
IN
STIT

U
TO

 D
E C

IÊN
C

IA
S BIO

M
ÉD

IC
A

S A
BEL SA

LA
Z

A
R

FA
C

U
LD

A
D

E D
E FA

R
M

Á
C

IA

Joana Fernandes da Silva M
agalhães. N

anostructured 
lipid carriers as drug delivery system

s for the treatm
ent of 

tuberculosis

N
anostructured lipid carriers as drug delivery 

system
s for the treatm

ent of tuberculosis

Joana Fernandes da Silva M
agalhães

Nanostructured lipid carriers as drug 
delivery systems for the treatment of 
tuberculosis
Joana Fernandes da Silva Magalhães

D
 2019

D
.IC

BA
S 2019

SED
E A

D
M

IN
ISTR

ATIVA

BIOTECNOLOGIA MOLECULAR E CELULAR APLICADA ÀS

CIÊNCIAS DA SAÚDE



!



Nanostructured lipid carriers as drug 
delivery systems for the treatment of 
tuberculosis
Joana Fernandes da Silva Magalhães

D
 2019

BIOTECNOLOGIA MOLECULAR E CELULAR APLICADA ÀS

CIÊNCIAS DA SAÚDE



!



 

 

Joana Fernandes da Silva Magalhães 

 

Nanostructured lipid carriers as drug delivery systems for the 

treatment of tuberculosis 

 

 

Tese de Candidatura ao grau de Doutor em 
Biotecnologia Molecular e Celular Aplicada 
às Ciências da Saúde;  

Programa Doutoral da Universidade do Porto 
(Instituto de Ciências Biomédicas de Abel 
Salazar e Faculdade de Farmácia). 

 

Orientador – Prof. Doutora Maria de La 
Salette de Freitas Fernandes Hipólito Reis 
Dias Rodrigues 

Categoria – Professor Associado 

Afiliação – Faculdade de Farmácia da 
Universidade do Porto 

 

Co-orientador – Doutora Marina Barroso 
Pereira Pinheiro 

Categoria – Investigador  

Afiliação – REQUIMTE, Faculdade de 
Farmácia da Universidade do Porto  

 

Co-orientador – Doutora Susana Gomes dos 
Santos Barber 

Categoria – Investigador Auxiliar 

Afiliação – i3S, Instituto de Investigação e 
Inovação em Saúde, INEB – Instituto de 
Engenharia Biomédica 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 iii 

 

 

 

 

À minha Família. 

Em especial, ao meu trio mais do que perfeito: 

Antero Magalhães, 

Lígia Magalhães, 

Duarte Figueiredo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The noblest pleasure is the joy of understanding.  

Learning never exhausts the mind.  

Leonardo da Vinci  

 

 

 



 

 

 



 

 vii 

 

Agradecimentos 

“Aqueles que passam por nós, não vão sós, não nos 

deixam sós. Deixam um pouco de si, levam um pouco de nós.”  

Antoine de Saint-Exupéry 

Com o terminar desta grande aventura, não posso deixar de agradecer a todos os 

que levaram um bocadinho de mim e que tanto contribuíram para o alcançar desta nova 

etapa académica e científica.  

Agradeço ao Professor Doutor Mário Barbosa e à Comissão Científica do Programa 

Doutoral BiotechHealth pela oportunidade de frequentar o mesmo, o que permitiu o meu 

enriquecimento científico e aquisição de competências transversais que foram essenciais 

para a minha formação científica e pessoal.   

À Professora Doutora Salette Reis pelo exemplo inspirador ao longo destes últimos 

quatro anos. Por ter aceite ser minha orientadora, por ter confiado em mim, por toda a 

liberdade e condições fundamentais que me proporcionou para que desenvolvesse este 

trabalho com sucesso. Pelo seu positivismo e pelo seu apoio incondicional. Todas as 

conversas e conselhos que me deu foram essenciais quer na resolução de problemas 

científicos, quer na resolução de dúvidas pessoais e existenciais! Obrigada Professora 

Salette! 

À Marina Pinheiro pela tua singular perspectiva científica, pela partilha de 

conhecimentos e pela constante disponibilidade em ajudar-me. Porque sempre me 

motivaste a querer mais e a querer ser melhor. Por todos os desafios e pela assertividade 

na resolução de problemas. Obrigada pela amizade e por teres sido tão competente 

como co-orientadora desta tese. 

