 

concept at a laboratory scale completely unfeasible. However, despite the 

weaknesses and threats that can come with these ideas and technologies, all have 

proven to benefit science in some way, and that should be taken into consideration 

in the years to come. 
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Exploring new ways for the delivery of drugs has been one of the aims of 

pharmaceutical research, so that more effective treatments can be achieved, and 

current guidelines improved. Lung drug delivery has been getting a lot of attention, 

nowadays, especially concerning the local treatment of certain diseases, and to 

reach systemic delivery of the drugs. The production of dry powders, that can be 

used in these scenarios, has been evolving greatly and drug-loaded microparticles 

pose a viable strategy in this regard. Besides the internalisation of the drug itself, the 

encapsulating matrix can also play an important role in the treatment, as it can 

potentiate favourable interactions between cells, drug carriers, and the proper drugs. 

However, the study of dry powders in an in vitro setting proves to be challenging. 

Assays involving cells should require the insufflation of dry powder (instead of 

previous suspension in liquid) and apply conditions mimicking the air-liquid interface 

of the lung, in presence or absence of mucus depending on the desired therapeutic 

effect. There is a narrow range of apparatuses that can be used for dry powder 

insufflation over cell layers, but they are very expensive and translate into complex 

mechanics, often not suitable for more preliminary approaches. Despite that, it is 

recognizable that some applications would benefit from a tool that allows quantifying 

the interaction/affinity of particles towards the cells of interest.  

 

The need to overcome the described limitation of cell-based in vitro assays involving 

testing dry powders was the driving force of the present PhD project. The 

development of tools to improve research on lung delivery using dry powders was 

proposed. In this case, it is envisaged the development of a device that allows the 

delivery of dry powders onto cell surfaces, thus simulating more appropriately the 

inhalation as a process, while quartz crystal microbalance (QCM) will be used to 

establish a technique enabling the determination of a dry powder deposition profile. 

Microparticles composed of locust bean gum will be used as model dry powders. 

The determination of the viability of respiratory cells after the insufflation of air with 

and without dry powder using the developed device will be performed. The concept 

of the project is depicted in Figure 2.1. 

 

  



2: Motivations and Objectives 

40 

 

Figure 2.1 – Scientific diagram of the idea of the project. From left to right: dry 

powders containing microparticles are loaded into the weighing head (blue piece of a 

3D-printed device), that is assembled to a main body placed on top of a cell support. 

Air coming from an air compressor will drag the powder down, and the deposition 

profile of the tested dry powders will be determined with the help of a Quartz-Crystal 

Microbalance (QCM). Additionally, the impact of air insufflation will be assessed in 

cell-based assays with and without dry powders. In future endeavours, the cell 

support will be interchangeable. 

 

To accomplish the main objective, several partial goals were established, which are 

described below:  

1) To develop a locust bean gum-based drug delivery platform, either a nano-in-

micro formulation or a microparticle formulation; 

2) To characterise the toxicological profile of locust bean gum as a matrix material 

and as a drug delivery platform; 

3) To develop a device that enables the insufflation of dry powders over cultured 

cells; 

4) To use the QCM to study the dosimetry of the developed device and ensure 

replicability;  

5) To use the QCM for the determination of the deposition profile of several dry 

powders insufflated with the developed device;  

6) To test the device in proof-of-concept assays of cell cytotoxicity.  

 

In summary, the aim is to develop tools that can potentiate the reliability of in vitro 

assays by providing biorelevant conditions of the pulmonary conditions, while 

fostering their use in substitution of in vivo assays, whenever it is applicable. 
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The information contained in this chapter was partially included in the following 

publication:  

 

Pontes, Jorge F.; Guerreiro, Filipa; Rosso, Annalisa; Alves, Ana D.; Rodrigues, 
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3.1. Introduction 

Locust bean gum (LBG) has been proposed as a viable excipient in several drug 

formulation strategies. In fact, the Food and Drug Administration (FDA) has 

approved its use in oral dosage forms, as it is stated in the Inactive Ingredients 

Database [236]. Although the oral route is not the subject of this memory, it is 

important to say that several less explored materials are being considered (and 

used) to enable viable alternatives to current therapies [122]. LBG has been used in 

more conventional formulations as a thickener [237], but it can find uses in other 

formulation-based strategies. The inclusion of LBG in drug delivery systems such as 

microparticles and nanocarriers has been considered elsewhere [98,238]. 

Nevertheless, the eventual feasibility of application in nanocarrier formulation is 

relevant, as LBG may not display the best features for this end. In fact, solubility 

difficulties, requiring dispersion in hot water, the high viscosity if concentrations 

above 1% (w/v) are aimed, and the neutral character, hinder its usability [239,240]. 

Often, the methods for nanoparticle production make use of the charges provided by 

the chemical composition of the involved components, promoting the interaction 

between opposite charges with the consequent formation of nanocarriers [219]. A 

possible solution to overcome these limitations would be a change in LBG’s chemical 

structure, by endowing it of certain chemical groups, that would promote these 

interactions [241]. 

 

The use of different LBG derivatives and even other polymers could constitute an 

interesting branching of polymer chemistry. In fact, the versatility provided by these 

chemical entities could resolve the complicated profiles of certain drugs, molecules 

that violate the Lipinsky’s rule of five [242,243] and, complementarily, are in groups II-

IV of the Biopharmaceutical Classification System [244]. Additionally, other types of 

formulations that rely on a two-phase system could link the polymer derivatives and 

the drugs, resulting in a viable approach towards therapy. In this section, LBG will be 

chemically modified and used in the preparation of lipid nanocarriers that will be 

characterised regarding physicochemical parameters. Afterwards, one of the 

formulations will be chosen and embedded in a mannitol matrix, so that a dry powder 

is obtained to be used in the upcoming tasks concerning the project herein explored.  
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3.2. Locust bean gum (LBG) to be used in nanoparticulate drug delivery 

systems 

3.2.1. Materials and methods 

3.2.1.1. Materials 

LBG was a kind gift from Industrial Farense (LBG IF, Portugal), and its purified form 

was used throughout the works herein detailed. Chlorosulfuric acid (HClSO3), 

dimethylformamide (DMF), potassium bromide (KBr) and D-mannitol were also 

purchased from Sigma-Aldrich®. 1,2-dioleoyloxy-3-

trimethylammoniumpropanchloride (DOTAP) was a kind gift from Lipoid® (France). 

Rifabutin (RFB, C46H62N4O11, Mw 847.00 g/mol) was supplied from CHEMOS 

(Germany). Acetone was purchased from Labchem (Laborspirit, Portugal), ethanol 

96% (v/v) was acquired from AGA (Portugal) and Miglyol® 812 from Acofarma 

(Spain). Ultrapure water (Milli-Q, Millipore, Watford, UK) was used throughout. All 

other chemicals were reagent grade.  

 

3.2.1.2. Locust bean gum (LBG) purification 

The presence of about 7% of proteins and impurities may hinder the subsequent 

uses of the polymer. Therefore, a purification step was required, which was based on 

a protocol reported elsewhere [241]. In brief, an amount of LBG was dispersed in 

ultrapure water heated at 85 ºC, for 1 h. After cooling of the dispersion to room 

temperature, it was centrifuged at 22 000 x g, 20 ºC for 20 min, and the supernatant 

precipitated in an equal volume of ethanol. With the help of a stainless-steel sieve, 

the precipitate was collected and separated into small threads, and dried in a 

vacuum oven at 30 ºC, for 72 h. 

 

3.2.1.3. Synthesis of locust bean gum sulphate (LBG Su) 

A sulphate derivative of LBG was prepared, in accordance with a previously reported 

protocol [241]. In brief, purified LBG was dispersed in water, precipitated with ethanol, 

and added do DMF at 60 ºC for 30 min. Afterwards, the SO3.DMF complex, 

previously prepared [245], was added to the mixture and left stirring for 4 h. After 

cooling to room temperature, sodium hydroxide 30% (m/v) solution was added to 

neutralize the mixture and induce the precipitation of a residue. Further 

concentration was achieved by evaporating the organic solvents. Subsequently, 

dialysis and freeze-drying were performed, to obtain LBG Su in its dry form. 
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3.2.1.4. Fourier-Transformed Infrared (FT-IR) spectroscopy for locust bean 

gum sulphate (LBG Su) analysis 

For a characterisation purpose and to confirm the occurrence of the expected 

chemical reaction, LBG Su was analysed by FT-IR, as performed in [241]. To do so, a 

sample was blended with KBr in a mortar and compressed into a disc. The spectrum 

was collected by means of a 37-scan interferogram, in transmittance mode, in the 

4000 to 400 cm-1 region, with a 4 cm-1 resolution (Bruker Tension 27, Bruker OPTIK 

GmbH, Germany). An OPUS software (version 6.5) was used for data acquisition 

and analysis. 

 

3.2.1.5. Preparation of lipid nanocapsules (LNC) 

The preparation of lipid nanocapsules (LNC) is often done using a solvent 

displacement technique [246], promoting the interaction between opposite charges of 

the involved components, resulting on the nanocarrier. In this work, an adaptation of 

the technique was used to prepare the LNC [247]. In brief, an organic phase 

comprised of 1,2-dioleoyloxy-3-trimethylammoniumpropanchloride (cationic lecithin – 

DOTAP), medium chain triglycerides (Miglyol® 812), ethanol and acetone was 

prepared and poured over the aqueous solution of LBG Su. The nanocapsules were 

formed upon contact of both phases, under intense magnetic stirring. Organic 

solvents were removed by evaporation, reaching a final volume of 10 mL. Different 

concentrations of DOTAP (0.05% and 0.1%, w/v) and LBG Su (from 0.2% to 2%, 

w/v) were tested to verify their effect on LNC characteristics. 

 

3.2.1.6. Characterisation of lipid nanocapsules (LNC) 

3.2.1.6.1. Morphology 

LNC with and without LBG Su-coating were visualised using cryogenic transmission 

electron microscopy (Cryo-TEM), according to a protocol described elsewhere [248]. 

In brief, diluted samples were dropped onto a 300-mesh holey carbon film (Quantifoil 

R2/1) and quench-frozen in liquid ethane using a cryoplunge workstation (made at 

Laboratoire de Physique des Solides-LPS, Orsay, France). Afterwards, these 

meshes were placed on a precooled Gatan 626 sample holder, transferred into the 

microscope (Phillips CM120) and observed at an accelerating voltage of 120 kV. 
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3.2.1.6.2. Physicochemical characterisation 

Following the successful preparation of LNC, the carriers were characterised, 

regarding their size and zeta potential, by diluting the samples in deionised water 

and a 0.1 mM potassium chloride solution, respectively (Zetasizer Nano ZS, Malvern 

Panalytical, UK). 

 

3.2.1.6.3. Stability evaluation 

The stability of LNC was evaluated based on the physicochemical characteristics, 

which were evaluated upon storage at 4 ºC, for a period of 90 days. At the various 

timepoints, aliquots of the samples were taken and prepared for measurement as 

detailed in the previous section. 

 

3.2.1.7. Thermophysical characterisation of lipid nanocapsules (LNC) and 

their components 

3.2.1.7.1. Differential Scanning Calorimetry (DSC) 

The thermal behaviour of the materials was evaluated using a differential scanning 

calorimeter (DSC Q200, TA Instruments, Germany). Each sample was weighed (5 - 

15 mg) into aluminium pans, which were sealed, and their lids pierced. 

Measurements were performed between -80 °C and 220 °C with various heating 

rates (10 °C/min and 20 °C/min), under a nitrogen atmosphere. 

 

3.2.1.7.2. Thermogravimetric Analysis (TGA) 

The thermal stability of all the materials was evaluated via Thermogravimetric 

Analysis (TGA 209-F1 Iris®, Netzsch, Germany). The samples (up to 15 mg) were 

heated from 20 °C up to 1000 °C, at a heating rate of 10 °C/min, under a nitrogen 

atmosphere. 

 

3.2.1.8. Association of rifabutin to lipid nanocapsules (LNC) 

The association of a hydrophobic antitubercular drug, RFB, was carried out before 

mixing the organic and the aqueous phase (section 3.2.1.5). A stock solution of RFB 

was prepared by dissolution in ethanol 96% (v/v; 13.2 mg/mL), under magnetic 

stirring for 10 min, at room temperature, protected from light. Several dilutions of the 

stock solution were prepared depending on the desired drug loading (0.5-10%, w/w). 



                                         3: Dry powder-based formulations using Locust Bean Gum 

47 

RFB solutions in ethanol were added to the organic phase prior to pouring over the 

aqueous phase.  

 

3.2.1.9. Spray-drying of lipid nanocapsules (LNC) 

A solution of mannitol (4%, w/v) was prepared in ultrapure water and mixed with the 

LNC before spray-drying. Both unloaded and RFB-loaded LBG Su-based LNC were 

processed. In all cases, microparticles of mannitol/LNC = 85/15 (w/w) were prepared 

using a Buchi B-290 laboratory mini spray-dryer (Buchi Labortechnik AG, 

Switzerland) equipped with a high-performance cyclone. A spray flow rate of 473 L/h 

was set, along with an inlet temperature of 103 ºC, aspirator at 100% and flow rate at 

4.3 mL/min. The yield of spray-drying process was calculated by gravimetry, using 

Equation 3.1: 

 

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑔)
      (Equation 3.1) 

 

3.2.1.10. Dry powder characterisation 

The obtained microparticles were characterised regarding morphology by field 

emission scanning electron microscopy (FESEM Ultra Plus, Zeiss, Jena, Germany). 

Samples were placed onto metal plates and a 5 nm thick iridium film was sputter-

coated (model Q150T S/E/ES, Quorum Technologies, Lewes, UK) on the dry 

powders before viewing. Microparticle geometric size was estimated as the Feret’s 

diameter and was directly determined by the manual measurement of 300 

microparticles on the photographs obtained by FESEM. 

 

3.2.1.11. Statistical evaluation 

A two-way analysis of variance (ANOVA, Dunnett’s test) with the pairwise multiple 

comparison procedure was used to compare results obtained for the stability assay. 

Two different sets were analysed: (1) size, polydispersity index and ζ-potential 

obtained in days 15, 30, 45, 60, 75 and 90 were compared with the data obtained on 

day 1 to evaluate any time-dependent effect, and (2) size, polydispersity index and ζ-

potential obtained for different formulations, where the amount of the materials 

varied, were compared with each other to ascertain the existence of a concentration-

dependent effect. All analyses were run using the GraphPad Prism® statistical 
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program (GraphPad Software, version 9.4.0.673), differences being considered 

significant at a level of p < 0.05. 

 

3.2.2. Results and discussion 

3.2.2.1. Preparation of the locust bean gum (LBG) derivative 

Prior to its use, the commercially obtained LBG underwent a process of purification. 

The purified LBG was afterwards used to perform the chemical modification 

necessary to obtain the sulphate derivative, following the protocol detailed in [241], 

which was used to produce the lipid nanocarriers. Figure 3.1 shows the chemical 

structures of both the purified LBG (LBG IF) and the LBG Su, along with a FTIR 

spectra of both.  
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Figure 3.1 – From top to bottom: chemical structures of purified LBG from Industrial 

Farense (A, LBG IF) and of its sulphate derivative (B, LBG Su), and their respective 

FTIR spectra (C): orange for LBG IF and purple for LBG Su (●●, Table B.I and B.III 

in Annex B). Arrows indicate bands characteristic of sulphate groups. 

The FTIR spectrum for LBG Su has two bands approximately at 1255 cm-1 and 813 

cm-1 corresponding to the stretching of S=O and C-O-S bonds. These two bands 

indicate the presence of sulphate groups and confirm that the reaction was 

successful. In fact, the referred bands are absent in the spectrum of purified LBG, 

only appearing in that of LBG Su. 
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3.2.2.2. Preparation and characterisation of lipid nanocapsules (LNC) 

Overcoming the obstacles associated with drug solubility remains in certain cases as 

one of the most challenging aspects of formulation work. Following the preparation of 

a LBG derivative, three different formulation strategies were considered to prepare 

nanocarriers: (1) LNC, (2) lipid nanoparticles and (3) nanoemulsion, Nevertheless, 

only the first method revealed successful in generating viable carriers, without any 

sign of precipitation of materials and breaking of the formulation. For that reason, all 

data presented in this section are related to the production of LNC using the 

technique of solvent displacement. The produced carriers consist of a core 

composed of a mixture of medium chain triglycerides (Miglyol® 812) and DOTAP, 

expected to load any drugs being associated, and the LBG Su provides a coating of 

the carrier. The concentrations of both LBG Su and DOTAP used in the formulation 

were varied and the obtained results depicted in Table 3.1. 

 

Table 3.1 – Physicochemical characteristics of LBG Su-coated lipid nanocapsules 

(mean ± SD, n = 3). 

LBG Su/DOTAP (%, w/v) Size (nm) PdI Ζ-potential (mV) 

0.2/0.05 210 ± 5 0.089 ± 0.029 -73 ± 4 

0.2/0.1 228 ± 13 0.119 ± 0.019 -72 ± 3 

0.5/0.05 217 ± 9 0.106 ± 0.040 -84 ± 4 

0.5/0.1 207 ± 5 0.081 ± 0.035 -80 ± 3 

1.0/0.05* 194 0.039 -77 

1.0/0.1* 183 0.046 -77 

2.0/0.05* 231 0.194 -79 

2.0/0.1* 194 0.103 -82 

Note: Formulations presenting an asterisk (*) were only prepared once, thus no standard 

deviation was determined (n = 1). 

 

The sizes of the various formulations of LNC prepared were quite similar, varying 

roughly between 180 and 230 nm. Moreover, low polydispersity index was 

transversally obtained, indicating monodisperse populations (PdI < 0.2 and in most 

cases ≤ 0.1). The ζ-potential varied between -72 and -84 mV, results that can be 

attributed to the high negative charge density of the LBG Su coating of the LNC. 
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Despite the presence of the positive charge density of DOTAP, it is not sufficient to 

counter the negative charge density provided by the LBG Su, resulting in an 

insignificant contribution to the overall ζ-potential of the nanocarrier. Additionally, the 

variation of the LBG Su concentration did not influence the surface charge of the 

particles in all prepared formulations, resulting always in negatively charged 

nanocarriers. These observations suggest that the variation of the amount of both 

LBG Su and DOTAP does not have a pronounced effect on the physicochemical 

parameters of the formulations. Considering these data, and the time and economic 

constraints, it was decided to continue the assays with the LNC composed by lower 

amounts of LBG Su and DOTAP. The experimental method used to obtain LBG Su 

is a very slow process, often resulting in insufficient amounts to adequately 

compensate the time investment. Moreover, DOTAP is an extremely expensive 

reagent and highly sensitive to degradation, which justifies the use in limited 

amounts. For these reasons, LNC comprised of 0.2% (w/v) and 0.5% (w/v) of LBG 

Su and of 0.05% (w/v) and 0.1% (w/v) of DOTAP, in a total of four formulations, were 

selected to pursue further experimentation. A stability evaluation was performed at 4 

ºC, monitoring size, polydispersity index and ζ-potential of the LNC for 3 months. 

Figure 3.2 shows the variation of the parameters. 
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Figure 3.2 – Evolution of size and polydispersity index (top) and ζ-potential (bottom) 

of LBG Su-coated lipid nanocapsules (●●●●, Table B.II in Annex B), upon storage at 

4 ºC, over the course of 90 days. Data represent mean ± SD, n = 3. 

 

Regarding the size of the formulations, upon storage at 4 ºC and considering the 

measurement at day 1 as a reference, the size ratio (comparison of final size with 

the initial size) was maintained at 1.0 for all formulations, which indicates the stability 

of this parameter for the analysed interval. As for the polydispersity index, no 

statistical difference was noticed in the analysis performed, which can be an 

indication of the maintenance of the homogeneity of the formulations, suggesting no 

major aggregation of the nanocapsules and an indication that the populations 
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remained monodisperse. Concerning the ζ-potential, again no statistical difference 

was observed for the comparisons between different days. Small differences found 

are too spread between formulations, which hinders a definitive conclusion about the 

impact of the charges of the polymer in this parameter. Notwithstanding, after the 

screening herein discussed, the chosen formulation was LBG Su/DOTAP (0.5/0.1, % 

m/v). This will be used in the subsequent assays, regarding encapsulation of a 

model drug and its conversion into a dry powder by means of spray-drying, which will 

be discussed later. 

 

While formulating, a need to deepen the understanding of the structure and 

physicochemical aspects of these LNC became evident. For that matter, thermal 

behaviours were characterized by DSC and TGA. The former allows the possibility to 

determine the crystallinity of a polymer, its melting and crystallisation temperatures 

and the discovery of the glass transition temperature, an important parameter in 

lyophilisation processes [249]. On the other hand, TGA requires the samples to go 

through a range of temperatures to understand a product’s stability threshold. Their 

integrity is measured by means of loss of mass throughout the process. Additionally, 

TGA allows the understanding of the maximum temperatures the polymers can 

withstand, and it is a complementary technique to DSC, helping the latter to be more 

efficient [250]. Figures 3.3 and 3.4 show the diagrams obtained for several materials 

used in the production of these nanocarriers by DSC and TGA, respectively.  
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Figure 3.3 – Differential scanning calorimetry curves for A) LBG Su, B) cationic 

lecithin – DOTAP, C) LNC without coating, D) LBG Su-coated LNC and E) rifabutin 

(RFB). 
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Figure 3.4 – From top to bottom, thermogravimetric curves for LBG Su, cationic 

lecithin – DOTAP, LNC and rifabutin (RFB) (●●●●, Table B.I in Annex B). The 

continuous lines refer to the variation of mass of the polymers throughout the 

process (TG, %), and the dashed lines are the respective derivatives (DTG, %/min). 
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Figure 3.3 shows different DSC diagrams of the materials used in the production of 

the LNC. The DSC diagram for LBG Su was unexpected, as no peak related to 

either melting or recrystallisation could be detected. There is one exothermic peak at 

145 ºC, which so far could not be attributed to any event. The second graphic refers 

to DOTAP, with a clear melting point around 8-9 ºC, which is in accordance with 

what is found in the literature [251]. The next two graphs, which are related to the 

uncoated LNC (no LBG Su present) and the LBG Su-coated LNC, both show an 

endothermal peak around 100 ºC, which is attributed to the evaporation of the water 

during the heating phase of the DSC cycle. In fact, in the next cycles of 

recrystallisation, no other peaks are shown (dashed lines). Lastly, the graph 

concerning RFB suggests that this drug is crystalline, showing a melting peak 

around 183 ºC, a result comparable to the works of Upadhyay and their team [252], 

but a bit above what was reported by Gaspar et al. [253]. As no other peaks were 

detected in the analysis of the mentioned compounds, the glass transition 

temperature (Tg) could not be detected in any of them. 

 

Continuing the analysis of the thermal behaviours of the LNC components, the TGA 

diagrams are shown in Figure 3.4. Concerning LBG Su, much like the DSC graph, its 

behaviour is somewhat erratic, as it starts to lose mass at lower temperatures, 

having a first peak at 186 ºC. Another loss of mass occurs at higher temperatures 

(716 ºC), but further testing should be performed to ascertain the thermal behaviour 

of this derivative. DOTAP showed two important variations of mass: one at 190 ºC of 

10% (not shown), and the major loss at 380 ºC. By the end of the analysis, no 

DOTAP remained in the pan, which is also true for the LNC formulation, that lost 

around 81% of its total mass at 271 ºC. For RFB, there were two main events of 

mass loss: one at around 235 ºC of about 15% and the second is a more 

progressive event resulting in a total loss of 60% by the end of the assay, a 

behaviour observed elsewhere [252].  

 

The thermal characterisation of components used in formulation development is 

crucial. Often, the use of lipids in formulations require experimental methods that rely 

on the use of temperature. One of those examples is the phase-inversion 

temperature (PIT) method, that uses the change in solubility of surfactants at 

different temperatures, to obtain other types of lipid-based carriers, such as 
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nanoemulsions [254] and solid lipid nanoparticles [255]. The knowledge of the 

adequate temperature interval helps on the establishment of an adequate protocol 

and its further optimisation, thus preventing unwanted and unforeseen degradation 

of the components used. 

 

Following the thermal behaviours, the selected LNC were also characterised using 

cryo-TEM. This is a technique derived from TEM, in which it is required the rapid 

freezing of fresh sample in liquid ethane prior to the observation [256]. The 

observations were made for: 1) the LBG Su-coated LNC and 2) the uncoated LNC, 

and the corresponding microphotographs are illustrated in Figure 3.5. 

 

 

Figure 3.5 – Cryo-TEM photographs of uncoated LNC (left) and LBG Su-coated 

LNC (right). 

 

From the obtained photographs, it is suggested that the polymeric coating plays a 

pivotal role in the stability and integrity of the LNC. On the left part of Figure 3.5, the 

LNC without the polymeric coating render unstable systems that do not survive the 

sample preparation process, thus, the grids seem plain. On the right part of Figure 

3.5, the LNC with the polymeric coating are very well defined, showing various sizes. 

The smaller particles are closer to the border of the grid, while larger ones are more 

central. This finding suggests that, despite the polydispersity being smaller than 0.1 

(on a scale of 0 to 1), as determined by DLS, there is still some heterogeneity of 

sizes for the lipid nanocarriers. In fact, results obtained by DLS measures refer to 

averages concerning the distribution of the physicochemical parameters for a given 

formulation. Cryo-TEM, as evidenced in Figure 3.5, enhances the LNC particles 

individually. However, despite the different sizes observed in the photographs, the 
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LNC can be considered as homogeneous. Moreover, both techniques (DLC and 

Cryo-TEM) can be considered complementary, providing different data that result in 

an thorough characterisation of these lipid systems. 

 

After the steps of optimisation and characterisation of the LNC, the conditions to 

associate a drug were achieved. For several years, an intense work in the context of 

tuberculosis therapy involving the development of a dry powder containing antibiotic-

loaded polymeric microparticles has been performed by the research group, where 

RFB was used as antibiotic. For this reason, RFB was chosen as a model drug, to 

continue the assays. Several amounts of RFB that correlate with a specific 

theoretical drug loading were tested, which can be found in Table 3.2.  

 

Table 3.2 – Screening of the different amounts of rifabutin (RFB) tested with the 

respective theoretical drug loading. 

LBG Su-based LNC with RFB 

RFB (mg) 0.33 0.66 1.32 1.98 2.64 3.30 6.60 

Theoretical drug loading (%) 0.5 1.0 2.0 3.0 4.0 5.0 10 

 

The first attempt was the encapsulation of 6.6 mg of RFB, corresponding to 10% of 

theoretical drug loading. This percentage was chosen to maximise the use of the 

RFB and the characteristics of the LNC. Moreover, similar concentrations were 

tested elsewhere [196], being helpful on corroborating testing this higher amount. 

There were no solubility limitations, as RFB is added to the organic phase prior to 

the LNC formulation. However, this production was halted as it can be seen in Figure 

3.6. 
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Figure 3.6 – Round-bottom flask with the remains of the LNC formulation and RFB 

precipitated in the laterals. 

 

The figure shows the precipitation of RFB all around the flask, which is not suitable. 

Similar behaviours were obtained when amounts of RFB corresponding to theoretical 

drug loadings as low as 3% were tested. Successful encapsulation was only possible 

for the lower amounts of RFB (between 0.5% and 2% drug loading) as depicted in 

Figure 3.7. 

 

Figure 3.7 – LNC formulations containing different amounts of RFB. From left to 

right, LNC with 0.5, 1.0 and 2.0% of theoretical drug loading. 

 

After obtaining the optimised RFB-loaded LNC, the objective was to endow the 

formulation with suitable characteristics for an application in inhalation. On a first 

approach, the unloaded optimised LNC were used to that end. To do so, spray-

drying was performed using mannitol (4%, w/v) as an embedding matrix, with the 
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parameters detailed in Section 3.2.1.9. A morphological analysis was performed 

afterwards by FESEM, and representative microphotographs of the microparticles 

are shown in Figure 3.8. 

 

 

Figure 3.8 – Representative microphotographs of microparticles composed of (A) 

mannitol and (B) mannitol/unloaded lipid nanocapsules (85/15, w/w) obtained by field 

emission scanning electron microscopy (FESEM).  

 

A yield of 84% was obtained for mannitol microparticles, while microparticles 

containing unloaded LNC (mannitol/LNC = 85/15, w/w) resulted in 73% yield. 

Furthermore, their Feret’s diameter was determined to be 2.6 ± 1.8 µm and 3.1 ± 1.9 

µm, respectively. The obtained microphotographs evidence a spherical shape for 

both formulations, as depicted in Figure 3.8. A closer look on the surface of 

microparticles shows needle-shaped crystals, which are present in both mannitol and 

mannitol/unloaded LNC microparticles (Figure 3.9).  
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Figure 3.9 – Representative microphotograph of the surface of mannitol (A) and 

mannitol/LNC (85/15, w/w) (B) microparticles obtained by scanning electron 

microscopy (SEM).  

 

These findings have already been reported in the context of the spray-drying of 

mannitol [257-259]. The crystals are attributed to mannitol, which suggests, in this 

case, that the lipid nanocapsules are inside the particle, thus a successful 

encapsulation taking place. The following stage was aimed at obtaining an inhalable 

dry powder containing the drug-loaded LNC (Figure 3.10). The LNC were mixed with 

mannitol to obtain a mannitol/LNC ratio of 85/15 (w/w).  

 

 

Figure 3.10 – Photographs showing the production of microparticles containing 

rifabutin (RFB)-loaded LNC. 
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For a total amount of solids of 416.19 mg, only 43 mg were collected after the 

process, resulting in a yield of 10.33%. Contrary to what was observed with the 

unloaded LNC formulation, this latter test was not successful. One possibility that 

could explain this occurrence relates to the interaction between RFB and the other 

components of the formulation, leading to a possible break of the LNC and the 

appearance of an oily layer on the high-performance cyclone. Another possible 

explanation relates to the formation of the droplets at the end of the injector. Due to 

the hydrophobic character of the oil, it tends to escape from the water by 

accumulating on the surface of the droplet. In turn, while the water evaporates, the 

droplet shrinks in the opposite direction, towards the centre. This could influence the 

migration of mannitol, and its subsequent process of establishing a sturdy solid 

structure to efficiently encapsulate the lipid carrier (as seen in Figure 3.8), which 

ultimately leads to unsuccessful formation of microparticles.  

 

Considering all the data herein discussed, concerning significantly low amounts of 

RFB being encapsulated and the negligible amount of powder recovered after spray-

drying, a decision to not pursue this formulation further was made. A new approach, 

involving optimisation, is required, being a possibility for future projects. 
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3.3. Locust bean gum (LBG) matrix in microparticulate drug delivery systems 

Up to this point, lipid nanocarriers were the focus of the formulation section of the 

project. However, due to the unexpected limitations concerning its transformation 

into a dry powder, the focus had to shift. Despite the reported uses of LBG as 

inhalable microparticle matrix, in previous works of the research group [219,220], the 

developed formulation involved the use of hydrochloric acid as a means to decrease 

the viscosity of the gum and enable a more favourable drying process. Even if the 

impact on cell viability was minimal [219], it was recognised that the formulation could 

benefit from an even further optimisation. The objective herein was, thus, to perform 

a deeper study of LBG characteristics and establish a spray-drying protocol 

permitting the production of microparticles suitable for lung delivery purposes. 

 

3.3.1. Materials and methods 

3.3.1.1. Materials 

Three LBG raw materials were obtained from different sources: one was acquired 

from Sigma-Aldrich® (polymer origin: Italy) and the other two were kind gifts from 

Industrial Farense® (Faro, Portugal; polymer origin: Portugal) and C.E. Roeper® 

(Germany; polymer origin: Mediterranean region, unspecified). Sodium azide (NaN3) 

was purchased from Sigma-Aldrich®. Ultrapure water (Milli-Q, Millipore, Watford, UK) 

was used throughout. 

 

3.3.1.2. Locust bean gum (LBG) purification 

The purification of LBG was performed as detailed in Section 3.2.1.2, being applied 

to the samples from the three suppliers. 

 

3.3.1.3. Fourier-transform infrared spectroscopy (FT-IR) 

The FTIR method used to characterize the three different purified LBG samples was 

already described in Section 3.2.1.4. 

 

3.3.1.4. Spray-drying to obtain locust bean gum (LBG)-based 

microparticles 

Purified LBG corresponding to the three different samples was used to produce 

microparticles by a technique of spray-drying (Buchi B-290 laboratory mini spray-

dryer, Buchi Labortechnik AG, Switzerland). An amount of LBG was weighed and 
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dispersed in ultrapure water (1%, m/v) at 85 ºC for 1 h for solubility enhancement 

[239]. After cooling to room temperature, the dispersion was left under mild stirring 

overnight. The next day, the LBG dispersion was heated again (85 ºC) before spray-

drying, to decrease its viscosity. The apparatus was equipped with a high-

performance cyclone and the conditions were as follows: spray flow rate of 473 L/h, 

inlet temperatures varying between 103 ºC and 160 ºC, aspirator at 100% and feed 

flow rate set at 1.0 mL/min. The yield of the process was calculated using equation 

3.1, as described in section 3.2.1.9. 

 

3.3.1.5. Characterisation of locust bean gum (LBG)-based microparticles 

The morphology of the microparticles was determined by field emission scanning 

electron microscopy (FESEM; FESEM Ultra Plus, Zeiss, Oberkochen, Germany), 

using a protocol detailed in [260]. The size of the microparticles was determined as 

the Feret’s diameter by the manual measurement of 300 particles, registered from 

the photographs obtained by FESEM. 

 

3.3.1.6. Molecular weight distribution 

High Performance Size Exclusion Chromatography (HPSEC) with a refractive index 

detector (Knauer K-2300, Berlin, Germany) was used to analyse commercial and 

purified LBG from three different suppliers, as well as the LBG-based microparticles. 

Two columns OHpak SB-806M HQ of 300 × 8.0 mm were used in series with a 50 × 

6.0 mm OHpak SB-G 6B guard column (Shodex, Tokyo, Japan). Ultrapure water 

with 0.02% NaN3 was used as mobile phase at a flow rate of 1 mL/min. Samples 

were dissolved in the solvent used as mobile phase at a concentration of 1 mg/mL 

and filtered through a 0.45 µm size-pore filter (VWR, Portugal). Pullulan standards 

were injected and used to draw a calibration curve, as used elsewhere [260-262]. 

Results were analysed using a commercially available chromatography software 

(Clarity, version 8.8.0, DataApex). The equation for the analysis model (Equation 

3.2) is as follows: 

 

𝑦 =  0,00022𝑥3 − 0,02579𝑥2 + 0,06427𝑥 + 10,18816   (Equation 3.2) 

 

The model presented above was employed in the chromatogram of the materials 

analysed for the calculation of molecular weight results (Mn = number-average 
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molecular weight, Mw = average molecular weight). Furthermore, the broadness of 

the peaks obtained in the chromatogram that translates into a polydispersity index 

can be calculated using the former parameters [263] in Equation 3.3: 

 

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
          (Equation 3.3) 

 

3.3.1.7. Thermophysical features of locust bean gum (LBG) and locust 

bean gum (LBG)-based microparticles 

3.3.1.7.1. Thermogravimetric analysis (TGA) 

The thermal stability of all LBG-based samples (commercial LBG, purified LBG and 

microparticles) was evaluated via Thermogravimetric Analysis (TGA 209-F1 Iris®, 

Netzsch, Germany). The samples (up to 15 mg) were heated from 20 °C up to 1000 

°C, at a heating rate of 10 °C/min, under a nitrogen atmosphere. 

 

3.3.1.7.2. Differential Scanning Calorimetry (DSC) 

The thermal behaviour of the various LBG samples was evaluated using a 

differential scanning calorimeter (DSC Q200, TA Instruments, Germany). Each 

sample was weighed (5 - 15 mg) into aluminium pans, which were sealed, and their 

lids pierced. Measurements were performed between -80 °C and 250 °C with a 

heating rate of 10 °C/min, under a nitrogen atmosphere, and for three cycles per 

sample.  

 

3.3.2. Results and discussion 

3.3.2.1. Purification and preparation of locust bean gum (LBG)-based 

microparticles 

Polymer purification is one important step for formulation development. For LBG the 

situation is no different, as it retains around 7% of impurities and proteins, requiring 

removal. The purification step was performed prior to the use of LBG using a 

methodology involving ethanol precipitation, which is described elsewhere [241,264]. 

The yield of purification was 66% on average, for LBG from the three different 

suppliers. Henceforth, and unless stated otherwise, the LBG that will be used will be 

the purified one.  
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Previous works using LBG as a polymeric material for the preparation of spray-dried 

microparticles required the use of hydrochloric acid to reduce the viscosity of the 

gum and increase the polymer concentration to be used [219]. However, an 

optimisation was desired to avoid the use of the acid. A screening of inlet 

temperatures of the spray-drying process between 103 ºC and 160 ºC was 

performed, with the main objective of using the lowest possible temperature for the 

obtention of LBG-based microparticles, while obtaining a powder with good flow 

properties and a satisfactory yield of production. The screening of temperatures for 

microparticles prepared with LBG from Sigma-Aldrich® is shown in Table 3.3. 

 

Table 3.3 – Screening of different temperatures used in the production of LBG 

microparticles composed of LBG from Sigma-Aldrich®. Data represent mean ± SD, n 

= 3. 

LBG-based microparticles, Sigma-Aldrich® 

Tinlet (ºC) Toutlet (ºC) Aspirator (%) 
Feed flow 

(mL/min) 
Yield (%) 

103 ± 1 66-72 

100 

0.88 ± 0.05 51.9 ± 3.1 

110 ± 1 70-84 0.89 ± 0.01 54.9 ± 3.8 

120 ± 1 73-79 0.90 ± 0.05 55.2 ± 2.2 

130 ± 1 81-88 0.90 ± 0.01 55.5 ± 3.1 

140 ± 1 88-93 0.86 ± 0.01 55.5 ± 2.4 

150 ± 1 93-100 0.89 ± 0.01 60.5 ± 2.6 

160 ± 1 98-105 0.89 ± 0.03 58.0 ± 4.2 

 

The study continued and the screening of temperatures for microparticles prepared 

with LBG from Industrial Farense® is shown in Table 3.4. 
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Table 3.4 – Screening of different temperatures used in the production of LBG 

microparticles composed of LBG from Industrial Farense®. Data represent mean ± 

SD, n = 3. 

LBG-based microparticles, Industrial Farense® 

Tinlet (ºC) Toutlet (ºC) Aspirator (%) 
Feed flow 

(mL/min) 
Yield (%) 

103 ± 1 67-77 

100 

0.81 ± 0.01 51.1 ± 1.7 

110 ± 1 72-80 0.79 ± 0.03 56.3 ± 0.8 

120 ± 1 75-82 0.81 ± 0.02 56.2 ± 6.3 

130 ± 1 82-100 0.78 ± 0.03 57.8 ± 3.4 

140 ± 1 87-91 0.85 ± 0.05 57.2 ± 5.0 

150 ± 1 94-102 0.91 ± 0.03 53.3 ± 3.8 

160 ± 1 98-107 0.86 ± 0.04 58.6 ± 3.9 

 

Lastly, the screening of temperatures for microparticles prepared with LBG from C. 

E. Roeper® is shown in Table 3.5. 

 

Table 3.5 – Screening of different temperatures used in the production of LBG 

microparticles composed of LBG from C. E. Roeper®. Data represent mean ± SD, n 

= 3. 

LBG-based microparticles, C. E. Roeper® 

Tinlet (ºC) Toutlet (ºC) Aspirator (%) 
Feed flow 

(mL/min) 
Yield (%) 

103 ± 1 65-75 

100 

0.84 ± 0.03 54.1 ± 2.6 

110 ± 1 71-76 0.84 ± 0.03 54.4 ± 2.3 

120 ± 1 79-82 0.81 ± 0.04 57.3 ± 2.8 

130 ± 1 83-87 0.82 ± 0.02 60.4 ± 3.0 

140 ± 1 85-94 0.82 ± 0.04 60.4 ± 4.8 

150 ± 1 93-107 0.80 ± 0.00 64.3 ± 3.4 

160 ± 1 89-110 0.82 ± 0.05 66.4 ± 0.2 

 

After the preparation of all dry powders, a macroscopic analysis was performed 

focusing on the overall aspect and the occurrence of visible aggregation. All the 

prepared powders seemed similar, and considering the yields obtained for different 

temperatures, the chosen formulation was the one with an inlet temperature of 130 ± 
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1 ºC. This temperature ensured a compromise with an inlet temperature that is 

intermediate and an acceptable yield of around 55-60% for all the tested materials. 

 

Following the choice of the conditions to produce LBG-based microparticles, the 

need for a deeper understanding of the polymer characteristics and its behaviour 

while in a dispersion and as matrix to be used in drug delivery carriers, was 

identified. A morphological analysis performed by FESEM was carried out on each 

LBG-based microparticles and the respective photographs are displayed in Figure 

3.11. 

 

  

 

 

Figure 3.11 – Representative microphotographs obtained by field emission scanning 

electron microscopy (FESEM) of LBG-based microparticles produced (inlet 

temperature = 130 ºC, aspirator = 100%, feed flow = 0.8 – 0.9 mL/min) using LBG 

from Sigma-Aldrich® (A), Industrial Farense® (B) and C. E. Roeper® (C). 