À Susana Santos, agradeço por ter aceite ser minha co-orientadora e por me ter 

recebido tão bem na sua equipa. Pela sua disponibilidade em partilhar conhecimentos 

comigo, pela orientação e pela forma exímia como corrigiu e deu sugestões na escrita 

dos vários trabalhos desta tese.  

Aos meus colegas do BiotechHealth, obrigada pelo companheirismo e amizade! Ao 

Daniel Vasconcelos, Catarina Pereira e Carla Cunha, muito obrigada por todo o apoio na 

resolução de problemas “biotecanos”. À Helena Martins e Susana Cerveira agradeço toda 

a disponibilidade e o apoio administrativo.  



 

 viii 

I am very grateful to Prof. Ben Forbes for the opportunity of being part of his team at 

King’s College London, and for all the conditions that led me to learn several different 

techniques. I also thank his scientific advice, knowledge and guidance.  

I would like to express my deepest gratitude to Prof. Barbara Rothen-Rutishauser 

for the valuable opportunity of testing our nanoparticles in your 3D in vitro lung model. 

Thank you for all the conditions, support and scientific guidance. It was a memorable 

experience and a pleasure to be part of AMI’s BioNanomaterials group. 

À Doutora Margarida Borges, ao Marcos e à Sónia pela colaboração efectuada, 

pelos bons momentos na sala de culturas e por todos os conhecimentos transmitidos nos 

ensaios de infecção in vitro de macrófagos.  

A todos os elementos do melhor grupo de investigação, MB2, por toda a partilha de 

conhecimentos e por todos os mimos e carinho que me transmitiram nos últimos quatro 

anos! Andreia G. e Rita, obrigada por todos os abraços, pelos sorrisos e por me 

manterem sempre atualizada quanto aos novos “hits musicais” e “youtubers do 

momento”. À Ana Isabel pelo carinho e por estar sempre disponível para ajudar no que 

quer que seja preciso! Ao João e à Daniela pela amizade, preocupação e pela constante 

disponibilidade em ajudar. À Andreia Marinho pelo apoio constante e por todos os post-its 

com mensagens deliciosas. À Suellen pelas conversas e dicas culinárias. À (Maria) 

Virgínia pela loucura, partilha de bons momentos e por todo o teu apoio quando estive 

em Londres. À Sofia pelo exemplo e partilha de conhecimentos. À Nini, Catarina Alves, 

Alexandre, Luise, Suellen, Emílio, Miguel, Rita, Francisca, Ruben, Luísa, João e Joyce 

que, apesar de já não pertencerem ao grupo, me deixaram tão boas recordações. To (my 

person) Yong, Zinaida and Abdu thank you so much for the great moments and for all the 

shared knowledge. À Sónia Rocha, à Sara e à Soraia obrigada por me terem dado a 

oportunidade de partilhar um bocadinho do que sei e por me ensinarem tanto; foi muito 

enriquecedor poder partilhar conhecimentos e tão bons momentos de bancada convosco. 

Aos mais recentes elementos do grupo, Filipa, Pedro, Márcia, Beatriz e Tânia obrigada 

pela força e apoio. Por fim, um agradecimento especial à Cláudia, à Catarina, à Daniela e 

ao José por serem o meu quarteto fantástico! Cláudia, o teu sorriso e apoio constante 

foram essenciais para que fosse feliz todos os dias; obrigada por todos os momentos e 

pelos conselhos pessoais e científicos. Catarina, obrigada pela cumplicidade, por saberes 

ler o que sinto sem eu ter que dizer/escrever e por todas as nossas conversas 

inspiradoras. À Daniela (Danz) pelo exemplo que és, pela tua generosidade, partilha, 

orientação e pelos teus incríveis abraços. Ao José, obrigada por alinhares nos cursos e 

seminários, por toda a ajuda, pela companhia e pela paciência que tens em ouvir os 

nossos dramas.  



 

 ix 

À Ana Marta e à Sara Marques por serem as melhores companheiras dos melhores 

pequenos almoços. À Inês Ramos pela cumplicidade. Obrigada às 3 pela vossa amizade.  