 

5 µm 5 µm 

5 µm 



                                         3: Dry powder-based formulations using Locust Bean Gum 

69 

The microphotographs show irregular particles with convexities, which is theoretically 

beneficial for the flowing properties [128]. The resulting appearance can be explained 

through the concepts of particle engineering, an area of pharmaceutical technology 

that has been gaining a lot of attention for some years [265,266]. One of the 

fundamental aspects of polymers is that for the majority, their structure tends to be 

amorphous (with rare exceptions, e. g. D-mannitol [267]). Whenever a droplet is 

formed at the far end of the spray-dryer injector and considering that a single droplet 

results in one microparticle, the amorphous aspect leads to an uneven distribution of 

the polymer on the droplet. Upon drying, there is a migration of the polymer to the 

surface of the droplet called surface enrichment. Initially, it is suggested that this 

might function as a protective shield, but when water dries out, this protective cover 

collapses, resulting in the appearance shown in the FESEM photos [265]. Envisaging 

a lung delivery application, these microparticles are suggested to be better than 

spherical ones, as their surface area is higher leading to less air resistance upon 

flying and thus enabling reaching a deeper region of the lung [128]. However, 

morphology and shape factor are only one of the decisive factors for dry powder 

characterisation. Through FESEM images, the Feret diameters of the microparticles 

were determined, being those of 3.95 ± 4.25 µm for microparticles produced with 

LBG from Sigma-Aldrich®, 4.31 ± 4.39 µm for those prepared with LBG of Industrial 

Farense® and 3.76 ± 4.54 µm for those made with LBG from C.E. Roeper®. 

Regrettably, the aerodynamic characterisation of these LBG-based microparticles is 

lacking. On being solely composed of LBG, the typically used impaction methods 

(ACI, NGI) are hindered by the need to provide rigorous quantification (through 

HPLC or spectrophotometry [268]) of the polysaccharide. Naturally, mathematical 

calculations could provide theoretical predictions, but these are known to typically 

lead to underestimations. 
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3.3.2.2. Chemical and thermophysical characterisation of various forms of 

locust bean gum (LBG) 

The following section is comprised of several results concerning the chemical and 

thermophysical characterisation of various forms of LBG. For reading and analysis 

purposes, and due to the use of three different LBG raw materials, the results are 

organised as follows:  

• In-text mentions of LBG 0 correspond to the commercial form of LBG. As an 

example, LBG 0 Sigma, refers to the LBG raw material obtained from Sigma-

Aldrich®.  

• In-text mentions of LBG 1 correspond to the purified form of LBG. As an 

example, LBG 1 Sigma, refers to the purified LBG prepared from the raw 

material of Sigma-Aldrich®. 

• In-text mentions of LBG 2 correspond to the microparticles prepared with the 

purified form of LBG. As an example, LBG 2 Sigma, refers to the 

microparticles prepared with the purified LBG prepared from the raw material 

of Sigma-Aldrich®. 

• Table B.III in Annex B details the colour palette (●●●) used in the various 

Figures of this section. 

 

3.3.2.2.1. Fourier-transform infrared spectroscopy (FT-IR) 

Excipient characterisation is one of the important features when applications in 

formulation development are being considered. Infrared spectroscopy is a qualitative 

method to analyse the specific chemical bonds in the sample. Due to the importance 

of purification, the spectra of the three purified LBG prepared from the raw material 

of the suppliers is shown in Figure 3.12, below. 
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Figure 3.12 – FTIR spectra of purified locust bean gum (LBG 1) of three different 

suppliers: Sigma-Aldrich®, Industrial Farense® and C. E. Roeper®. Arrows indicate 

bands characteristic of certain groups present in the LBG molecules. 

 

Three characteristic bands can be observed in the three LBG samples analysed. The 

first one is around 3425 cm-1, which is related to the stretching of hydroxyl (O-H) 

groups. The other two bands, 2925 and 1026 cm-1, can be associated with the C-H 

stretching of -CH and -CH2 groups and the stretching of the C-O-H bond, 

respectively. These findings are in accordance with other reported LBG analyses 

[269-271]. Although some of these bands can be found in other compounds, the fact 

that the three spectra are very similar to each other, shows the resemblance of the 

samples, and suggests that the purification removes any possible interferent, that 

could contribute to other bands or the masking of the indicated ones.  
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3.3.2.2.2. High Performance Size Exclusion Chromatography (HPSEC) 

Continuing the characterisation of the various forms of LBG, a HPSEC analysis was 

performed to ascertain the molecular weight of all samples. Figure 3.13 depicts the 

distribution graphs for the commercial forms of LBG from the three different 

suppliers.  

 

 

Figure 3.13 – HPSEC chromatograms of commercial locust bean gum (LBG 0) from 

three different suppliers. 

 

Three main peaks can be detected in the chromatogram: the first appears between 

14.20 and 14.30 min, the second around 20.15 min and the third between 21.70 and 

21.80 min. The three commercial gums seem to be very similar, as the 

chromatograms overlay with each other, with the peaks being at around the same 

retention times, even if the areas under the curve vary. These peaks translate into 

molecular weight results (Mn and Mw) using the calibration curve shown in Equation 

3.2. Moreover, the respective polydispersity index was calculated using Equation 

3.3. All these results can be seen in Table 3.6.  
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Table 3.6 – HPSEC analysis of commercial locust bean gum (LBG 0) from three 

different suppliers. The different parameters are as follows: Mn = number-average 

molecular weight, Mw = average molecular weight, PdI = polydispersity index. 

 

 

Commercial:  

LBG 0 Sigma 

Commercial:  

LBG 0 IF 

Commercial:  

LBG 0 Roeper 

Mn (Da)* 

Peak 1 1388296 1470436 1430526 

Peak 2 428 584 387 

Peak 3 39 44 33 

Mw (Da)* 

Peak 1 3371771 3871341 3572181 

Peak 2 567 661 532 

Peak 3 48 49 46 

PdI 

Peak 1 2.4287 2.6328 2.4971 

Peak 2 1.3241 1.1324 1.3741 

Peak 3 1.2323 1.0996 1.3861 

 

The results concerning the molecular weight (Mw) for the commercial samples of 

LBG were as follows: 3.37 x 106 Da for the one from Sigma-Aldrich®, 3.87 x 106 Da 

for the one from Industrial Farense® and 3.57 x 106 Da for the one from C. E. 

Roeper®. These results vary, upon comparison with what is found in the literature, 

which reports lower values: 0.92 x 106 Da [272], 7.4 x 105 Da [273], 2.08 x 106 Da 

[274], 0.86 x 106 Da [275]. These differences can be linked to the place where the 

tree/pods grew and the abiotic factors influencing their growth, which ultimately 

affects the composition of LBG. Moreover, the extraction method used to obtain the 

gum (acid hydrolysis) can also affect its composition, which translates into different 

Mw, given the depolymerisation occurring upon contact with the acid. Despite that, all 

three gums have a similar Mw, as they are within the same range, and similar results 

were found in the work of Lazaridou et al., with LBG from the Greek islands: 2.18-

3.94 x 106 Da [276]. 

 

After analysing the commercial gums, the purified forms of LBG were also 

characterised and results are depicted in Figure 3.14.  
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Figure 3.14 – HPSEC chromatograms of purified locust bean gum (LBG 1) from 

three different suppliers. 

 

As observed with the commercial samples, the purified LBGs have similar retention 

times: (1) 14.2-14.4 min, (2) 20.1-20.2 min and (3) 21.7-21.8 min. Although the area 

under the curve is closer with these samples, there was an event that was 

unexpected. The second peak has a lower height than its counterpart in the 

commercial samples, and the opposite, being that of a higher peak, occurs with the 

third one. A first look into the commercial chromatograms and the subsequent 

analysis of Table 3.6 suggested that these two peaks can be associated with 

degradation products of LBG, which appear during the purification process. In fact, 

this process requires LBG to be dispersed in heated water (at 85 ºC) and its 

subsequent precipitation with ethanol, which can be the cause of some degree of 

degradation [273,277], thus reflecting on the height and on the area under the curve of 

these two peaks.  

 

The same method of converting the peaks into quantifiable results of molecular 

weight and was performed for these samples (Equations 3.2. and 3.3), and they can 

be seen in Table 3.7. 
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Table 3.7 – HPSEC analysis of purified locust bean gum (LBG 1) from three different 

suppliers. The different parameters are as follows: Mn = number-average molecular 

weight, Mw = average molecular weight, PdI = polydispersity index.  

Polymer 
Purified: 

LBG 1 Sigma 

Purified: 

LBG 1 IF 

Purified: 

LBG 1 Roeper 

Mn (Da)* 

Peak 1 1173729 1400104 1590226 

Peak 2 628 705 652 

Peak 3 44 48 46 

Mw (Da)* 

Peak 1 3038912 3398325 3574440 

Peak 2 662 748 697 

Peak 3 49 53 50 

PdI 

Peak 1 2.5891 2.4272 2.2478 

Peak 2 1.0547 1.0608 1.0696 

Peak 3 1.1067 1.1105 1.1051 

 

The calculations for the molecular weight of the purified samples of LBG resulted in 

the following data: 3.04 x 106 Da for the one from Sigma-Aldrich®, 3.40 x 106 Da for 

the one from Industrial Farense® and 3.57 x 106 Da for the one from C. E. Roeper®. 

These results are within the same range as those obtained for the commercial 

samples. Information concerning the molecular weight of this polysaccharide is 

scarce, and the data that exists elsewhere varies greatly in between samples: 1.8 x 

106 Da [278]. In fact, in this case, while the molecular weight for LBG is reported to be 

in between 3 x 105 and 3,6 x 105 Da [279], the one obtained here is 10 fold higher. A 

very similar chromatogram was reported elsewhere [280], detailing similar elution 

times, also showing two peaks and alerting for the presence of other sugars upon 

elution of LBG samples. This is a good argument for the theory that heat might 

induce some sort of degradation of LBG, especially because of the decrease in Mw 

of LBG 1 Sigma and LBG 1 IF, when compared to the commercial samples. 

 

HPSEC analysis was also applied on the corresponding LBG-based microparticles, 

produced with a composition based only on the polymer, using the purified LBG. The 

chromatograms are depicted in Figure 3.15.  
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Figure 3.15 – HPSEC chromatograms of locust bean gum-based microparticles 

(LBG  2) from three different suppliers. 

 

Much like in the unprocessed polymers, the LBG-based microparticles showed 

similar retention times: (1) around 14.60 min, (2) 20.10-20.30 min and (3) 21.70-

21.90 min. The area under the peaks changed once more. The height of peak 2 was 

similar or lower than the samples in Figure 3.14, whilst peak 3 showed a slight 

increase. The process used to produce microparticles requires another cycle of 

heating, to better disperse the LBG in water. But this might hinder the integrity of the 

LBG, as it is suggested to induce further depolymerisation [273,277]. 

 

As previously mentioned, a relevant outcome of the use of HPSEC is the possibility 

to calculate the molecular weight of the analysed samples, using the calibration 

curve (Equation 3.2) and the corresponding PdI for the peaks (Equation 3.3). The 

results of these parameters are shown in Table 3.8. 
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Table 3.8 – HPSEC analysis of locust bean gum (LBG)-based microparticles (LBG 

2) from three different suppliers. The different parameters are as follows: Mn = 

number-average molecular weight, Mw = average molecular weight, PdI = 

polydispersity index. 

Polymer 
Microparticles: 

LBG 2 Sigma 

Microparticles: 

LBG 2 IF 

Microparticles: 

LBG 2 Roeper 

Mn (Da)* 

Peak 1 911325 825211 995914 

Peak 2 622 633 595 

Peak 3 43 40 40 

Mw (Da)* 

Peak 1 2458674 2377731 2568461 

Peak 2 661 671 634 

Peak 3 47 45 45 

PdI 

Peak 1 2.6979 2.8814 2.5790 

Peak 2 1.0615 1.0600 1.0663 

Peak 3 1.1080 1.1020 1.1180 

 

The results for the molecular weight of the LBG-based microparticles are as follows: 

2.46 x 106 Da for the one from Sigma-Aldrich®, 2.38 x 106 Da for the one from 

Industrial Farense® and 2.57 x 106 Da for the one from C. E. Roeper®. These results 

of molecular weight further corroborate the theory that additional cycles of heating 

(for solubilisation and possibly inside the spray-dryer) might induce LBG 

depolymerization [273,277], thus leading to a decrease in the Mw comparing with the 

commercial and purified counterparts.  

 

All in all, these chromatograms follow the distributions observed with other LBG 

samples [281]. Moreover, the progression of LBG from their commercial form to the 

production of microparticles, which requires heating throughout, might affect the 

overall chemical stability of the gum, thus a deeper comprehension of LBG 

behaviour is required to understand the data herein presented. 

 

3.3.2.2.3. Thermogravimetric analysis (TGA) 

One of the possibilities to ascertain how LBG behaves depending on the 

temperature is to use TGA. This technique allows the determination of a temperature 

threshold, meaning that, it gives an indication at which point the sample starts to 
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degrade. The curves obtained for all LBGs are compiled in Figures 3.16, 3.17 and 

3.18. 

 

 

 

 

Figure 3.16 – Thermogravimetric analysis (TGA) curves for commercial locust bean 

gum (LBG) samples from three different suppliers. From top to bottom: LBG from 

Sigma-Aldrich®, Industrial Farense® and C. E. Roeper®.  
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Figure 3.17 – Thermogravimetric analysis (TGA) curves for purified locust bean gum 

(LBG) samples from three different suppliers. From top to bottom: LBG from Sigma-

Aldrich®, Industrial Farense® and C. E. Roeper®. 
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Figure 3.18 – Thermogravimetric analysis (TGA) curves for LBG-based 

microparticles samples from three different suppliers. From top to bottom: LBG from 

Sigma-Aldrich®, Industrial Farense® and C. E. Roeper®. 
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Overall, the TGA curves present two different peaks: one at an earlier temperature (< 

100 ºC) and another very intense event at a higher temperature. The first one can be 

attributed to the loss of water that is associated with the sample, although the 

temperature at which it evaporates varies significantly. In the purified samples (LBG 

1), these losses of mass occur around 100 ºC, whilst lower temperatures were 

registered for the other cases. Despite these differences, all show this same 

behaviour. As for the more intense event, that can be associated with the 

degradation of LBG, occurring around 300 ºC, as observed elsewhere [282]. 

Clarifying these aspects prove essential in defining a DSC protocol. This is even 

more important when there are samples that are still relatively unknown. In this 

specific case, the DSC method, detailed in section 3.3.1.6.1., could not be set at 

temperatures higher than 300 ºC, because if it did, the tentative measures to 

determine crystallinities or the glass transition temperatures would be biased. This 

analysis continues in the next sub-section. 
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3.3.2.2.4. Differential Scanning Calorimetry (DSC) 

After ascertaining the temperature at which LBG degrades, a DSC protocol could be 

set. Figures 3.19, 3.20 and 3.21 present the corresponding curves for the 

commercial and purified forms of LBG, as well as the LBG-based microparticles. 

 

 

 

 

 

Figure 3.19 – Differential Scanning Calorimetry (DSC) curves for commercial locust 

bean gum (LBG 0) samples from three different suppliers. The left panels show the 

thermal behaviour of the samples, and the right panels detail the glass transition 

temperature (Tg) found for the respective samples.  
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Figure 3.20 – Differential Scanning Calorimetry (DSC) curves for purified locust 

bean gum (LBG 1) samples from three different suppliers. The left panels show the 

thermal behaviour of the samples, and the right panels detail the glass transition 

temperature (Tg) found for the respective samples. 
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Figure 3.21 – Differential Scanning Calorimetry (DSC) curves for locust bean gum 

(LBG)-based microparticles samples from three different suppliers. The left panels 

show the thermal behaviour of the samples, and the right panels detail the glass 

transition temperature (Tg) found for the respective samples. 

 

The protocol set for DSC cannot go beyond the temperature of 300 ºC, previously 

determined by TGA, to guarantee the fidelity of the analysis. In the left panels of 

Figures 3.19, 3.20 and 3.21, the first heating cycle of each of the samples show an 

endothermic peak around 100 ºC. This peak is associated with the loss of water that 
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is bonded to the various forms of LBG, which does not appear in the subsequent 

cycles, as seen elsewhere [282]. The second cycle is one of cooling, thus it enables 

the search for a temperature that induces a recrystallisation, if the sample is indeed 

crystalline. In the case of LBG, all its forms do not show a recrystallisation 

temperature, suggesting that they are all amorphous. The third cycle, which is a 

second heating, intends to look for a melting temperature, if the sample is crystalline, 

or for a glass transition temperature (Tg). In the case of the various LBGs, the Tg 

seems to be between 37.04 and 43.18 ºC, an observation that was also discussed 

elsewhere [283], although other temperatures were observed that greatly differ from 

what is reported here [284].   

 

Considering all the data herein discussed, the characterisation of LBG still requires 

much attention. A thorough profile of polymers is, nowadays, one of the crucial 

aspects in formulation development for a potential approval by the competent 

authorities. All those aspects can have a decisive implication in the methods used 

and in the choice of co-excipients. LBG is not different, as the application of this 

polymer as matrix material in inhalable microparticles should take into consideration 

all the physicochemical aspects of the molecule. This thorough characterisation 

works favourably in the process of preparing dry powders, as well as in its 

optimisation. Ultimately, all data converges in the determination of the aerodynamic 

properties of the resulting dry powders, thus influencing further experimentation and 

applicability in lung delivery scenarios. In the next chapter, the biological risk 

associated with LBG will be evaluated, further gaining a wider perspective onto how 

it behaves in living systems. 
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BIOLOGICAL RISK ASSESSMENT OF 

MATERIALS 

 

 

 

 

 

 

 

The information contained in this chapter was partially included in the following 

publication:  

 

Pontes, Jorge F.; Guerreiro, Filipa; Rosso, Annalisa; Alves, Ana D.; Rodrigues, 

Susana; da Costa, Ana M. Rosa; Lollo, Giovanna; Gaspar, Maria Manuela; Grenha, 

Ana. Toxicological profile of Locust Bean Gum (LBG) for inhalation: Excipient 

characterisation and biological evaluation. (under preparation) 
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4.1. Introduction 

Nowadays, the characterisation of materials proves to be a relevant feature in 

formulation development when an approval for general use is envisaged. As 

discussed in the previous chapter, the comprehension of materials behaviour can 

help on the prediction of interactions that can be used in subsequent experimental 

analyses. In this chapter, that knowledge on material characterisation is 

complemented with a biological risk assessment, which pertains to the evaluation of 

the impact of the materials in living systems. In the context of in vitro assays, 

cytotoxicity is one of the most commonly studied parameters to evaluate the impact 

of a certain material or sample on the cell function and, namely, metabolic activity, as 

described in the guideline ISO 10993-5-2009 [285]. That guideline establishes that for 

a material or sample to be safe, the cell viability determined after exposure to the 

material should not be lower than 70%. However, the small scale of most in vitro 

assays does not allow to fully grasp the effects of the samples in a way that can be 

correlated to more complex living systems. Despite the many alternatives discussed 

in Chapter 1, in vivo assays still play the most important role in formulation 

development. Considering the above, an in vitro evaluation of various samples of 

LBG (commercial, purified and spray-dried microparticles) from different suppliers, 

as well as an in vivo test of the microparticles, were performed. The aim of these 

assays was to assess the behaviour of LBG as excipient for an application in 

inhalation.  

 

4.2. Materials and methods 

4.2.1. In vitro safety evaluation 

4.2.1.1. Materials 

LBG was obtained from three different suppliers, one was an acquisition from Sigma-

Aldrich® and the other two were kind gifts from Industrial Farense® and C. E. 

Roeper®. L-glutamine solution (200 mM), non-essential amino acids solution and 

penicillin/streptomycin (10000 units/mL, 10000 g/mL), trypsin-EDTA solution (2.5 g/L 

trypsin, 0.5 g/L EDTA), trypan blue solution (0.4%), thiazolyl blue tetrazolium 

bromide (MTT), sodium dodecyl sulphate (SDS), dimethylformamide (DMF), Triton-X 

100, phosphate buffered saline (PBS) tablets pH 7.4 and dimethyl sulfoxide (DMSO) 

were acquired from Sigma-Aldrich (Germany). Lactate dehydrogenase (LDH) kit was 

obtained from Takara Bio (Tokyo, Japan) and fetal bovine serum (FBS) from Gibco 
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(Life Technologies, USA). Ham’s F-12 and RPMI 1640 media were from Lonza 

Group AG (Switzerland). Ultrapure water (Milli-Q, Millipore, Watford, UK) was used 

throughout. All other chemicals were reagent grade. 

 

4.2.1.2. Cell culture 

Human lung epithelial adenocarcinoma cells (A549) were provided by the American 

Type Culture Collection (ATCC, USA) and used in passages 20-38. Cells were 

cultured in flasks (75 cm2), at 37 °C, in an incubator with 5% CO2/95% humidified 

atmospheric air. Cell culture media (CCM) was Ham’s F-12, supplemented with L-

glutamine 200 mM (1%, v/v), non-essential amino acids (1%, v/v), 

penicillin/streptomycin at 1% (v/v) and FBS at 10% (v/v). CCM was exchanged two 

to three times per week. 

 

4.2.1.3. Samples tested in in vitro and in vivo assays 

For in vitro assays, a stock solution of 2 mg/mL of commercial and purified LBG, as 

well as of LBG-based microparticles was prepared for the three polymers obtained 

from different suppliers: Sigma-Aldrich®, Industrial Farense® and C. E. Roeper®. In 

brief, each LBG sample (commercial, purified and LBG-based microparticles) was 

dispersed in ultrapure water (Milli-Q, Millipore, Watford, UK), previously heated at 85 

ºC, for 1 h under constant magnetic stirring. After that, four dilutions were prepared 

with CCM, in the laminar flow hood and using a vortex for homogeneisation, to reach 

concentrations of 0.1 mg/mL, 0.25 mg/mL, 0.50 mg/mL and 1 mg/mL. The 

dispersions were used immediately after preparation, being mixed in the vortex 

before their load into the 96-plate. 

 

For in vivo assays, LBG-based microparticles prepared with the polymer from 

Sigma-Aldrich® were used in the insufflation assays that will be detailed and 

discussed in the next sections. In brief, purified LBG from Sigma-Aldrich® (1%, m/v) 

was dispersed in ultrapure water (Milli-Q, Millipore, Watford, UK), previously heated 

at 85 ºC, for 1 h under constant magnetic stirring. Afterwards, the dispersion was 

spray-dried (Buchi B-290 Mini Spray Dryer; Buchi Labortechnik AG, Switzerland) at 

an inlet temperature of 130 ºC and a flow rate of 0.9 ± 0.01 mL/min, with the 

aspirator set at 100% and the spray flow rate at 473 L/h. 
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4.2.1.4. Determination of cell metabolic activity 

The metabolic activity of A549 cells after exposure to the various LBG samples 

(commercial, purified and microparticles) from different suppliers and varied 

concentrations was determined. A stock solution of each LBG was dispersed in 

ultrapure water and diluted in CCM without FBS at several concentrations between 

100 and 1000 µg/mL. The cells were seeded in 96-well plates at 1x104 cells/well, 

incubated overnight, and exposed to the samples after that. CCM and SDS at 2% 

(w/v) were used as controls. After 3, 24 and 48 h of exposure, the samples were 

removed and replaced by 30 µL of MTT (5 mg/mL in PBS pH 7.4), which remained 

under incubation for 2 h. After that, 50 µL of DMSO were added to each well to 

solubilise the formazan crystals. The absorbance was read by spectrophotometry 

(Infinite M200; Tecan, Austria) at 540 nm, with background correction at 640 nm. 

The cell viability was calculated using Equation 4.1: 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  [
𝐴−𝑆

𝐶𝑀−𝑆
] × 100     (Equation 4.1) 

 

where A is the absorbance obtained upon exposure to each example, S represents 

the absorbance measured for SDS 2% and CM is the absorbance read for the cells 

incubated in CCM. The assay was performed at least 3 times, with 3 replicates for 

each tested concentration. 

 

The obtained data allowed the calculation of the half maximal inhibitory 

concentration (IC50), which was calculated for samples reaching less than 50% of 

cell viability in the conditions of the study. IC50 values were determined by sigmoidal 

fitting of the data in the GraphPad Prism statistical program (GraphPad Software, 

version 9.4.0.673, USA). 

 

4.2.1.5. Cell membrane integrity test 

Cell membrane integrity was assessed by the quantification of the cytoplasmic 

enzyme LDH on the supernatant of A549 cells after 24 h and 48 h exposure to 

various LBG samples at concentrations of 500 and 1000 µg/mL. CCM was used as 

negative control and Triton X-100 (1:100 dilution) as positive control of LDH release. 

Supernatants were centrifuged (16000 x g, 5 min) and then, 75 µL of sample were 
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inserted in the wells of a 96-well plate, to which 75 µL of the LDH reagent were 

added, after preparation following the indications of the supplier (TaKaRa, Tokyo, 

Japan).  Absorbances were measured in a spectrophotometer (Infinite M200, Tecan, 

Grödig, Austria) at 490 nm and the background was corrected at 690 nm. The LDH 

release (%) was calculated using Equation 4.2: 

 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%)  =
𝐴−𝐶𝐶𝑀

𝐿
× 100      (Equation 4.2) 

 

where A is the absorbance for the samples corrected with the background, CCM is 

the absorbance obtained for cell culture media (negative control) and L is the 

absorbance obtained for Triton X-100 (positive control). The assay was carried out at 

least three times with three replicates for each tested concentration.  

 

4.2.1.6. Statistical analysis of in vitro data 

The results were analysed considering three different groups, pertaining to the three 

different suppliers of LBG. Within the same group, data were analysed considering 

two different approaches: a time- and concentration-dependent analysis. For MTT, 

the data were analysed using a one-way ANOVA using the Tukey’s multiple 

comparisons test. As for the LDH, the data were analysed by means of an ANOVA 

using the Dunnett’s multiple comparisons test, taking into consideration the control 

column attributed to the CCM data. All analyses were run using GraphPad Prism® 

statistical program (GraphPad Software, version 9.4.0.673), and differences were 

considered significant at a level of p < 0.05. 

 

4.2.2. In vivo safety evaluation 

4.2.2.1. Animals 

Male BALB/c mice (21-27 days) were obtained from Charles River (France). The 

animals were maintained in standard hygienic conditions with access to commercial 

chow and acidified drinking water ad libitum. All the experiments performed with the 

animals were approved by the ethical committees of the Faculty of Pharmacy of the 

University of Lisbon in accordance with the European Union Directive (201/637EU) 

and Portuguese laws (DL 113/2013, 2880/2015, 260/2016 and 1/2019) for the use 

and care of animals in research.    
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4.2.2.2. Lung administration 

Animals (6-8 weeks; 22-28 g) were divided in three groups, naïve (control), LBG 1x 

and LBG 10x, with six animals each. The groups LBG 1x and 10x were exposed, 

respectively, to a single dose (acute exposure) and to ten doses (subacute 

exposure) of microparticles composed solely of LBG over a period of 2 weeks. The 

naïve group corresponded to untreated animals which received no LBG 

microparticles. The administration of the powder was performed using a homemade 

apparatus. Mice were restrained in a 50 mL tube and their nose positioned in a small 

hole in the bottom of the tube to promote the inhalation of the powder. In parallel, 

LBG powder was weighed in a 15 mL tube, the powder being then administered 

using a small pump connected to the upper part of the tube, creating an air stream. 

The air stream facilitated the insufflation of the powder and subsequent entry through 

the mice’ nose. Previous experiments revealed that circa 10% of the powder is 

inhaled by the animals, thus the administered dose was, approximately, 240 mg/kg 

[98]. Each dose corresponded to 60 mg of LBG-based microparticles, and mice were 

exposed to each dose for 2 min. The weight of the animals was registered before 

each administration. 

 

One day after the last administration, animals from all groups were anesthetised with 

isoflurane (IsoVet® 1000 mg/g, Piramal Healthcare, UK). Then, blood was extracted 

from the retinal blood vessels (retro-orbital bleeding technique) and stored in vials 

containing ethylenediaminetetraacetic acid (EDTA) to prevent blood coagulation. The 

animals were sacrificed by cervical displacement under anaesthesia and the 

bronchoalveolar lavage fluid (BALF) and organs such as liver, spleen, lung, and 

kidneys were collected, weighed, and stored for further analysis. 

 

4.2.2.3. Bronchoalveolar lavage (BAL) 

BALF was collected following the protocol proposed by Van Hoecke et al [286], with 

adaptations. After animal sacrifice, 700 µL of PBS (pH 7.2) containing 100 µM of 

EDTA were delivered to the lung through intratracheal instillation, and then 

recovered to a 15 mL tube, which was placed on ice. This protocol was repeated 

three times. BALF was centrifuged for 7 min at 400 x g at 4 ºC, and the supernatant 

collected and stored at -80 ºC for further analysis. 
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4.2.2.4. Biochemical and histological analysis 

4.2.2.4.1. Leucocyte count and differentiation 

Blood samples were collected from mice of all groups and divided into two fractions: 

one was sent to DNAtech (Lisbon, Portugal) to determine the leukocyte count and 

differentiation and the other was used in the analyses described below. 

  

4.2.2.4.2. Immunoglobulin E (IgE) evaluation 

The determination of immunoglobulin E (IgE) levels was performed in both plasma 

and BALF samples. The blood volume fraction collected in a previous step was 

centrifuged in a refrigerated centrifuge (Sigma-202 MK, 10 min, 2000 x g) to 

separate the cellular part from the plasma. The latter (supernatant) was, then, 

collected and stored at -80 ºC, for IgE determination. 

After a step of thawing of both BALF and plasma, samples were brought to room 

temperature, and IgE levels determined using a mouse immunoglobulin E (IgE) kit 

(RayBiotech, Norcross, GA, USA), following the indications provided by the supplier. 

A dilution of 1:100 was used for plasma, while BALF samples were used without 

dilution. 

 

4.2.2.4.3. Lactate dehydrogenase (LDH) quantification 

LDH release was quantified in BALF samples collected from mice. An adaptation of 

the protocol described in section 4.2.1.4 was carried out, as well as an adjustment of 

the LDH release percentages. The LDH release (%) was calculated using Equation 

4.3: 

 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝐴

𝐶𝑀
× 100       (Equation 4.3) 

 

where A is the absorbance obtained for the LDH release in the wells corresponding 

to the groups exposed to LBG (1x and 10x) and CM is the absorbance obtained for 

naïve animals (control group). The assay was performed in duplicate. 

 

4.2.2.4.4. Total protein determination 

The total protein levels were quantified in BALF samples collected for all groups 

using the Bradford assay (Bio-rad, Algés, Portugal), following an adaptation of the 
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protocol provided by the supplier. In brief, 80 µL of BAL fluid were put in a 96-well 

plate and 20 µL of Bradford reagent were added to each well. After an incubation 

period of 5 min under light protection, samples were analysed by spectrophotometry 

(Infinite M200, Tecan, Männedorf, Switzerland) at 595 nm. A calibration curve was 

performed using bovine serum albumin (BSA, 0-160 µg/mL) as standard. 

 

4.2.2.4.5. Tissue index 

Liver, spleen, lung, and kidneys were collected and weighed. The respective tissue 

index (%) was determined using Equation 4.4: 

 

𝑇𝑖𝑠𝑠𝑢𝑒 𝑖𝑛𝑑𝑒𝑥 = √
𝑂𝑟𝑔𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡

𝐴𝑛𝑖𝑚𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100     (Equation 4.4) 

 

The results obtained were further compared with the naïve group, used as control. 

 

4.2.2.4.6. Histology 

Lungs were weighed and stored in 50 mL tubes in a formalin solution (10%, v/v, 

Sigma-Aldrich, Germany). Afterwards, the respective tubes were sent to Instituto 

Nacional de Investigação Agrária e Veterinária, I.P. (INIAV, Lisbon, Portugal) for 

histological analysis. 

 

4.2.2.5. Statistical analysis of in vivo data 

Three ANOVA tests were performed on the data herein present: one-way ANOVA 

(Tukey and Dunnett’s tests), two-way ANOVA (Dunnett’s test) and the nested 

ANOVA (Dunnett’s test) with the pairwise multiple comparison procedure were used 

to compare multiple groups with the naïve set. All analyses were run using 

GraphPad Prism® statistical program (GraphPad Software, version 9.4.0.673), and 

differences were considered significant at a level of p < 0.05. 

 

4.3. Results and discussion 

4.3.1. Biological risk assessment in vitro 

4.3.1.1. Cell metabolic activity 

The impact of materials in living systems is, most of the times, the necessary 

pathway to ascertain their safety regarding eventual use in further experimentation. 
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Moreover, the origin of the materials and the methods used for subsequent 

processing can also be a determining factor in safety assessments. For LBG, the 

scenario is not different, as the gums from three different suppliers show a 

macroscopic diversity that could impact living systems. LBG from Sigma-Aldrich® 

was tested before in MTT assays as a material envisaging a lung delivery application 

[219], but the method used for the preparation of microparticles varies significantly 

when compared with the present work. Herein, a stock solution of LBG (2 mg/mL) 

was prepared and dilutions with CCM were made to obtain concentrations ranging 

from 0.1 to 1 mg/mL. Figures 4.1, 4.2. and 4.3 show the cell viability obtained 

through the MTT assay upon exposure to the various samples of LBG. For the 

purpose of the work herein described, the guideline ISO 10993-5-2009 [285] was 

used as a reference, which considers toxicity to occur when cell viability lower than 

70% is determined. 

 

The analysis of the data evidenced two grand scenarios. The first one entails a time-

dependent effect on cell viability, especially between short and long exposure times. 

For the commercial and purified forms of LBG from Sigma-Aldrich® and Industrial 

Farense®, the statistical differences are observed for higher concentrations (0.5 and 

1.0 mg/mL, p < 0.05), which induced cell viability decrease. It was also observed for 

some of the commercial samples an increase of cell viability with time, which is 

possibly due to the presence of other compounds in the raw material samples that 

are afterwards eliminated during purification, and which have a role as nutrients.  
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Figure 4.1 – A549 cell viability induced by (a) commercial locust bean gum (LBG 0), (b) purified locust bean gum (LBG 1) and (c) 

locust bean gum (LBG)-based microparticles (LBG 2) from Sigma-Aldrich® upon 3 h, 24 h and 48 h contact with cells (textured 

columns in yellow and brown: ●●●, Table B.IV in Annex B). Data represent mean ± SEM (n = 3).   
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Figure 4.2 – A549 cell viability induced by (a) commercial locust bean gum (LBG 0), (b) purified locust bean gum (LBG 1) and (c) 

locust bean gum (LBG)-based microparticles (LBG 2) from Industrial Farense® (IF) upon 3 h, 24 h and 48 h contact with cells 

(textured columns in yellow and brown: ●●●, Table B.IV in Annex B). Data represent mean ± SEM (n = 3).  
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Figure 4.3 – A549 cell viability induced by (a) commercial locust bean gum (LBG 0), (b) purified locust bean gum (LBG 1) and (c) 

locust bean gum (LBG)-based microparticles (LBG 2) from C. E. Roeper® upon 3 h, 24 h and 48 h contact with cells (textured 

columns in yellow and brown: ●●●, Table B.IV in Annex B). Data represent mean ± SEM (n = 3). 
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The analysis of the MTT results further suggested a second scenario of a 

concentration-dependent effect. In fact, for all forms of LBG and the different 

suppliers, higher concentrations (0.5 and 1.0 mg/mL) generally resulted in lower cell 

viability (p < 0.05). The dissolution of LBG produces viscous solutions. At lower 

concentrations, the viscosity is reduced, having little impact on the access of cells to 

nutrients and gases available in the culture medium. However, higher LBG 

concentrations show a marked viscosity, which could possibility create a physical 

and viscous barrier, complicating the biological processes of the cells and resulting 

in reduced cell viability.  

 

The maximal inhibitory concentration (IC50) was calculated for the purified LBG and 

the LBG-based microparticles produced with polymers from Sigma-Aldrich® and 

Industrial Farense®, those displaying cell viability below 50%. The results are 

compiled in Table 4.1. 

 

Table 4.1 – IC50 (mg/mL) calculated for different samples of locust bean gum (LBG) 

upon 24 h and 48 h contact with A549 cells.  

IC50 (mg/mL) 

Exposure 

time 

LBG 1 

Sigma 

LBG 2 

Sigma 

LBG 1 

Industrial 

Farense 

LBG 2 

Industrial 

Farense 

24 h 0.3949 0.4953 0.3287 0.7592 

48 h 0.3931 0.5046 0.4391 0.7457 

 LBG 1 indicates purified LBG; LBG 2 indicates microparticles 

 

Despite some effect of the exposure time on the IC50 of purified LBG from Industrial 

Farense, the most important observation regarding IC50 values is the fact that the 

type of LBG sample being tested (purified - 1 or microparticle - 2) impacts on cell 

interaction. The processing of LBG to produce microparticles results in an increase 

of the IC50, suggesting that cells might react better to a microcarrier rather than a 

purified form of the polymer. This observation can be justified with LBG 

characteristics. The form of purified LBG in both cases entails a more viscous 

dispersion compared with the microparticles, which hinder the access of cells to 
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oxygen and the nutrients contained in the CCM. In turn, due to further processing in 

the spray-dryer, LBG microparticles appeared to have lower viscosity in the 

dispersion, which benefits cells in their access to the components necessary to their 

growth, thus resulting in an increased IC50. Specific tests on viscosity should 

however be performed to confirm these observations. Nonetheless, considering the 

area of the lung, the real concentration expected to be observed is closer to 0.1 

mg/mL, and the obtained results are very promising at that concentration. 

 

4.3.1.2. Cell membrane integrity 

The impact of the LBG samples in cells was further complemented with the 

determination of the cytoplasmatic enzyme LDH released to the culture medium. 

This occurrence implies the disruption of the cell membrane and is, therefore, a sign 

of harm. The higher concentrations tested in the MTT assay (0.5 mg/mL and 1.0 

mg/mL) were those assessed, and results are depicted in Figure 4.4. 

 

A closer observation of the results reveals that, comparing the different samples at 

the same timepoint, only LBG microparticles produced with polymer from Sigma-

Aldrich® at 1.0 mg/mL evidenced a statistically significant increase in the released 

LDH as compared with the control (cell culture medium; p < 0.05). This increase was 

of approximately 10% and was the maximum release observed in all tested 

conditions. Overall, the obtained results are thus considered quite amenable, with 

very low concentrations of LDH being detected. 

 

The satisfactory results permitted the use of LBG-based microparticles in in vivo 

assays, which were performed with the expectation of having more information to 

support the application of the material in lung delivery. The results are discussed in 

the next section. 
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Figure 4.4 – Lactate dehydrogenase (LDH) released from A549 cells (textured columns in green: ●●) upon 24 h and 48 h exposure 

to different locust bean gum (LBG) concentrations corresponding to commercial (LBG 0), purified (LBG 1) and LBG-based 

microparticles (LBG 2) from different suppliers. Data represent mean ± SEM (n = 3). 
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4.3.2. Biological risk assessment in vivo 

Many cellular events occur, in the human body, upon contact with foreign 

substances. These events are very important when inhalation is considered, as 

inflammation or structural changes in lung epithelia may be observed. Biosafety 

parameters are, thus, relevant in formulation development, their characterisation 

being, ultimately, essential for an envisaged use in therapy. Although, for the latter, 

data on the complete dosage form is required, excipients used in formulation also 

demand characterisation of their biological impact and, ultimately, of the toxicological 

profile. Similarly to drugs, excipients also interact with the human body, and this 

activity often remains to be fully understood and quantified. In this regard and 

considering that LBG is proposed herein as an excipient for lung delivery 

applications, safety parameters were studied in vivo. In brief, mice underwent the 

inhalation of LBG-based microparticles (polymer from Sigma-Aldrich®) composed 

only of the excipient, devoid of any drug, following an acute (single dose) or 

subacute (ten doses during two weeks) exposure. The animals were monitored for 

clinical signs of morbidity and, after sacrifice, BALF was performed and analysed, 

along with organs and serum, in order to evaluate toxicity biomarkers and allergic 

response. 

 

4.3.2.1. Monitorisation of body weight 

The body weight of mice exposed to ten doses of LBG microparticles was monitored 

every day, since the day of first dose administration until moments before their 

sacrifice and compared with naïve mice (Figure 4.5). 
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Figure 4.5 – Variation of mice body weight in the naïve group and in the mice 

exposed to ten doses of locust bean gum (LBG) microparticles (LBG 10x) (mean ± 

SD, n = 6). 

 

The results revealed absence of major alterations on the weight of mice within the 

same group, for both groups, despite the inhalation of microparticles in one group. 

Some concerns were raised throughout the assay related to the weight of the mice. 

Due to the swelling properties of LBG [287,288], and the amount of powder that was to 

be inhaled, a concern arose pertaining to some of the powder entering the pharynx 

into the gastrointestinal tract of the mice, leading to an alteration of their overall 

weight. However, despite this concern, and even if the swallowing of LBG-based 

microparticles did occur, it did not have a measurable influence throughout the 

assay. Mice body weight was also assessed in the group receiving a single dose of 

LBG-based microparticles, before and after administration (data not shown), without 

significant alterations being observed. 