À Luísa, Patrícia, Margarida, Sara, Sandia, Bruno, Professora Marcela, Mafalda, 

Jorge, Marisa, Clara, Marisa Freitas, Daniela Ribeiro, Carina, Sofia, Álvaro, Renato, 

Micha, Célia, Professora Conceição, Marieta, Sarah, Professora Lúcia, Professora 

Beatriz, Soares e Rosa pelas boas conversas e companhia nas horas de almoço.  

Ao Professor Doutor José Costa Lima, Professor Rui Lapa e ao Professor João pelo 

incentivo, apoio e por todas as conversas inspiradoras.  

À D. Manuela, Patrícia e Vânia por todo o apoio administrativo mas essencialmente 

pelo carinho e amizade. 

Aos volleyball lovers, obrigada por todos os jogos, treinos e sorrisos. 

A todos os membros do MINT (Microenvironments for New Therapies group) por 

me receberem tão bem. Um obrigada especial à Andreia Silva, à Mafalda, Ana João, 

Alice e Morena por serem o meu porto-seguro no i3S. Andreia, obrigada por estares 

sempre disponível para me ajudar e por tudo o que me ensinaste. Mafas e Juju, obrigada 

pela partilha de conhecimentos, pelas longas horas passadas na sala de culturas a isolar 

monócitos, por todos os sorrisos e gargalhadas, pela vossa visita a Londres, mas acima 

de tudo pela vossa verdadeira amizade. Alice, nunca esquecerei os nossos momentos 

zen a falar de comida ou viagens :P, obrigada também por seres a minha mais fiel 

companheira do vólei. Morena, thank you very much for your friendship, support and 

constant care.  

À Dalila pelo apoio e formação em culturas celulares. À Catarina Meireles pela 

ajuda e formação em citometria de fluxo. À Maria Lazaro por todos os conhecimentos 

transmitidos na análise de ImageStream.  Ao Rui pela análise de TEM.  

To all my colleagues at King’s College London, thank you so much for the good 

memories and all the shared knowledge and experiences. A special thanks to Laura, 

Makiko, Arcadia, Ayasha, Parastoo, Magda, Sajeel, Altin, Osama, Precious, Cicy, 

Josephina, Dona and Fantine for their friendship, support, and for all the memorable 

adventures and “living like a Londoner” experiences.  

To the BioNanomaterials group of Adolphe Merkle Institute, thank you so much for 

the scientific knowledge, and unforgettable experiences including the aperos and 

barbecues. A special thanks to Barbara Drasler for her guidance, friendship and constant 

support; and to Hana and Laeticia for their friendship, support, guidance, ideas and 

excellent work that you both performed. Wish you all the best for your future and I hope to 



 

 x 

see you soon! To Aaron, Christoph, Daniel, Dedy, Fabienne, Giovanni, Joel, Liliane, 

Lukas, Manuela, Mattia, Mauro, Miguel, Patrícia, Phillip, Roman and Yendry, thank you for 

the memorable lunch times and shared experiences. Lastly, I would like to thank 

Catherine for all the administrative help.  

Aos meus grandes amigos Sofia, Hugo, Rita, Daniel, Tânia, Vítor, Cláudia, Flávia, 

Catarina, Duarte, Inês Monnet, Joana, Diana e Cátia por acreditarem em mim, por toda a 

força e motivação, pelas longas conversas e risadas, pelos cafés e jantaradas e por 

estarem sempre disponíveis. 

Ao Zé, à Sofia, à Beatriz, aos pais do Duarte e à Avó Maria por me receberem 

sempre tão bem, por todos os mimos e pelo apoio incondicional. Sou uma sortuda por 

vos ter na minha vida!  