 

4.3.2.2. Counting of differentiated leucocytes 

White blood cells play a pivotal role in maintaining body homeostasis. The immune 

system is comprised of several types of cells, involved in both innate and adaptative 

immunity. Modifications of their normal numbers frequently indicate the occurrence 

of molecular events, such as inflammation or infection [289], which is helpful in the 

monitorisation of health conditions. A deeper study of the white blood cell population 

could, thus, provide some relevant data on the reactions to lung drug delivery 

approaches. As such, blood leucocytes from animals receiving LBG microparticles 
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were characterised and compared with naïve mice, and results are shown in Figure 

4.6. 

 

  

  

 

 

Figure 4.6 – Leucocyte count in mice blood: (a) Basophils, (b) Eosinophils, (c) 

Neutrophils, (d) Lymphocytes and (e) Monocytes. Dashed lines represent the 

reference intervals for each type of white blood cell (mean ± SEM, n = 6). Statistical 

significance comparing with control (naïve group) is indicated with an asterisk (*) for 

p < 0.05. 

 

Basophils are the only type of white blood cell that is within the reference levels 

determined by Charles River Laboratories International [290], in all the tested groups 

and no statistical differences were found between the three groups. The case 

changes for eosinophils, which, much like neutrophiles, are associated with 
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inflammation and allergy reactions [291]. The eosinophil count was within the 

reference levels for the naïve group and the mice receiving a single dose of LBG 

microparticles. However, when the number of administrations increased to ten 

(administered over two weeks), eosinophil count overpassed the reference, showing 

a phenomenon of eosinophilia. Despite the initial thoughts of an inflammatory state 

occurring in the mice, that can only be assumed as a suggestion due to the lack of 

statistical significance and the standard deviation being large, in the latter group. 

 

Neutrophils can also be associated with an allergy or an inflammatory episode in 

mice [292]. In fact, both naïve and the single dose administration groups had results 

within the reference interval [290]. However, for the group receiving ten doses, the 

results were above the higher reference level, with a statistically significant increase 

(p < 0.05) comparing with the naïve group. These results of neutrophilia can be 

associated with an inflammatory reaction, but more studies are required to confirm 

that and establish an eventual causative effect with the exposure to inhaled LBG 

microparticles. 

 

With regards to lymphocytes, these cells surprisingly decreased below the reference 

levels for the group receiving ten doses. Lymphocytes may also be indicator of 

inflammation [293], being typically ‘called’ to inflamed tissues in a process termed 

‘homing’ [294]. The detected lymphocytopenia might be explained by this ‘homing’, as 

lymphocytes may have possibly abandoned the blood circulation to concentrate in 

the inflamed tissue. As for the monocytes, their count was below the reference levels 

for every group analysed. No explanation was found for the effect so far but, 

importantly, monocyte levels did not change significantly after exposure to LBG 

microparticles [295]. 

  

Information regarding LBG being pro-inflammatory are scarce to non-existent, either 

as a polymeric dispersion or in a drug delivery platform. Literature reports the works 

of Chen et al, in which they tested the production of pro-inflammatory factors by both 

native LBG and its hydrolysed form. While the latter did not induce inflammation, 

native LBG did trigger the production of tumour necrosis factor (TNF)-α in RAW264.7 

cells at several concentrations (0.05% to 0.2%) [296]. Upon analysis of leucocyte 
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counts, the results suggest that there is a possible inflammation that might not be 

associated with an infection. Further testing is required to understand its origin. 

 

4.3.2.3. Immunoglobulin E (IgE) quantification 

Besides inflammation, the potential of induction of an allergic reaction upon 

inhalation of LBG dry powder was considered relevant and was thus assessed. IgE 

antibodies were therefore quantified in plasma and BALF, as they are associated 

with the release of inflammatory mediators, among other roles [297,298]. Basal values 

of IgE in humans and mice are the lowest of all antibodies, and highly regulated 

[299,300]. The results obtained are shown in Figure 4.7. 

 

  

Figure 4.7 – IgE levels determined in a) plasma and b) bronchoalveolar lavage 

(BAL) samples of the mice from naïve and locust bean gum (LBG) groups receiving 

single dose administration (LBG 1x) and ten doses (LBG 10x) of LBG-based 

microparticles. Lines represent the mean IgE secretion expressed in ng/mL (plasma: 

n = 6; BAL: n = 4). Statistical significance comparing with control (naïve group) is 

indicated with an asterisk (*) as p < 0.05. 

 

Mean values of IgE production of 1400 ng/mL, 1541 ng/mL, 1326 ng/mL for the 

naïve, single dose and ten-dose administration of LBG-based microparticles, 

respectively, were determined in plasma. No statistically significant differences were 

found between the groups, suggesting that no allergic reaction was initiated in the 

sequence of the inhalation of LBG microparticles. As for the IgE determined in BALF, 

much lower values were found compared with those determined in plasma [301], 

Naïve LBG 1x LBG 10x

0

500

1000

1500

2000

2500

Ig
E

 p
ro

d
u

c
ti

o
n

 (
n

g
/m

L
)

Naïve LBG 1x LBG 10x

0

5

10

15

20

25
Ig

E
 p

ro
d

u
c
ti

o
n

 (
n

g
/m

L
)

*

a) b) 



4: Biological Risk Assessment of Materials 

108 

corresponding to mean values of 14.54 ng/mL (Naïve), 11.59 ng/mL (LBG 1x) and 

8.07 ng/mL (LBG 10x) were determined.  

 

Only the group receiving multiple doses showed a statistically significant difference 

in the produced IgE, but it decreased to approximately the half. This effect might be 

another indication that no allergic reaction starts upon the administration of LBG-

based microparticles. In fact, the decrease in the levels of this immunoglobulin leads 

to lower activation of the FcɛRI receptor by cross-linking, a receptor with high affinity 

for IgE, thus inhibiting the activation of basophils and mast cells, leading to no 

cytokine release [302,303]. With less IgE, inactivated cells and no circulating 

cytokines, no allergic reaction takes place.  

 

4.3.2.4. Lactate dehydrogenase (LDH) quantification 

The quantification of LDH, a cytoplasmatic enzyme, is an important feature in 

characterising the cytotoxicity of a tested material. In fact, the release of LDH from 

cells refers to the loss of cell membrane integrity, thus indicating a process of 

toxicity, being more severe as the LDH release percentage increments [304,305]. In 

this study, this enzyme was quantified in BALF, and the results are depicted in 

Figure 4.8. 

 

 

Figure 4.8 – Lactate dehydrogenase (LDH) quantified in BAL samples obtained from 

mice of naïve and LBG groups receiving a single dose administration (LBG 1x) and 

ten doses (LBG 10x) of LBG-based microparticles (mean ± SEM, n = 4). 
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As observed, the inhalation of LBG-based microparticles did not induce increased 

release of LDH in any of the tested groups, thus, suggesting that LBG does not 

induce toxicity upon delivery through inhalation. 

 

4.3.2.5. Total protein quantification 

The total protein was another parameter quantified in BALF samples for all three 

groups of mice. This assay is complementary to others herein described, as it helps 

understanding if there is an inflammatory event occurring in the animals or if lung 

cells maintain their integrity [306,307]. The results obtained are depicted in Figure 4.9. 

 

Figure 4.9 – Total protein quantification determined by Bradford assay, in BALF 

samples, extracted from mice in the three groups tested: naïve, single dose 

administration (1x) and ten dose administration (10x) of LBG-based microparticles 

(mean ± SEM, n = 4). 

 

The results obtained for the total protein, in BAL, for all three groups were similar 

and around 100 µg/mL. No statistical difference was found between groups, thus the 

result providing another indication that the inhalation of LBG microparticles (LBG 1x 

and LBG 10x) did not induce an inflammatory process or lung cell disruption, as 

these events would cause an increase in the total amount of protein. 

 

4.3.2.6. Tissue Index 

The determination of the tissue index can also be an indicator of toxicity upon 

exposure to materials and, in this case, an excipient [308,309]. After the inhalation 
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period, mice were sacrificed and the organs of interest, such as liver, spleen, lungs, 

and kidneys, collected and weighed. Afterwards, tissue indexes were calculated, and 

compared with those obtained for the naïve group, which received no treatment. 

Results are shown in Table 4.2. 

 

Table 4.2 – Tissue index for liver, spleen, lungs, and kidneys for naïve and treatment 

groups (LBG 1x: single dose administration; LBG 10x: administration of ten doses) 

receiving locust bean gum (LBG)-based microparticles (mean + SD, n = 6). Different 

letters mean different levels of significance for each parameter (p < 0.05). 

 Liver (%) Spleen (%) Lungs (%) Kidneys (%) 

Naïve 22.6 ± 0.8a 5.7 ± 0.2b 8.6 ± 1.1c 12.7 ± 0.3d 

LBG 1x 22.7 ± 1.1a 5.9 ± 0.3b 9.0 ± 0.9c 12.8 ± 0.3d 

LBG 10x 22.5 ± 0.9a 5.6 ± 0.1b 8.4 ± 1.0c 13.0 ± 0.4d 

 

Considering the results obtained for the treatment groups, by comparison with the 

naïve set, no statistical significance was detected. The organs of interest maintained 

their tissue index despite the administration of a dry powder formulation.  

 

4.3.2.7. Histology 

Both molecular events in cells and morphology of organs are most important when in 

an in vivo experiment. Through all the previous sections, data have been suggesting 

that no inflammation process is induced upon the inhalation of LBG microparticles, 

requiring further studies to determine if it indeed occurs. Histological analysis was 

performed on lung tissue obtained from animals of each group, to complement the 

observations described in previous sections. Results are depicted in Figure 4.10. 
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Figure 4.10 – Representative haematoxylin and eosin (H&E) stain lung histology 

sections (100x) of the bronchi and bronchioles (a, c) and alveoli (b, d) for the naïve 

group and the animals receiving ten doses of microparticles (LBG 10x).  

 

Lung and bronchi were, in general, normal, with no cellular modifications worthy of 

note. However, in the images B and D of Figure 4.10, although variable between 

mice, there seems to occur an infiltration of mononucleated cells in both groups, 

naïve and the group that received the microparticles. These observations might 

suggest an infiltration of neutrophils despite the inhalation of LBG microparticles. 

This infiltration is common in lung injury scenarios [307,310,311] and in lung 

inflammation [312]. Moreover, the morphology images suggest the occurrence of 

some molecular event in the lungs of mice, but that cannot be attributed to the 

inhalation of LBG microparticles because it is also observed in naïve mice. 

Therefore, further testing would be required to clarify the observations. 
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In conclusion, the biological risk assessment of LBG herein presented and discussed 

evidenced a safety profile concerning the polysaccharide. In vitro assays provide 

good indications if a concentration closer to that expected to observe in the lung is 

considered. The in vivo assessment generally provided positive indications, although 

the occurrence of an eventual inflammatory event cannot be discarded, which should 

be clarified in subsequent tests. The data herein obtained are a valuable contribution 

for the event of proposing LBG as a possible excipient in lung delivery applications. 
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DEVELOPMENT OF A DEVICE WITH 

COMPUTER-ASSISTED DESIGN 
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Grenha, Ana. Portable Device to Study the Exposure of Cells to Dry Powders. World 
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5.1. Introduction 

In the first chapter, the applicability of the 3D printing at a laboratory scale [313] was 

discussed, and its use has become a reality. The implementation of 3D printing has 

followed a low pace, but it has seen great application in scientific experimentation 

through several methods [314-316]. Figure 5.1 highlights two, the fused deposition 

modelling [317] and the stereolithography [318] methods. 

 

  

 

Figure 5.1 – Examples of two methods employed in 3D printing. On the left, the 

fused deposition modelling method is presented, where a filament is melted by a 

heated nozzle, and a piece is printed according with the spatial orientation contained 

in a computer-aided design file read by the 3D printer [317]. On the right, the 

stereolithography method relies on the hardening of a liquid resin upon incidence of 

an UV light at specific points of the 3D space contained in a computer-aided design 

file read by the 3D printer [318]. 

 

The easiness of their use, the prospect of idea modulation depending on the 

necessity and the low costs associated with the materials enable out-of-the-box 

solutions to day-by-day problems [319]. The areas of application are wide and lung 

drug delivery can also take benefit of its application [320-322], despite the latter being 

a niche group. Nowadays, lung diseases and the impact of environment and climate 

change in the respiratory systems grow in priority and importance [323]. Biorelevant 

in vitro assays are more important than ever, to establish better correlations and 

draw strong conclusions regarding the impact of aerosols and particles with the 
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many structures of the lung. In our research group, a need was identified to have a 

device enabling the insufflation of dry powders over cell cultures, exploring the said 

in vitro approaches. 3D printing was assumed as an adequate technique to obtain 

the idealised device in a cheap and independent manner. 

 

5.2. Initial steps towards a design 

The design and development of a device requires several steps, starting from an 

idea and conception until it can be made real. Despite the commercially available 

options, one of the objectives pertaining to this project was the development of a 

device that enables insufflation, concretely for lung-oriented in vitro assays. In fact, 

the marketed solutions with a similar objective, despite the shown usefulness, 

constitute an option that is often technically complex and expensive. This project 

aims at proposing an alternative and economically viable solution and Figure 5.2 

depicts what is intended to achieve. 

 

 

Figure 5.2 – Initial drawing of the concept for a device fitting a petri dish, expected to 

be the support for cell culture. The powder will be weighed and placed in the 

chamber, and air will be injected into the system with the help of an air pump. It is 

intended that the air enters the chamber and drags the powder down through the 

funnel, onto the petri dish.  
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The transformation of a drawing to an actual device required the translation of the 

idea into a project using AutoCAD (Autodesk, Inc., USA). Figure 5.3 shows the 3D 

digital model of the drawing in Figure 5.2. 

 

 

Figure 5.3 – First design of the device, with three major parts: the lower part 

represents the funnel, which will fit the cell support, and two top parts, one that is the 

entry point of air, and the green box will be the entry point of the dry powder. 

 

Figure 5.3 depicts a first device containing a funnel intended to be placed on top of a 

plate/cell support. To achieve this, there is a tube that is the continuation of the 

funnel to the top, that will function as a connector and driver of the powder, that will 

be placed inside the green box. The extremity of this tube will be the point of entry of 

air, that will drag the powder from the green box to the plate/cell support. Although it 

seemed a robust idea, the design represented on Figure 5.2 and the model showed 

on Figure 5.3 was not 3D printable. Upon export of this file to another specific 

software, it was realised that the top part, with that curved design, would fall off 

during 3D printing. Adding supports to the design was considered, but that would 

increase the time and materials spent on the device printing. Considering this great 

limitation, an improvement of the drawing was performed. 
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5.3. Drawing upgrade to overcome printing limitations 

Considering the rough sketch of Figure 5.1 and the limitations of the 3D printing 

process, adjustments were made to the original idea. A two-piece device was 

envisaged, comprising a main body (the funnel) and a structure that would be a 

smaller piece, a weighing head, that would function as a chamber for the dry powder. 

A new conceptual idea is depicted in Figure 5.4. 

 

 

Figure 5.4 – Drawing of the device fitting a petri dish. The powder will be weighed 

and placed in the chamber (orange triangle), and air will be injected into the system 

with the help of an air pump. Due to the design of the path, the air, represented by 

the arrows, will drag the powder onto the funnel, and then to the cell support. 

 

In this concept, it is thought that the powder would be weighed in the orange piece, 

and then put together with the main body and locked, to avoid leaks. Afterwards, air 

will be pumped through the entry point, dragging the powder down to the petri dish, 

where cells will be in culture. The depiction is for a petri dish, with a diameter of 35 

mm, but the idea is to adapt the device to other cell supports (6-well and 12-well 

plates, for example). The 3D digital model of Figure 5.4 is depicted in Figure 5.5. 
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Figure 5.5 – Second design of the device, with two parts. The top part comprises a 

Venturi tube, with the entrance for the powder and the air. The bottom part, which 

can be interchangeable between different cell supports, is the funnel. 

 

This second design presented itself as a great improvement from the first. On the 

one hand, it is completely vertical, thus printable. On the other hand, the possibility of 

having two separate parts enables its use on different cell supports. However, this 

second design had some limitations too. With two parts, the height of the device will 

need to be optimized and well thought out, otherwise it will not be practical. 

Additionally, it is constructed of two separate parts which, if not properly assembled 

before use, can lead to loss of powder. Moreover, the requirement of having two 

parts and then the need to use screws to tightly assemble the parts did not seem 

feasible. Although it had its advantages, there was a need to go towards a different 

kind of device. One possibility was the part of the funnel be one single part, which 

can be seen in Figure 5.6. 
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Figure 5.6 – Third design of the device, consisting of a single piece. The entry point 

for the air is one of the arms. The weighing head that will carry the powder will be 

placed on top. 

 

The third design is a single piece. The funnel has a curvature of 18.81º, 

corresponding to the angular measure between the bottom and the point right after 

the Venturi tube. Initially, a theoretical angle of 18º was set, but due to the intended 

dimensions of the device, which should not surpass 10 cm, an adjustment was 

necessary. Even with a slight increase of the overture angle, the design is set to 

ensure a laminar flow [324], which provides the best dispersion of the powder. In fact, 

turbulent flow should be avoided in the design of a device, as it favours particle 

agglomeration [325]. There are two entry points: one for the air, right at the middle of 

the Venturi tube (one of the arms), and at the top, for the weighing head that will 

carry the powder, a drawing that can be seen in Figure 5.7. The second arm is 

purely aesthetic, and together they can anchor to lock the adapter with the powder in 

place if that need should arise.  
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Figure 5.7 – The design of the adapter here presented upside down, in which the 

powder will be weighed. Besides this, two wedges were added to the design, to 

make this adapter printable, to work as a support upon printing. 

 

This adapter is one of the most important parts of this device, as it will enable the 

weighing of the powder inside its structure. Afterwards, it will be inserted on the top 

of the device, and the air will drag the powder down. Considering the scale of the 

adapter, some limitations were noticed with the proposed design in Figure 5.7. The 

main limitation was the amount of powder that could be weighed, and the design 

itself, which needs to be functional to fulfil its purpose, but it also needs to be 

printable. Considering all these aspects, a new design for this weighing head can be 

seen in Figure 5.8. 
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Figure 5.8 – The improved design of the adapter here presented upside down, with 

a platform for powder weighing. The curves in the margins maintain the adapter free 

of 90º angles, not promoting powder trapping upon insufflation. 

 

The main structure was maintained from Figure 5.7, but the inside of the piece was 

changed. In this new proposal, a small platform was created at the middle, to ensure 

a stable area for the weighing of the powder. A smooth and slight depression on the 

middle of the platform was designed to have the powder set in a specific point, to not 

fall over. After some considerations and adjustments, a printable weighing head was 

achieved. 

 

Upon completion of the final design of both the main body and the weighing head, 

the respective technical sheets were created. These documents present all 

measures and angles of the components of the device, so that it can be replicated 

further. The technical sheet for the main body is presented in Figure 5.9 and the one 

corresponding to the weighing head is presented in Figure 5.10. 
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Figure 5.9 – Technical sheet for the main body of the built device. 
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Figure 5.10 – Technical sheet for the weighing head of the built device. 
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After achieving a structure design that could fulfil the intended objective, and after 

some further adjustments required by the 3D printing process, it was possible to 

obtain the device, as shown in Figure 5.11. 

 

 

Figure 5.11 – The first 3D printed device. On the left, the device if fully assembled, 

and on the right, the two parts are separated, with the weighing chamber on the side. 

 

A depiction of the weighing process is represented in Figure 5.12. 

 

 

Figure 5.12 – The weighing chamber, the top part of the device, showcasing the 

platform in which the powder is weighed to be insufflated inside the device. 



5: Development of a Device with Computer-Assisted Design 

126 

The first printed device was obtained by a fused deposition modelling method using 

an extrusion 3D printer, in which the polymer is melted and the device built layer-by-

layer [326]. This process creates a rough surface which, upon powder insufflation 

may hinder its adequate dispersion, because the powder can be trapped in between 

the layers of the polymeric material. This can ultimately impact the amount of dry 

powder falling onto the petri dish on the bottom. A new version of the device was 

printed to address these concerns, using stereolithography as printing methodology, 

which uses UV light to harden a resin [318]. The new printed device is shown in 

Figure 5.13. 

 

 

Figure 5.13 – New device printed by stereolithography using UV light and a 

washable resin. 

 

For reading and analysis purposes of the remaining sections of this thesis, the 

device shown in Figure 5.11 will be known as “Device 1 – Brown” and the device 

shown in Figure 5.13 will be named as “Device 2 – Gray”. 

 

The idea and the design herein presented resulted in a completely new, 

economically accessible, and easy to manipulate device for in vitro insufflation of dry 

powders. Furthermore, the work that was developed permitted the writing and 

submission of an international patent, currently under evaluation. 
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6.1. Development of an insufflation method using Device 1 

The next step on the development of the device would be to find the most adequate 

strategy to insufflate the powders. In brief, it is intended that the air pushes the 

powder resting in the platform, dragging it down in a homogenous spray over a petri 

dish. Initially, three different pumps were tested: 1) a lens dust blower, 2) a bicycle 

pump and 3) a syringe, which are depicted in Figure 6.1. 

 

  1 

  2 

  3 

 

Figure 6.1 – First three pumps tested for the insufflation of powders with the device. 

From top to bottom: the lens blower (1), the bicycle pump (2) and a syringe (3). 

 

The first pump tested, the lens blower, was the first idea due to its simplicity. 

However, this strategy was not adequate as the pumped air was constantly in reflux, 

which resulted in loss of powder. Moreover, the pump revealed ineffective in 

dispersing the weighed amount (5 mg). The following two pumps tested were also 

easy to find and to apply to what was envisaged. Moreover, they seemed to show 

enough force to pump air into the device without the reflux seen with the lens blower. 

However, both proved ineffective in dispersing the powder, ultimately because they 

could not generate a strong enough air flow. This led us to use a fourth and fifth 

pump, namely a garden sprayer and an air compressor (Figures 6.2 and 6.3). 
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Figure 6.2 – Garden sprayer used to pump air into the device, with the aim of 

dragging the powder to the petri dish in the bottom. 

 

 

Figure 6.3 – Air compressor used to pump air into the device, with the aim of 

dragging the powder to the petri dish in the bottom. 
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The two pumps showed in Figures 6.2 and 6.3 were efficient on generating an air 

flow that had the necessary strength to drag the powder onto the petri dish that will 

be used as cell culture support. Both have a reservoir, which accumulates air, 

allowing a more controlled release of air with no reflux. At this point of the 

development, this seemed to be a reliable option to continue the studies, and a 

measure of dry powder insufflation was necessary to quantify the amount of dry 

powder reaching the cell support. Equation 6.1 was set, with the variable “yield of 

insufflation” being the quantifiable parameter that will further help with the analysis, 

as presented next: 

 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑖𝑛𝑠𝑢𝑓𝑓𝑙𝑎𝑡𝑖𝑜𝑛 (%)  =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑤𝑑𝑒𝑟 𝑜𝑛 𝑝𝑒𝑡𝑟𝑖 𝑑𝑖𝑠ℎ

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑤𝑑𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑒𝑑
× 100   (Equation 6.1) 

 

The insufflation assays were conducted with the pumps shown in Figures 6.2 and 

6.3 (garden sprayer and air compressor) using selected powders previously 

produced by the research group in the context of this and other works. The set of dry 

powders that was tested is described in Table 6.1, which further shows details 

related with the production of the microparticles by spray-drying.  
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Table 6.1 – Dry powder samples selected from microparticles previously produced by the research group. *indicates that the dry 

powder was not used in the assays described in this chapter 

Dry powder 
(microparticles) 

Concentration Name Tinlet (ºC) Toutlet (ºC) Aspirator (%) 
Feed flow 
(mL/min) 

Reference 

LBG Sigma 1% (m/v) LBG S 130 84 ± 2.4 100 0.90 ± 0.01 
Section 
3.3.2.1 

LBG Industrial 
Farense* 

1% (m/v) LBG IF* 130 89 ± 7.6 100 0.78 ± 0.03 
Section 
3.3.2.1 

LBG Roeper* 1% (m/v) LBG R* 130 85 ± 1.7 100 0.82 ± 0.02 
Section 
3.3.2.1 

LBG/INH/RFB 
10/1/0.5 

2% (m/v) + % w/w 
LBG/INH/RFB 160 100 ± 2.0 85 0.7 ± 0.1 [220] 

XG 1% (m/v) XG 160 92 ± 0.5 75 1.37 ± 0.06 
Not yet 

published XG/Na 
10/1 

1% m/v + 0.1% w/w 
XG-Na 180 108 ± 2.5 90 1.40 ± 0.07 

Hydrolysed XG* - HXG* Intermediate powder, no optimisation performed. Data missing 

Starch/CRG 1% (m/v) Starch/CRG 1% Intermediate powder, no optimisation performed. Data missing 

Starch/CRG 
2% (m/v) 

80/20 % w/w 
Starch/CRG 2% 170 110 ± 2.0 90 0.7 ± 0.1 [327] 

CRG/Starch 2% (m/v) CRG/Starch 2% Intermediate powder, no optimisation performed. Data missing 

KGM - KGM Intermediate powder, no optimisation performed. Data missing 

KGM/Leu 
1.5/0.75  
% m/v 

KGM/Leu 170 104 ± 2.0 85 0.83 ± 0.01 [328] 

KGM/Man 
1.5/0.75  
% m/v 

KGM/Man 160 90 ± 3.0 90 0.79 ± 0.02 [328] 

KGM/INH/RFB 
10/1/1 

1.5% m/v + % w/w 
KGM/INH/RFB 170 102 ± 2.0 90 0.74 ± 0.05 [257] 

DS 2% w/v DS 115 54 ± 1.4 65 2.7 ± 0.1 [329] 

LBG: locust bean gum, INH: isoniazid, RFB: rifabutin, XG: xanthan gum, Na: sodium, CRG: carrageenan, KGM: Konjac glucomannan, Leu: 

leucine, Man: mannitol, DS: dextran sulphate. 
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An initial approach regarding these insufflation tests required the knowledge of how 

these pumps worked and how to set the experimental protocol to enable 

comparisons. When the garden sprayer is completely full, it takes approximately 7 

seconds to empty its reservoir, at a certain velocity, which was measured with a 

portable anemometer. Since the compressor’s reservoir is much bigger, and after a 

pressure adjustment of the air output, the experimental protocol was set to last for 14 

seconds, with a constant release of air at a velocity that was similar to the garden 

sprayer. This way, the contact of air with the dry powder was maximised, enabling its 

dispersion from the weighing head to the cell support. The results obtained are 

shown in Table 6.2. 

 

Table 6.2 – Insufflation yields for the first assays with a garden sprayer and the air 

compressor. Some acronyms are as follows: LBG: locust bean gum, INH: isoniazid, 

RFB: rifabutin, XG: xanthan gum, Na: sodium, KGM: Konjac glucomannan, Leu: 

leucine, Man: mannitol, DS: dextran sulphate. 

Powders Garden sprayer (%) Air compressor (%) 

LBG S 3.4 ± 2.5 4.8 ± 1.8 

LBG/INH/RFB 0.5 ± 0.3 3.3 ± 2.3 

XG 7.3 ± 4.3 10.4 ± 6.8 

XG-Na 15.1 ± 3.5 14.9 ± 8.8 

KGM 1.7 ± 1.4 6.1 ± 4.4 

KGM:Leu 1.7 ± 0.7 6.6 ± 2.2 

KGM:Man 1.3 ± 0.4 1.8 ± 0.9 

DS 11.1 ± 5.7 23.9 ± 10.6 

 

The main limitation concerning the data shown in Table 6.2 is that the overall 

insufflation yields are low, regardless of the pump used. This drawback will be 

addressed in more detail in the following sections, and several optimisations will be 

explored to increase the results obtained in this first screening. Nevertheless, 

observations made with both pumps revealed higher yields for the assays where air 

compressor was used. In fact, a more thorough analysis of the assays indicated that 

the force of the air that comes out of the compressor and its more constant flow, 

seem to be the reasons behind the higher insufflation yields. Additionally, the garden 
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sprayer is not too practical, because there is a need to manually fill its reservoir 

every time it needs to be used, hindering assay reproducibility. Finally, the existence 

of a manometer on the compressor, allowing a more precise selection of an air outlet 

pressure, gives this pump an accuracy that the garden sprayer cannot compete with. 

Considering the data and the analysis herein, the pump chosen to continue the 

assays was the compressor. Moreover, although several powders with distinct 

aerodynamic features were used, this first approach aimed at choosing the best 

apparatus to better disperse the dry powders when using the developed device. A 

more systematic analysis focused on the aspect of the dry powders at a macroscopic 

level, for instance addressing their aggregation, will be performed in the next 

chapter.  

 

The next step towards the exploration of the capabilities of the compressor involved 

testing several outlet air pressures, to determine the most adequate conditions. In 

the early tests, an outlet air pressure of 90 psi was used to achieve the same velocity 

of air, at a constant flow rate, to match the one of the garden sprayer. However, 

further testing using this outlet air pressure resulted in high losses of powder and a 

difficulty to control the stability of the device. Furthermore, the previous method 

relied on timing the seconds by which the insufflation assay would be performed. 

Despite having a continuous air stream coming out of the compressor, this method 

could result in imprecise doses after the assay was finished. Thus, these 

occurrences forced a change in the insufflation method. 

 

The use of the compressor relies on three main aspects: the manometer that 

enables the choice of the outlet air pressure, a hose that directs the circulation of air 

from the reservoir and an air pistol that, upon activation, allows the air to come out. 

The activation of the air pistol is done by pressing a trigger, resulting in the release of 

air that can have different strengths depending on the pressure applied to it. 

Considering this, several tests were performed, where the most adequate number of 

trigger presses were tested (either 20 or 30), as well as their duration (either quicker 

or longer air streams). These tests revealed that for the powder to be efficiently 

dragged at quantifiable amounts, the air pistol would have to be triggered rapidly for 

30 times. The three powders providing the higher yields (see Table 6.2) were 
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selected for these first assays, where a range of outlet air pressures between 30 and 

60 psi were tested. The results can be seen in Figure 6.4.  

 

 

Figure 6.4 – Insufflation yields obtained with the Device 1 – Brown, for 

microparticles (MP) composed of xanthan gum (XG), xanthan gum/sodium chloride 

(XG-Na) and dextran sulphate (DS) (●●●, Table B.V in Annex B). Results are 

presented as mean ± SD, n = 10. Top bars indicate statistical differences (p < 0.05) 

with colours corresponding to those of the dry powder formulations. 

 

The results shown in Figure 6.4 indicate that, overall, pressures of 36 and 42 psi are 

those maximising the yield of insufflation, though it depends on the dry powder used. 

Observations of tests performed at different air pressures indicated that it is possibly 

the macroscopic aspect of powders that impacts powder dispersion. In this regard, 

more than specifically characterised features of the dry powders, like geometric 

diameter, the results of yield of insufflation are mainly driven by their appearance to 

the naked eye. In fact, macroscopically, dextran sulphate (DS) microparticles occur 

as larger particles while xanthan gum (XG)-based powders have a smoother and 

finer appearance. DS microparticles might be more aggregated than XG and 

XG/sodium chloride (XG-Na) microparticles, which, under the conditions established 

for the assay, see a facilitated dispersion. Moreover, higher outlet pressures 

associated with finer powders (XG and XG-Na microparticles) can be linked to lower 

yields, as these dry powders tend to either escape or adhere to the main body of the 

* 
* 

* 

* 
* 

* 
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device. The yield of insufflation was, thus, suggested to depend on the 

particle/powder. Therefore, other polysaccharide-based microparticles with similar 

aspect between each other were tested, selecting the air pressures providing the 

best results in the previous assays (36 to 48 psi). Results are presented in Figure 

6.5. 

 

 

Figure 6.5 – Insufflation yields obtained with the Device 1 – Brown, for 

microparticles composed of konjac glucomannan with either mannitol or leucine 

(KGM:Man and KGM:Leu), starch and carrageenan (CRG) (●●●●●, Table B.V in 

Annex B). Results are presented as mean ± SD, n = 10, and differences were 

considered statistically significant when p < 0.05. 

 

As said above, the powders tested in this set of insufflation assays had very similar 

appearance, being finer powders when compared to the assay resulting in Figure 

6.4. The results suggested that microparticles prepared with konjac glucomannan 

(KGM) generally showed significantly higher yields (p < 0.05) than all other powders 

tested at the three selected outlet air pressures (36, 42 and 48 psi), independently of 

the used co-excipient. One other aspect that needs to be taken into consideration is 

that, when leucine (Leu) was used, dry powders tended to aggregate more during 

the insufflation assay, thus rendering higher yields. The contrary was observed when 

mannitol was used, as this powder did not aggregate as much during the tests, 
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which resulted in lower yields. The remaining dry powder formulations had yields that 

were similar between each other, and their behaviour similar upon testing. In 

conclusion, lower air pressures (36 and 42 psi) are suggested to be the most 

adequate to better disperse dry powders independently of their macroscopic 

appearance. 

 

Further experiments were performed with the referred air pressures, testing other dry 

powders. In this regard and considering the aim of developing an LBG-based drug 

delivery platform, the dry powders described in Chapter 3 were tested (Tables 3.3, 

3.4 and 3.5). In brief, dry powders produced with LBG from Sigma-Aldrich®, 

Industrial Farense® and C. E. Roeper®, at different inlet temperatures of the spray-

drying equipment, were insufflated using Device 1. The aim focused on the 

assessment of the insufflation behaviour of the dry powders and results evidenced 

that the use of different Tinlet (see section 3.3.2.1) did not impact the obtained 

insufflation yields (Figures A.I, A.II and A.III, Annex A). 

 

In all, the data herein shown and discussed allowed the development of a method to 

insufflate dry powders onto a petri dish using Device 1 – Brown. Despite the low 

insufflation yields obtained, the purpose for which the insufflation device was created 

was achieved and further optimisation will be addressed in the next chapter. 
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                                    CHAPTER 7: 

QUARTZ CRYSTAL MICROBALANCE 

AND DRY POWDER INSUFFLATION: 

DETERMINATION OF DEPOSITION 

PROFILE AND CELL VIABILITY 

 

 

The information contained in this chapter was partially included in the following 

publication: 

 

Pontes, Jorge F.; Diogo, Hermínio P.; Conceição, Eusébio; Santos, Rui M.B.; 

Grenha, Ana. Portable Device to Study the Exposure of Cells to Dry Powders. World 

Intellectual Property Organization, application n.º PCT/IB2022/060464 (PT 117541), 

deposited on 31/10/2022 (patent pending). 
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7.1. Introduction 

The advancement of technology provides several improvements concerning 

analytical methods. One of these examples refers to the integration of electronics in 

respiratory delivery by means of piezoelectric sensors [330,331]. Piezoelectricity is a 

phenomenon first described in the late 19th century by Jacques and Pierre Curie, 

entailing the production of a proportional electric potential by the mechanical 

compression of specific crystals in certain directions [332]. Since then, the QCM was 

developed, and it has found applications in environmental sciences [333], medicine 

[334], and as a biosensor [335], among others [336]. The sensor within the QCM is 

comprised of a quartz crystal that is in between two gold electrodes [334] (Figure 7.1).  

 

 

Figure 7.1 – Representative images of a QCM electrode (A) and a depiction of a 

circuit containing a QCM sensor with an example of a frequency decrease related to 

the binding of a biomarker (B). Adapted from [334]. 

 

When this sensor is connected to an oscillator and an electric current is applied, 

there is a mechanical deformation of the quartz crystal in two opposite directions, 

creating a wave propagating across the crystal. This wave is understood as a 

vibration frequency, that is highly sensitive to materials that deposit on top of the 

crystal. Sauerbrey described this phenomenon in 1959, stating that there is a change 

in the frequency of a vibrating quartz crystal when the deposition of materials occurs 

[337]. Additionally, it is this frequency change that allows the precise determination of 

the deposited mass of the materials tested. In this regard, due to the QCM 

sensitivity, it is possible to develop a QCM-based method for the detection of chiral 

molecules, as described elsewhere [338]. Furthermore, it is possible to use the QCM 

in immunology assays to characterise the binding mechanisms between antigens 
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and antibodies [339]. Another possible use of the QCM pertains to its use as a more 

precise balance by comparison with more conventional apparatus (technical and 

analytical laboratory weighing scales) [340-342]. By doing so, the QCM can also find a 

suitable usability in lung drug delivery, enabling testing of dry powders by 

insufflation. 

 

The aim of this chapter is, thus, to use the QCM to develop an experimental method 

for the determination of the deposition profile of dry powders relying on their 

insufflation onto a quartz crystal. The resulting variation of frequency will allow the 

analysis of the dispersion pattern of the samples, which varies depending on the 

type, morphology and shape of the dry powders, herein comprised of polymeric 

microparticles. 

 

7.2. Materials & Methods 

7.2.1. Materials 

LBG was obtained from three different suppliers, one was acquired from Sigma-

Aldrich® and the other two were kind gifts from Industrial Farense® and C. E. 

Roeper®.  Xanthan gum, D-mannitol (CAS n.º 69-65-8, MW = 182.17 g/mol), 

isoniazid (CAS n. º 54-85-3, ≥ 99.0% (TLC), MW = 137.14 g/mol), L-glutamine 

solution (200 mM), non-essential amino acids solution and penicillin/streptomycin 

(10000 units/mL, 10000 g/mL), trypsin-EDTA solution (2.5 g/L trypsin, 0.5 g/L 

EDTA), trypan blue solution (0.4%), thiazolyl blue tetrazolium bromide (MTT), 

sodium dodecyl sulphate (SDS), dimethylformamide (DMF), Triton-X 100, phosphate 

buffered saline (PBS) tablets pH 7.4, dimethyl sulfoxide (DMSO) were acquired from 

Sigma-Aldrich (Germany). Fetal bovine serum (FBS) was purchased from Gibco 

(Life Technologies, USA). Dulbecco’s modified Eagle’s media (DMEM) was acquired 

from BioConcept (Switzerland) and RPMI 1640 media from Lonza Group AG 

(Switzerland). Konjac glucomannan and RFB (CAS n. º 72559-06-9, 97.5%) were 

acquired from CHEMOS (Altdorf, Germany). Leucine was purchased from Panreac 

AppliChem (CAS n. º 61-90-5, MW = 131.18 g/mol, Germany), Ultrapure water (Milli-

Q, Millipore, Watford, UK) was used throughout. All other chemicals were reagent 

grade. 
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7.2.2. Tested dry powders 

Several dry powder formulations corresponding to microparticles produced by spray-

drying were used throughout the work, which are described in detail in Table 6.1 of 

Chapter 6. 

 

7.2.3. Data acquisition 

Maxtek quartz crystals (5 MHz, Inficon) were used, which were previously coated 

with optically flat polished gold electrodes on both sides, and cleaned before use 

with absolute ethanol, ultrapure water and a piranha solution comprised of 3:1 

mixture of sulphuric acid and 30% hydrogen peroxide for 15 min. Cleaned crystals 

were mounted on a kynar crystal holder (Maxtek CHT-100). The crystal holder was 

connected to a universal frequency counter (Agilent 53131A) through a phase-locked 

oscillator (Maxtek PLO-10i). The frequency counter was connected by GPIB to a 

computer running a data acquisition and control program developed in Keysight 

Visual Engineering Environment (VEE, Pro version 9.33, Agilent) for the real time 

acquisition of the QCM frequency. 

 

7.2.4. Insufflation assays 

Thirteen polysaccharide-based microparticles developed for lung applications, 

previously prepared by spray-drying (Buchi Mini Spray-Dryer, Buchi Labortechnik 

AG, Switzerland), were selected as model dry powders to test the device (Table 6.1). 

Before the assay, all parts of the device were weighed. Afterwards, 5 - 10 mg of dry 

powder were weighed in the weighing head, the device assembled and placed over 

the crystal holder (Maxtek CHT-100). The powder was aerosolized after blowing air 

into it (10 quick insufflations from an air compressor, Goldair), with an outlet pressure 

of the air compressor set at 30 psi. After conclusion of the assay, the parts of the 

device were weighed, the frequency data saved in an Excel file and images of the 

crystal and the device recorded after powder deposition.  

 

7.2.5. Aerosol characterisation: deposition profile and yield of insufflation 

7.2.5.1. Dry powders characterisation 

The dry powders herein used were characterised regarding their morphology 

obtained by FESEM and their geometric size estimated as Feret’s diameter following 

the protocols detailed in section 3.3.1.5. 
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7.2.5.2. Aerodynamic diameter calculation 

A theoretical aerodynamic diameter of the formulations, in µm, was calculated, 

whenever possible, according with Equation 1.1.  

 

7.2.5.3. Dry powder deposition profile 

The variation of the frequency was recorded in function of time between 0 and 300 

seconds. The data generated allowed the drawing of a graph detailing the frequency 

change in different events along the assay: a first equilibrium, which establishes the 

baseline, a great frequency change when air and dry powder contact with the crystal 

and lastly, a second equilibrium, in which a new frequency is determined due to 

mass change. 