Por fim, àqueles a quem tudo devo:  

aos meus pais, Lígia e Antero, pelo exemplo que são; por me darem todo o apoio 

necessário a que seja sempre feliz; por apoiarem os meus voos e ampararem as minhas 

quedas; pelos valores, educação e por todo o amor que me transmitem diariamente;  

ao meu irmão Levi e à Bárbara pelo carinho e por estarem sempre disponíveis 

quando lhes peço ajuda; 

à minha sobrinha Martinha pela alegria que trouxe às nossas vidas; desculpa todos 

aqueles fins de semana em que a Titi estava longe; obrigada por todos os desenhos, por 

me receberes sempre com tanta alegria e por todas as brincadeiras que me enchem o 

coração; 

à minha avó Zinha pelos conselhos, histórias e conversas, pela segurança, 

companhia e por me fazer acreditar que sou capaz de concretizar todos os meus sonhos; 

aos meus avós Antero e Odete que onde quer que estejam sei que estão a sorrir e 

orgulhosos deste meu caminho; mil saudades... 

aos meus tios e primos por estarem sempre presentes e por todo o carinho. Um 

agradecimento especial à minha tia Liló por todos os mimos; 

a ti Duarte que és o meu companheiro nos vários sentidos da palavra. Obrigada 

pela cumplicidade, respeito, por todos os sorrisos, por cuidares sempre de nós, pela 

forma como olhas para mim e por toda a força, confiança, carinho e segurança que me 

transmites todos os dias da nossa vida. Obrigada por me permitires voar e por estares 

sempre presente com o melhor abraço do mundo! 

Sem dúvida que são essenciais e eu sou muito mais feliz por vos ter na minha vida!  



 

 xi 

 

Funding  

This work received financial support from: 

- FEDER through COMPETE and National Funds (FCT, Fundação para a 

Ciência e Tecnologia) under the project POCI-01-0145-FEDER-30624. 

- European Union (FEDER funds POCI/01/0145/FEDER/007265) and National 

Funds under the Partnership Agreement PT2020 UID/QUI/50006/2013.  

 

 This work was also supported by FCT through the FCT PhD Programs, specifically 

by the BiotechHealth Program (Doctoral Program on Cellular and Molecular 

Biotechnology Applied to Health Sciences) with the grant PD/BI/105907/2014.  

Joana Magalhães also thanks FCT and POPH (Programa Operacional Potencial 

Humano) for the PhD grant SFRH/BD/110683/2015.  

 

 

 



 

   



 

 xiii 

 

Publications 

 

Ao abrigo do disposto do número 2, alínea a) do artigo 31º do Decreto-Lei no 

115/2013 de 7 de Agosto, fazem parte integrante desta tese de doutoramento os 

seguintes trabalhos já publicados:  

! J. Magalhães, A. Vieira, S.G. Santos, M. Pinheiro, S. Reis (2017) Oral 

administration of Nanoparticles-Based TB Drugs. Multifunctional Systems for Combined 

Delivery, Biosensing and Diagnostics -1st Edition. Elsevier ISBN: 9780323527255.  

! A. Vieira*, J. Magalhães*, S. Rocha, M.S. Cardoso, S.G. Santos, M. Borges, M. 

Pinheiro, S. Reis (2017) Targeted macrophages delivery of rifampicin-loaded lipid 

nanoparticles to improve tuberculosis treatment. Nanomedicine, 12(24). Doi: 

10.2217/nnm-2017-0248.  

! J. Magalhães, A.C. Vieira, S. Pinto, S. Pinheiro, A. Granja, S.G. Santos, M. 

Pinheiro, S. Reis (2018) New approaches from nanomedicine and pulmonary drug 

delivery for the treatment of Tuberculosis. Nanoparticles in the Life Sciences and 

Biomedicine. Pan Stanford Publishing. ISBN: 9789814745987.  

 

*These authors contributed equally for this work.  

 
 

 

  



 

  

 

 

 

 

 

 



 
 

 xv 

 

Abstract 

 

Tuberculosis (TB) is an infectious disease with a high worldwide incidence and 

prevalence, being the leading cause of death from a single infectious agent. In spite of the 

progresses that have been made, low patient’s compliance to therapy and emergence of 

multidrug resistant (MDR) strains remain unsolved problems in TB control and eradication. 

Therefore, increasing therapeutic compliance through improved treatment options is 

required.  

The main motivation of this PhD thesis was to use nanotechnology to improve TB 

treatment. For that purpose, different strategies were explored, namely optimization of 

nanostructured lipid carriers (NLCs) designed to be used as drug delivery systems of anti-

TB drugs; development of mannosylated NLCs (M-NLCs) to specifically target the alveolar 

macrophages (AMs); evaluation of NLCs antimycobacterial efficacy; assessment of their 

cellular uptake and biocompatibility in a triple cell co-culture (TCCC) model of the human 

epithelial airway barrier; and evaluation of the potential use of NLCs as safe pulmonary 

drug delivery systems.   