 

7.2.5.4. Yield of insufflation  

The amount of dry powder deposition was obtained, according with the simplified 

Sauerbrey equation [337] (Equation 7.1): 

 

Δ𝑓 = −𝐶𝑓 × Δ𝑚          (Equation 7.1) 

 

in which, Δ𝑓 represents the difference in frequency between the states with and 

without powder at a given point, 𝐶𝑓 is the sensitivity factor of the crystal, in this case, 

0.056 𝐻𝑧/𝑛𝑔/𝑐𝑚2 for a 5 MHz crystal at 20 ºC, and Δ𝑚 is the change in mass per 

unit area (𝑔/𝑐𝑚2). Afterwards, a yield of insufflation was determined using Equation 

6.1, which was adapted to consider the amount of powder on the crystal. 

 

A qualitative correlation between powders was established, meaning that the highest 

yield obtained, recorded for LBG Sigma, will be assumed as the maximum (100%), 

and all the remaining will be calculated and adjusted considering this reference. This 

new parameter is called 𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑖𝑛𝑠𝑢𝑓𝑓𝑙𝑎𝑡𝑖𝑜𝑛 (Equation 7.2): 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑖𝑛𝑠𝑢𝑓𝑓𝑙𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑖𝑛𝑠𝑢𝑓𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑤𝑑𝑒𝑟 𝑍

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑖𝑛𝑠𝑢𝑓𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐿𝐵𝐺 𝑆
  (Equation 7.2) 
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where “average yield of insufflation of powder Z” pertains to the average yield result 

of all other powders tested, except the LBG-based microparticles prepared with LBG 

from Sigma-Aldrich® at an inlet temperature of 130 ºC. 

 

7.2.6. Cell culture 

Human lung epithelial adenocarcinoma cells (A549) were provided by the American 

Type Culture Collection (ATCC, USA) and used in passages 24-30. Cells were 

cultured in flasks (75 cm2), at 37 °C, in an incubator with 5% CO2/95% humidified 

atmospheric air. Cell culture media (CCM) was Dulbecco’s modified Eagle’s medium 

(DMEM, BioConcept, Switzerland), supplemented with L-glutamine 200 mM (1%, 

v/v), non-essential amino acids (1%, v/v), penicillin/streptomycin at 1% (v/v) and FBS 

at 10% (v/v). CCM was exchanged two to three times weekly. 

 

7.2.7. Metabolic activity test after insufflation 

The metabolic activity of A549 cells after insufflation of LBG S powders was 

assessed. Cells were seeded in petri dishes with 35 mm of diameter (9.4 cm2), at 

3x105 cells/plate and incubated overnight. The next day, CCM was removed, and 

both air and dry powders were insufflated onto the cultured cells for an exposure 

time of 3 h or 24 h. Afterwards, 500 µL of CCM without phenol red were added to the 

petri dishes to avoid desiccation of the cells. After the defined exposure time, the 

CCM and samples were removed, and replaced by 750 µL of a solution of MTT (5 

mg/mL in PBS pH 7.4), which remained under incubation for 2 h. After that, 1.5 mL 

of DMSO were added to each plate to solubilise the formazan crystals. The 

absorbance was read by spectrophotometry (Infinite M200; Tecan, Austria) at 540 

nm, with background correction at 640 nm. The cell viability was calculated using 

Equation 4.1. 

 

7.2.8. Statistical evaluation 

7.2.8.1. For insufflation assays 

A one-way ANOVA (Dunnett’s test) with the pairwise multiple comparison procedure 

was used to compare the results obtained for the degree of insufflation of the 

different dry powders. A control set of data pertaining to the degree of insufflation of 

LBG-based microparticles from Sigma-Aldrich® was used for comparison. All 
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analyses were run using GraphPad Prism® statistical program (GraphPad Software, 

version 9.4.0.673), and differences were considered significant at a level of p < 0.05.   

 

7.2.8.2. For cell viability assays 

A two-tailed unpaired t-test was performed on the data pertaining to the cell 

viabilities obtained. Results were analysed in two different scenarios: (1) the 

influence of insufflation or either air or air plus dry powders and (2) the effect of time 

after insufflation. All analyses were run using GraphPad Prism® statistical program 

(GraphPad Software, version 9.4.0.673), and differences were considered significant 

at a level of p < 0.05. 

 

7.3. Results and discussion 

7.3.1. Acquisition program 

The setup that was assembled to determine the deposition profile of all tested 

powders can be seen in Figure 7.2. 

 

 

Figure 7.2 – Quartz Crystal Microabalance (QCM) setup. From left to right: computer 

with acquisition program (A), frequency counter (B), crystal holder and the oscillator 

behind (C), and the insufflation device (D). Photo credits: Chiu Chu (CCMAR). 

 

The frequency counter is one of the crucial parts of the QCM setup, as it reads the 

oscillation frequency at any given time. For the assessment of the different 

A 
B 

C 
D 
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deposition profiles of the dry powders, it was required that all frequencies during the 

time of the assay were registered and saved for analysis. The frequency counter is 

from Agilent®, which also has available a program called Keysight Visual 

Engineering Environment (VEE). This software enables the design of a program that 

fulfils the aim of registering all frequencies. Figure 7.3 depicts its architecture. 

 

 

Figure 7.3 – Architecture of the program designed in Keysight Visual Engineering 

Environment for the detection of a frequency counter connected by GPIB responsible 

for reading and writing frequencies given by an oscillating Maxtek quartz crystal (see 

text). 

 

E 

F 

G 
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The analysis will be discussed from the top left to the bottom right. After the start 

button, the program will call the frequency counter and reset it for a new set of 

measures, followed by a loop that enables a stop button. The program continues by 

connection to a box called “Measured Frequency” (E), which is the actual measure of 

the frequency in the counter, that will be recorded in a graph and registered in a 

“Sliding Collector” (F). Within the program, upon starting, memory is allocated to this 

array (depending on its size, set by the user), which not only will record the 

frequency but also the time that it was recorded. The measure of frequency in 

function of time will give a vector consisting of several results given as (𝑥, 𝑦), 

meaning that it is translated in the form of (𝑡𝑖𝑚𝑒, 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦). These two parameters 

are, then, sent to a new Excel file (G), that is open every time a measure is started. 

The results concerning the variable 𝑡𝑖𝑚𝑒 will be in the column A, starting at line 2, 

and the variable 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 will be in the column B, starting also at line 21. After 

successfully completing the assay, the user must not forget to save the Excel file. 

Regrettably, this is one of the limitations of this program, as it doesn’t save the file 

automatically. If such a command were to be added, after a first (𝑡𝑖𝑚𝑒, 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) 

measure, it would save the Excel file, an occurrence that was not desired. However, 

a fine amount of user input in this program is desirable, as it enables a finer control 

of the total number of measures it is required for the assay, as well as to manipulate 

the time interval between results, also called gate. Figure 7.4 displays the window 

that is presented to the user. 

 

 
1 One of the reasons why there was a need to group all measures in an array was because, if it 
wasn’t, measures would overwrite themselves, and it would not be possible to see an actual 
frequency change in the assays. That is the reason why, in the beginning, a pre-defined number of 
total measures must be considered, so that there are enough lines in the Excel to gather all the 
needed data. 
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Figure 7.4 – Runtime version of the program designed in Keysight Visual 

Engineering Environment, with two buttons requiring user input (START/STOP). The 

values of frequency and time are shown below the START/STOP buttons, as well as 

a real-time graph of the variation of the frequency. A total measure count is also 

displayed in the form of a fill bar, below the frequency box.  

 

One other box that it is considered useful in the user interface is the fill bar, that 

shows the total number of possible measures that run can allocate in the memory. It 

is a parameter highly dependent on the user needs, and an indication of the 

progression of the assay. 
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7.3.2. Insufflation assays 

In Chapter 6, an insufflation protocol was established that required 30 quick trigger 

activations of the air pistol at an outlet air pressure of either 36 or 42 psi, so that the 

dry powder would be dragged towards the cell support. However, the first assays 

using the QCM evidenced its sensitivity towards the insufflations, thus further 

optimisation was required. A first approach relied on the determination of the 

adequate outlet air pressure, that was changed from 36 psi/42 psi to 30 psi, with the 

QCM responding favourably. Moreover, the team believed that the powder would be 

dragged with fewer activations of the air pistol. A new experimental setup was, thus, 

devised, in which the minimal number of required insufflations to be applied was 

assessed, ensuring at the same time the desired frequency change. The stop point 

would be when the frequency reached a new equilibrium, by having very subtle 

variations, thus ending the assay. This was tested several times, and the new 

protocol was set at 10 quick trigger activations of the air pistol (or insufflations) at an 

outlet air pressure of 30 psi, despite observations sugesting that the totality of the 

powder was dispersed after two or three insufflations. In fact, the reduced number of 

insufflations by comparison with the protocol in Chapter 6, simplified the 

experimentation and made it easier to apply. 

 

Before using powders, the determination of QCM frequency variation in the 

sequence of air insufflation (control assay) was essential. These first assays were 

performed with both printed devices (Device 1 – Brown and Device 2- Gray), and the 

respective variations of frequency are shown in Figure 7.5. 
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No powder used, only air was injected into the device 

Deposition profile (Device 1 – Brown) 

 

Deposition profile (Device 2 – Gray) 

 

 

Figure 7.5 – Variation of frequency of the QCM upon insufflation of air into the 

device (no powder present). Results are presented as mean ± SD, n = 6. 

 

The graphs shown in Figure 7.5 display a first frequency equilibrium, that started at 

time 0. Air started to be insufflated approximately 65 seconds after the beginning of 

the analysis. After that, the frequency returned to a value that was close to that 

recorded in the beginning of the run, which indicated that, when no powder is used, 

frequency does not change, even when the system is disturbed. Thirteen 

microparticle formulations comprised of a diverse set of polysaccharides were, then, 

selected to perform these assays. The selection was driven by different aerodynamic 

properties and morphology of the microparticles, which are expected to have an 

impact on the insufflation process. Furthermore, those differences would enable 

establishing correlations between the morphology and capacity to disperse. These 

results are compiled in the graphics, for both devices, in Figure 7.6 to Figure 7.18, 

with different powders having different colours (Table B.VI in Annex B).   
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Powder: Locust bean gum-based microparticles from Sigma-Aldrich (LBG S) 

Feret’s diameter: 3.95 ± 4.25 µm Aerodynamic diameter: ≈1.94 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 100 

 

Device 2: Deposition profile | Degree of insufflation: 100 

 

 

Figure 7.6 – Deposition profile and corresponding degree of insufflation for locust 

bean gum (LBG)-based microparticles produced with LBG from Sigma-Aldrich® (LBG 

S), obtained after assays with the device 1 and device 2. Powder appearance, 

microparticle morphology (scanning electron microscopy) and particle diameters 

(Feret and aerodynamic) are provided, when possible. Results are presented as 

mean ± SD, n = 6. *indicates theoretical calculation.    
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Powder: Locust bean gum-based microparticles from Industrial Farense (LBG IF) 

Feret’s diameter: 4.31 ± 4.39 µm Aerodynamic diameter: ≈2.11 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 84.26 ± 22.77 

 

Device 2: Deposition profile | Degree of insufflation: 85.05 ± 35.47 

 

 

Figure 7.7 – Deposition profile and corresponding degree of insufflation for locust 

bean gum (LBG)-based microparticles produced with LBG from Industrial Farense® 

(LBG IF), obtained after assays with the device 1 and device 2. Powder appearance, 

microparticle morphology (scanning electron microscopy) and particle diameters 

(Feret and aerodynamic) are provided, when possible. Results are presented as 

mean ± SD, n = 6. *indicates theoretical calculation.  
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Powder: Locust bean gum-based microparticles from C. E. Roeper (LBG R) 

Feret’s diameter: 3.76 ± 4.54 µm Aerodynamic diameter: ≈1.84 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 96.59 ± 40.26 

 

Device 2: Deposition profile | Degree of insufflation: 78.15 ± 31.85 

 

 

Figure 7.8 – Deposition profile and corresponding degree of insufflation for locust 

bean gum (LBG)-based microparticles produced with LBG from C. E. Roeper® (LBG 

R), obtained after assays with the device 1 and device 2. Powder appearance, 

microparticle morphology (scanning electron microscopy) and particle diameters 

(Feret and aerodynamic) are provided, when possible. Results are presented as 

mean ± SD, n = 6. *indicates theoretical calculation.  
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Powder: Xanthan gum-based microparticles (XG) 

Feret’s diameter: 2.46 ± 1.26 µm Aerodynamic diameter: ≈1.41 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 40.13 ± 18.58 

 

Device 2: Deposition profile | Degree of insufflation: 78.13 ± 6.00 

 

 

Figure 7.9 – Deposition profile and corresponding degree of insufflation for xanthan 

gum-based microparticles (XG), obtained after assays with the device 1 and device 

2. Powder appearance, microparticle morphology (scanning electron microscopy) 

and particle diameters (Feret and aerodynamic) are provided, when possible. 

Results are presented as mean ± SD, n = 6. *indicates theoretical calculation.   
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Powder: Xanthan gum/sodium chloride-based microparticles (XG Na) 

Feret’s diameter: 2.38 ± 1.13 µm Aerodynamic diameter: ≈1.37 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 37.66 ± 9.57 

 

Device 2: Deposition profile | Degree of insufflation: 21.19 ± 5.33 

 

 

Figure 7.10 – Deposition profile and corresponding degree of insufflation for xanthan 

gum/sodium chloride-based microparticles (XG Na), obtained after assays with the 

device 1 and device 2. Powder appearance, microparticle morphology (scanning 

electron microscopy) and particle diameters (Feret and aerodynamic) are provided, 

when possible. Results are presented as mean ± SD, n = 6. *indicates theoretical 

calculation.  
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Powder: Hydrolysed xanthan gum-based microparticles (HXG) 

Feret’s diameter: - Aerodynamic diameter: - 

Morphology 

- 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 40.27 ± 6.02 

 

Device 2: Deposition profile | Degree of insufflation: 49.40 ± 5.40 

 

 

Figure 7.11 – Deposition profile and corresponding degree of insufflation for 

hydrolysed xanthan gum-based microparticles (HXG) obtained after assays with the 

two devices printed. Powder appearance is provided. Morphology and particle 

diameters (Feret and aerodynamic) were not determined. Results are presented as 

mean ± SD, n = 6 (Device 1) and n = 4 (Device 2).   
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Powder: Starch/carrageenan-based microparticles (Starch/CRG 1%) 

Feret’s diameter: - Aerodynamic diameter: - 

Morphology 

- 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 20.78 ± 2.99 

 

Device 2: Deposition profile | Degree of insufflation: 15.43 ± 4.12 

 

 

Figure 7.12 – Deposition profile and corresponding degree of insufflation for 

starch/carrageenan-based microparticles (Starch/CRG 1%) obtained after assays 

with the two devices printed. Powder appearance is provided. Morphology and 

particle diameters (Feret and aerodynamic) were not determined. Results are 

presented as mean ± SD, n = 6 (Device 1) and n = 4 (Device 2). 
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Powder: Starch/carrageenan-based microparticles (Starch/CRG 2%) 

Feret’s diameter: 1.69 ± 0.06 µm [327] Aerodynamic diameter: ≈0.73 µm* 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 20.41 ± 5.80 

 

Device 2: Deposition profile | Degree of insufflation: 30.61 ± 5.25 

 

 

Figure 7.13 – Deposition profile and corresponding degree of insufflation for 

starch/carrageenan-based microparticles (Starch/CRG 2%, batch A) obtained after 

assays with the two devices printed. Powder appearance, microparticle morphology 

(scanning electron microscopy) and particle diameters (Feret and aerodynamic) are 

provided, when possible. Results are presented as mean ± SD, n = 6. *indicates 

theoretical calculation.  
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Powder: Carrageenan/starch-based microparticles (CRG/Starch 2%) 

Feret’s diameter: - Aerodynamic diameter: - 

Morphology 

- 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 18.77 ± 4.36 

 

Device 2: Deposition profile | Degree of insufflation: 15.99 ± 2.03 

 

 

Figure 7.14 – Deposition profile and corresponding degree of insufflation for 

starch/carrageenan-based microparticles (Starch/CRG 1%) obtained after assays 

with the two devices printed. Powder appearance is provided. Morphology and 

particle diameters (Feret and aerodynamic) were not determined. Results are 

presented as mean ± SD, n = 6. 
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Powder: Konjac glucomannan/leucine-based microparticles (KGM/Leu) 

Feret’s diameter: 1.18 ± 0.75 µm [328] Aerodynamic diameter: 1.40 ± 0.07 µm [328] 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 13.67 ± 6.21 

 

Device 2: Deposition profile | Degree of insufflation: 33.98 ± 8.26 

 

 

Figure 7.15 – Deposition profile and corresponding degree of insufflation for konjac 

glucomannan/leucine-based microparticles (KGM/Leu) obtained after assays with 

the two devices printed. Powder appearance, microparticle morphology (scanning 

electron microscopy) and particle diameters (Feret and aerodynamic) are provided, 

when possible. Results are presented as mean ± SD, n = 6.   
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Powder: Konjac glucomannan/mannitol-based microparticles (KGM/Man) 

Feret’s diameter: 1.44 ± 0.83 µm [328] Aerodynamic diameter: 1.72 ± 0.03 µm [328] 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 11.19 ± 1.79 

 

Device 2: Deposition profile | Degree of insufflation: 22.40 ± 4.72 

 

 

Figure 7.16 – Deposition profile and corresponding degree of insufflation for konjac 

glucomannan/mannitol-based microparticles (KGM/Man) obtained after assays with 

the two devices printed. Powder appearance, microparticle morphology (scanning 

electron microscopy) and particle diameters (Feret and aerodynamic) are provided, 

when possible. Results are presented as mean ± SD, n = 6. 
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Powder: Dextran sulphate-based microparticles (DS) 

Feret’s diameter: 1.91 ± 1.17 µm [329] Aerodynamic diameter: 1.48 ± 0.02 µm [329] 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 8.07 ± 4.13 

 

Device 2: Deposition profile | Degree of insufflation: 4.23 ± 1.44 

 

 

Figure 7.17 – Deposition profile and corresponding degree of insufflation for dextran 

sulphate-based microparticles (DS) obtained after assays with the two devices 

printed. Powder appearance, microparticle morphology (scanning electron 

microscopy) and particle diameters (Feret and aerodynamic) are provided, when 

possible. Results are presented as mean ± SD, n = 6. 
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Powder: Isoniazid and rifabutin-loaded konjac glucomannan microparticles (KGM/INH/RFB) 

Feret’s diameter: 2.06 ± 2.15 µm [260] 
Aerodynamic diameter:  

3.05 ± 0.05 µm (INH), 3.24 ± 0.09 µm (RFB) [260] 

Morphology 

 

Appearance 

 

Device 1: Deposition profile | Degree of insufflation: 25.26 ± 3.82 

 

Device 2: Deposition profile | Degree of insufflation: 24.28 ± 8.51 

 

 

Figure 7.18 – Deposition profile and corresponding degree of insufflation for 

isoniazid and rifabutin-loaded konjac glucomannan microparticles (KGM/INH/RFB 

10/1/1, %w/w) obtained after assays with the two devices printed. Powder 

appearance, microparticle morphology (scanning electron microscopy) and particle 

diameters (Feret and aerodynamic) are provided, when possible. Results are 

presented as mean ± SD, n = 6.   
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The QCM works based on a relaxation method. In brief, when the sensor is in 

equilibrium, but it is disrupted by an external force such as the insufflation of air, the 

frequency varies, and it only stabilises when this disruption ends. At this point, the 

QCM resonates to a new equilibrium, thus sensing the mass of dry powder that fell 

onto it, resulting in a new frequency result. Despite that, due to the nature of the 

QCM apparatus (see Figure 7.1), the crystal holder and the printed device are not 

completely tight, thus permitting powder escape, which hinders the results. 

Considering what was observed in all the assays performed, the evaluation of the 

deposition profile of all dry powders tested required a more qualitative approach, in 

which the best dry powder would be selected, and comparisons would be made in 

relation to this one. The concept of degree of insufflation was therefore established 

(Equation 7.2), thus enabling an easier correlation. The calculation of the degree of 

insufflation was performed considering as 100% degree of insufflation that of LBG-

based microparticles produced with LBG from Sigma-Aldrich®. This was the dry 

powder showing the higher yield of insufflation, thus having the most fitting 

dispersion pattern. The degree of insufflation of all the other dry powders was 

calculated based on that assumption.  
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Table 7.1 – Degree of insufflation of several powders, and organisation of the best 

performances (ranking) according with the results. Results are presented as mean ± 

SD, n = 6 (exceptional situation of n = 4 indicated with an asterisk (*)). 

Dry powders 
Degree of insufflation  Ranking 

Device 1 
Ranking 
Device 2 Device 1 Device 2  

LBG S 100 100  LBG S LBG S 

LBG IF 84.26 ± 22.77 85.05 ± 35.47  LBG R LBG IF 

LBG R 96.59 ± 40.26 78.15 ± 31.85  LBG IF LBG R 

XG 40.13 ± 18.58 78.13 ± 6.00  HXG XG 

XG Na 37.66 ± 9.57 21.19 ± 5.33  XG HXG 

HXG 40.27 ± 6.02 49.40 ± 5.40*  XG Na KGM:Leu 

Starch/CRG 1% 20.78 ± 2.99 15.43 ± 4.12*  KGM:INH:RFB Starch/CRG 2% 

Starch/CRG 2% 20.41 ± 5.80 30.61 ± 5.25  Starch/CRG 1% KGM:INH:RFB 

CRG/Starch 2% 18.77 ± 4.36 15.99 ± 2.03  Starch/CRG 2% KGM:Man 

KGM:Leu 13.67 ± 6.21 33.98 ± 8.26  CRG/Starch 2% XG Na 

KGM:Man 11.19 ± 1.79 22.40 ± 4.72  KGM:Leu CRG/Starch 2% 

DS 8.07 ± 4.13 4.23 ± 1.44  KGM:Man Starch/CRG 1% 

KGM:INH:RFB 25.26 ± 3.82 24.28 ± 8.51  DS D DS D 

LBG: locust bean gum, XG: xanthan gum, Na: sodium, HXG: hydrolysed xanthan gum, 

CRG: carrageenan, KGM: Konjac glucomannan, Leu: leucine, Man: mannitol, DS: dextran 

sulphate, INH: isoniazid, RFB: rifabutin 

 

The various measures of the degree of insufflation showed that all LBGs present a 

good deposition profile using any of the devices, when compared to the remaining 

powders. For Device 1, all other remaining powders evidenced a significantly 

different degree of insufflation (p < 0.05) when compared to the powders of LBG. A 

similar behaviour was found for Device 2, but in this case, the powder comprised of 

XG-based microparticles was also in the group showing the best performance. This 

means that, for Device 2, four powders showed similar degrees of insufflation, 

translating into statistically significant differences with all remaining powders (p < 

0.05) except the microparticles prepared with the hydrolysed xanthan gum (HXG).  

 

Further analysis of Table 7.16 and the corresponding deposition profile graphs of the 

various powders evidenced that it is possible to organise the samples in three 
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different dispersion categories: good, mediocre and bad. Examples of these 

deposition profiles are shown in Figure 7.5, with images of both the petri dish and the 

QCM crystal. 

 

   

 

Figure 7.19 – Examples of deposition profiles in a petri dish and in the QCM (see 

text). 

 

In brief, the left photographs in Figure 7.19 evidence a good powder dispersion, 

where the petri dish is covered by a homogeneous cloud of dry powder, as well as 

the QCM. The middle photographs represent a mediocre powder dispersion, where 

the petri dish has areas covered by dry powder and other areas where agglomerates 

are visible. The QCM evidences dry powder concentrated in one region of the 

crystal. The photographs on the right correspond to bad powder dispersions, where 

a few particles are seen spread on the petri dish and on the QCM. In these images, 

an area with dry powder homogenously dispersed is absent. 

 

Considering the analysis herein and Figure 7.19, powders were reorganised 

depending on their deposition profiles, as shown in Table 7.2 and 7.3 for Device 1 

and Device 2, respectively.  
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Table 7.2 – Categorisation of the dry powders in accordance with their deposition 

profile determined with Device 1, signalled by three distinct colours (●●●).  

A good deposition 
profile (●) 

A mediocre deposition 
profile (●) 

A bad deposition profile 
(●) 

LBG S Starch/CRG 2% KGM:Man 

LBG IF CRG/Starch 2% DS 

LBG R Starch/CRG 1%  

XG KGM:INH:RFB  

XG Na KGM:Leu  

HXG   

LBG: locust bean gum, XG: xanthan gum, Na: sodium, HXG: hydrolysed xanthan gum, 

CRG: carrageenan, KGM: Konjac glucomannan, Leu: leucine, Man: mannitol, DS: dextran 

sulphate, INH: isoniazid, RFB: rifabutin 

 

Table 7.3 – Categorisation of the dry powders in accordance with their deposition 

profile determined with Device 2, signalled by three distinct colours (●●●). 

A good deposition 
profile (●) 

A mediocre deposition profile (●) 
A bad deposition 

profile (●) 

LBG S XG Na HXG Starch/CRG 2% DS 

LBG IF CRG/Starch 2% Starch/CRG 1% KGM:INH:RFB  

LBG R KGM:Leu KGM:Man   

XG     

LBG: locust bean gum, XG: xanthan gum, Na: sodium, HXG: hydrolysed xanthan gum, 

CRG: carrageenan, KGM: Konjac glucomannan, Leu: leucine, Man: mannitol, DS: dextran 

sulphate, INH: isoniazid, RFB: rifabutin 

 

The first conclusion that can be drawn is that the insufflation of dry powders was 

achieved successfully, despite the different aerodynamic parameters associated with 

it. If further comparisons are made, between control assays (insufflation of air) and 

the assays where powders were insufflated, the latter always causes a change in the 

frequency that is being recorded. Another point that is worthy of note is the process 

by which the devices were obtained. When a 3D printer with an extrusion tip was 
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used, the resulting device is layered. This causes imperfections, in the sense that 

there are interstices that enable the powder to be trapped. This occurrence leads to 

a deposition profile that resembles staging, as if one insufflation leads to a change in 

frequency, the second insufflation to an even greater change and so forth, until the 

new equilibrium is reached. This profile does not seem to occur when Device 2 is 

used. This device was prepared using a resin, which resulted in a smoother inner 

surface and the insufflation by stages was not verified. Additionally, with Device 2, 

the insufflation is more direct, meaning that, upon a burst of air, almost all the 

powder goes out of the weighing head platform, either onto to the QCM or it 

escapes. Despite that, the change in the frequency is always detected. 

 

One particular powder, KGM:Man, was a challenging sample. It was expected that 

by having adequate aerodynamic parameters, it would have a good deposition 

profile. However, looking at the SEM photos of this dry powder, and despite the 

irregularity of the microparticles, there are mannitol crystals all over the surface of 

the carriers. One possibility of this occurrence is explained by the Peclet number and 

the surface enrichment [265]. Due to KGM being amorphous, upon drying of the 

droplet on the spray-drying, the velocity of drying is superior to the velocity of the 

diffusion of the solute. Along with the fact that KGM is a molecule larger than 

mannitol, which hinders its movements within the droplet, it will lead to the 

accumulation of mannitol on the outside limits of the droplet alongside KGM in a 

process called surface enrichment. This process is not observed when mannitol is 

spray-dried alone, and it distributes evenly within the liquid droplet as it dries in the 

drying chamber. As mannitol is crystalline, it will undergo a process of crystallisation 

upon drying, leading to the prismatic forms observed in the SEM photos, and that, in 

theory, will influence the insufflation of these powders. For the KGM:Man, it was 

observed that the deposition profile is either mediocre or bad, as the changes in 

frequency are less pronounced than in other powders.  

 

One other possible conclusion from all gathered data (morphology, deposition 

profile, degree of insufflation, and aspect of the powders) is that a mixture of both 

spherical and irregular shaped particles favours insufflation in relation to only 

spherical particles. Completely spherical particles, as in the case of DS, lead to 

inadequate patterns of deposition, which is in accordance with what is generally 
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verified for dry powders. In fact, irregular shapes lead to better aerodynamic 

behaviours, as the surface area that contacts with air is higher than that of spherical 

particles [128]. 

 

One last analysis that can be performed relates to the geometric and aerodynamic 

diameters of the dry powders. The degree of insufflation was reorganised depending 

on the diameters, and results are presented in Table 7.4.  

 

Table 7.4 – Categorisation of the dry powders by their geometric and aerodynamic 

diameters, from highest to lowest, when it is available. An indication of the deposition 

profile of the dry powders is signalled before their name (●●●, see Tables 7.2 and 

7.3). *indicates theoretical calculation. 

Deposition profile by geometric 
diameter (both devices) 

Deposition profile by aerodynamic 
diameter (both devices) 

● LBG IF (4.31 ± 4.39 µm) 
● KGM:INH:RFB (3.05 ± 0.05 µm (INH), 

3.24 ± 0.09 µm (RFB)) [260] 

● LBG S (3.95 ± 4.25 µm) ● LBG IF (≈2.11 µm) * 

● LBG R (3.76 ± 4.54 µm) ● LBG S (≈1.94 µm) * 

● XG (2.46 ± 1.26 µm) ● LBG R (≈1.84 µm) *  

●● XG Na (2.38 ± 1.13 µm) ●● KGM:Man (1.72 ± 0.03 µm) [328] 

●● HXG (not determined) ● DS (1.48 ± 0.02 µm) [329] 

● KGM:INH:RFB (2.06 ± 2.15 µm) [260] ● XG (≈1.41 µm) * 

● DS (1.91 ± 1.17 µm) [329] ● KGM:Leu (1.40 ± 0.07 µm) [328] 

● Starch/CRG 2% (1.69 ± 0.06 µm) [327] ●● XG Na (≈1.37 µm) *  

● CRG/Starch 2% (not determined) ●● HXG (not determined) 

● Starch/CRG 1% (not determined) ● Starch/CRG 2% (≈0.73 µm) * 

●● KGM:Man (1.44 ± 0.83 µm) [328] ● CRG/Starch 2% (not determined) 

● KGM:Leu (1.18 ± 0.75 µm) [328] ● Starch/CRG 1% (not determined) 

LBG: locust bean gum, XG: xanthan gum, Na: sodium, HXG: hydrolysed xanthan gum, 

CRG: carrageenan, KGM: Konjac glucomannan, Leu: leucine, Man: mannitol, DS: dextran 

sulphate, INH: isoniazid, RFB: rifabutin 
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There is a tendency of having lower yields and worse deposition profiles with lower 

geometric diameters, apart from DS-based microparticles. In this case, the dry 

powder is comprised of larger particles, and, upon insufflation, there can be an 

increased number of particles dispersing and depositing in the QCM. This will impact 

the overall yield and degree of insufflation, creating an artificial deviation of the 

current tendency, not necessarily related to their insufflation properties.  

 

In all, the inclusion of the QCM in the experimental setting herein described 

constitutes a more complete approach on the in vitro analysis of dry powders. 

Despite the analytical balances giving a quantitative result for powder reaching the 

petri dish (discussed in chapter 6), the QCM is more advantageous. The use of this 

technology permits following the insufflation process in detail through frequency 

change and describe the behaviour of the dry powder as well as its dispersion 

profile.  

 

7.3.3. Cell viability upon insufflation 

The determination of the impact of insufflation in cultured cells is the last section of 

this chapter. In line with the development of a device and of an optimised protocol for 

the study of dry powders, assays in which air and dry powders were insufflated onto 

cells were performed, and results can be observed in Figure 7.20. 

 

LBG-based microparticles produced with the polymer from Sigma-Aldrich® (LBG S) 

were used and the assay devised to resemble the lung environment. In brief, cells 

were cultured in petri dishes, and cell culture medium removed prior to the 

insufflation of either air or dry powder. Afterwards, a small volume of cell culture 

medium (500 µL) was added to avoid cell desiccation, and 3h or 24 h exposure was 

allowed before cell viability was determined. Overall, as observed in Figure 7.20, the 

insufflation of air and of dry powders did not impact cell viability that resulted in a 

major cell death event. In fact, cell viabilities roughly above 70% were always 

determined, which indicates the absence of cytotoxic effect. Nevertheless, the 

insufflation of air, used herein as a control, induced a lower reduction in cell viability 

than the insufflation of microparticles. The first indication on the used method of 

insufflation and on the proper LBG microparticles corresponds to a safe profile.  
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Figure 7.20 – Cell viability induced by the insufflation of air and of a mixture of air and a dry powder comprised of LBG-based 

microparticles, with the two prototypes of the device (D1 – brown and D2 – grey), upon 3 h and 24 h exposure of A549 cells 

(textured columns in yellow and brown: ●●). Data represent mean ± SEM (n = 3). 
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This chapter focused on the development of an experimental and reproducible 

method to qualitatively evaluate the dispersion of dry powders. The type, morphology 

and shape of the dry powders have important roles on the insufflation process, 

evidencing different capabilities on the formation of a cloud for further dispersion 

onto a cell support. Despite the insufflation not having an impact in cell viability, 

further testing is required to determine the real interaction between cells and dry 

powders, which can be attained using the QCM. In future assays, dry powders will 

be insufflated over cells seeded onto QCM crystals, aiming at quantifying the 

interactions. Nevertheless, the achievements herein discussed will be useful for 

earlier stages of inhalable formulation development, their optimisation, and the 

comprehension of their aerodynamic behaviour upon insufflation. 
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The project described throughout this document focused on the development of a 

device that allows the delivery of dry powders onto cell surfaces, thus simulating 

more appropriately inhalation as a process. In this regard, the device was used to 

study the deposition profile of dry powders aimed at lung delivery. Furthermore, the 

project contributed with important information concerning excipients and formulations 

designed for lung delivery.  

 

LBG was used in different approaches in the field of Pharmaceutical Technology that 

explored its use in applications other than the usual oral formulations. A sulphated 

derivative of the polysaccharide permitted the production of lipid nanocapsules by 

solvent displacement. Despite the versatility and stability of the carriers, conversion 

to dry powders suitable for inhalation purposes was unsuccessful.  

 

The production of dry powders composed of LBG microparticles was successful 

when spray-drying was used as production methodology. LBG from three different 

suppliers was tested to produce the microparticles after purification. Selected 

microparticle formulations were thoroughly characterised using FTIR, DSC, TGA and 

HPSEC, and the results suggested that there is an impact of the temperature on 

LBG characteristics, in both the process of purification and in the preparation of 

microparticles. Future experiments could benefit from the assessment of LBG using 

Nuclear Magnetic Resonance (NMR), as this could provide information on 

degradation products, for instance. Additionally, the aerodynamic characterisation of 

microparticles should be performed, as well as rheology studies for further 

understanding of LBG behaviour.  

 

A prototype for dry powder insufflation was designed and developed, using 3D 

printing methods for its production. It permits the homogenous dispersion of the 

insufflated powders over a petri dish and a QCM, and a more detailed study on how 

dry powders disperse over the supports. The device still requires further 

improvement, especially regarding the method for powder weighing. A company was 

recently subcontracted to provide advancements in the optimisation of the device. 

The intellectual property of the device is already protected, in the form of an 

international patent application that was recently submitted. In parallel, the impact of 

insufflation of air and of LBG-based microparticles was assessed, and it was 
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observed that both did not impact cell viability. In fact, cell viabilities roughly above 

70% were always determined, which indicates the absence of cytotoxic effect. 

 

Next stages of experimentation envisage the culture of cells over the crystal of QCM 

for an evaluation of particle/cell interaction upon insufflation of the dry powders. The 

inclusion of this technology in experimentation, especially concerning the in vitro 

analysis of dry powders, can provide more information and data in formulation 

development, further complementing analytical procedures and the strengthening of 

results and conclusions.  

 

The project and data herein presented and discussed contributed to the 

advancement of inhalable LBG-based microparticles and proposed an alternative 

method for dry powder assessment at a laboratory scale. The novelty of the idea, its 

future applications, and the paths opened from the experimental approaches are 

certainly a valuable contribute to advancements in the state of the art of inhalation. 
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Annex A – Device 1 as a testing platform for locust bean gum (LBG)-based 

microparticles 

 

Device 1 – Brown was employed in the dosimetry assays to ascertain the impact of 

inlet temperature of spray-drying in the insufflation of locust bean gum (LBG)-based 

microparticles, focusing on two chosen outlet air pressures: 36 and 42 psi. Figure A.I 

presents the results for the powders produced with LBG from Sigma-Aldrich®. 

 

 

Figure A.I – Insufflation yields obtained with the Device 1 – Brown for microparticles 

composed of purified locust bean gum from Sigma-Aldrich® (●●, Table B.V in Annex 

B). Results are presented as mean ± SD, n = 10, and differences were considered 

statistically significant when p < 0.05. 

 

The analysis continued with microparticles produced by spray-drying from Industrial 

Farense®, and results are presented in Figure A.II. 
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Figure A.II – Insufflation yields obtained with the Device 1 – Brown for microparticles 

composed of purified locust bean gum from Industrial Farense® (●●, Table B.V in 

Annex B). Results are presented as mean ± SD, n = 10, and differences were 

considered statistically significant when p < 0.05. 

 

Finally, the microparticles prepared with purified LBG from C. E: Roeper were tested, 

and the results are shown in Figure A.III. 

 

 

Figure A.III – Insufflation yields obtained with the Device 1 – Brown for 

microparticles composed of purified locust bean gum from C. E. Roeper® (●●, Table 

B.V in Annex B). Results are presented as mean ± SD, n = 10, and differences were 

considered statistically significant when p < 0.05. 
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Annex B – Colour palette on this document 

 

Table B.I – Colour palette for the graphs concerning the lipid nanocapsules components and the thermogravimetric analysis (TGA) 

presented in Chapter 3. 

Samples Hexadecimal code 

LBG Su #CC00CC 

DOTAP #008080 

LNC #003366 

RFB #CC0066 

 

 

Table B.II – Colour palette for the graphs concerning lipid nanoparticle formulations presented in Chapter 3. 

Samples 
Hexadecimal code 

Size PdI ζ-potential 

LBG Su/DOTAP 0.2/0.05 #7030A0 

LBG Su/DOTAP 0.5/0.05 #4772B9 

LBG Su/DOTAP 0.2/0.1 #C00000 

LBG Su/DOTAP 0.5/0.1 #FF33CC 
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Table B.III – Colour palette for the graphs concerning FTIR spectra, HPSEC and TGA graphs for all LBG samples in Chapter 3. 

Samples Hexadecimal code 

LBG S #FF3300 

LBG IF #FF9900 

LBG R #996600 

 

 

Table B.IV – Colour and texture palette for the graphs concerning cell viability (%, MTT) and LDH release (% of control) presented 

in Chapter 4. 

Samples 
MTT LDH 

3h 24h 48h 24h 48h 

LBG S (0, 1, 2) #FFD966 (main)  
+ #FFF2CC 

(background) 

Texture:  

#BF9000 (main)  
+ #FFE699 

(background) 

Texture:  

#7F6000 (main)  
+ #BF9000 

(background) 

Texture:  

#99CC00 (main)  
+ #009900 

(background) 

Texture:  

#385723 (main)  
+ #E2F0D9 

(background) 

Texture:  

LBG IF (0, 1, 2) 

LBG R (0, 1, 2) 
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Table B.V – Colour palette for the graphs concerning the initial insufflation assays in Chapter 6. 

Samples Hexadecimal code 

XG #333F50 

XG Na #7030A0 

DS #0070C0 

KGM/Man #990033 

KGM/Leu #996966 

CRG/Starch 2% #669900 

Starch/CRG 1% #33CCFF 

Starch/CRG 2% #0099FF 

LBG S 36 psi: #FF3300 + 25% transparency; 42 psi: #FF3300 

LBG IF 36 psi: #FF9900 + 25% transparency; 42 psi: #FF9900 

LBG R 36 psi: #996600 + 25% transparency; 42 psi: #996600 
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Table B.VI – Colour palette for the graphs presented in Chapter 7. 

 

Samples 
Hexadecimal code 

Assay 1 Assay 2 Assay 3 Assay 4 Assay 5 Assay 6 

No powder #181717 #767171 #969696 #333333 #808080 #8A8A8A 

LBG S #FF3300 #FF3D46 #FF3364 #FF4700 #FF6514 #FF5B32 

LBG IF #FF9900 #FFAA69 #FFB41E #FFC864 #FF785A #FFAF7D 

LBG R #996600 #993400 #993434 #999834 #99522D #994632 

XG #333F50 #331E50 #334650 #333F37 #333F64 #336464 

XG Na #7630A0 #705AA0 #70307D #70647D #706464 #7014A0 

HXG #E654A0 #E62887 #E6005A #E61EB4 #E664B9 #E64B86 

Starch/CRG 1% #33CCFF #338EFF #338EA5 #33CCA0 #3364A0 #3364FF 

Starch/CRG 2% #0099FF #00DCB4 #00E86E #00C8C3 #00C825 #00D714 

CRG/Starch 2% #669900 #99AF14 #99BE82 #99E664 #99F010 #99AD47 

KGM/Leu #993366 #996966 #997677 #997B35 #999941 #995347 

KGM/Man #990033 #993360 #996533 #996565 #993300 #99005A 

DS #0070C0 #0034C0 #00A2FF #0070FF #0034FF #0000FF 

KGM/INH/RFB #9A5A40 #B5964B #B5967D #B5C37D #B5C32D #B5692D 