The first approach included a quality-by-design methodology to optimize the 

synthesis of rifapentine (RPT)-loaded NLCs. Using the box-behnken design, drug 

encapsulation efficiency (EE) and loading capacity (LC) of RPT-loaded NLCs was 

increased and their size was fine-tuned to be appropriate for both oral and pulmonary 

delivery forms. Results revealed that the optimized RPT-loaded NLCs were appropriate 

for RPT encapsulation, and no harmful effect on primary human macrophages (MDMs) 

viability was observed.   

To specifically target macrophages, key cells in TB infection, rifampicin (RIF)-loaded 

NLCs were functionalized using mannose. The obtained results revealed that the 

mannose coating was efficiently achieved, and NLCs were able to encapsulate RIF with 

EE values higher than 90%. In addition, RIF-loaded M-NLCs were able to restrict the 

intracellular growth of M. avium-infected bone marrow derived macrophages (BMDMs) 

with a more pronounced effect than free RIF administration. With this study, a new 

strategy to improve RIF antimycobacterial efficacy and targeted delivery to AMs was 

achieved.  

To provide a deeper knowledge about the cellular uptake and biocompatibility profile 

of NLCs, a TCCC model of the human alveolar epithelial barrier was used. Results 

revealed that upon exposure to NLCs, the cell layer integrity of the TCCC model was 
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maintained and MDMs were able to internalize NLCs and M-NLCs without evidence of 

cytotoxic or pro-inflammatory responses. Moreover, internalization studies using MDMs 

and the innovative ImageStreamX technique confirmed that M-NLCs were more efficiently 

internalized than NLCs. The overall results support the in vitro biocompatible properties of 

NLCs, providing a useful basis for their application in pulmonary drug delivery. 

Finally, in vivo studies using BALB/C mice were accomplished to predict the toxicity 

in the respiratory system, and thus lung damage upon NLCs administration via 

oropharyngeal aspiration. Despite the indication of respiratory toxicity promoted by their 

surface hydrophobicity index value, when administered to mice, NLCs were well tolerated 

in the lungs and did not exacerbate the inflammatory response. In sum, this study 

provided a proof-of-concept of the in vivo biocompatibility and safety profile of NLCs in the 

respiratory tract.  

In conclusion, this PhD thesis contributed to the development of nano-based 

systems for the delivery of anti-TB drugs to infected areas answering to the challenges of 

improving TB treatment and consequently patient’s compliance to therapy. Despite the 

significant advances that open new directions for TB treatment, there is a long pathway to 

demonstrate the therapeutic relevance of NLCs in pre-clinical models and clinical trials. 

Therefore, more investment in TB research is necessary to achieve the World Health 

Organization (WHO) proposed goals for TB elimination until 2050.  

 

 

Keywords: lipid nanoparticles; targeted therapies; pulmonary drug delivery; infectious 

diseases; M. tuberculosis; nanomedicine.  
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Resumo 

 

A Tuberculose (TB) é uma doença infeciosa com uma elevada incidência e 

prevalência a nível mundial, sendo a principal causa de morte devido a um único agente 

infecioso. Apesar dos progressos que têm sido feitos, a baixa adesão dos pacientes ao 

tratamento e o aparecimento de bactérias multirresistentes têm dificultado o controlo e 

erradicação da TB. Como tal, é essencial aumentar a adesão à terapêutica através da 

melhoria dos tratamentos disponíveis.  

A principal motivação desta tese de doutoramento consistiu na utilização da 

nanotecnologia para melhorar o tratamento da TB. Para tal, foram exploradas diferentes 

estratégias, nomeadamente a otimização da síntese de carregadores lipídicos 

nanoestruturados (NLCs) para serem utilizados na entrega de fármacos antituberculosos; 

o desenvolvimento de NLCs revestidos com manose (M-NLCs), de forma a direcionar a 

terapia para os macrófagos alveolares; a avaliação da eficácia antimicrobiana de NLCs; o 

estudo da internalização celular e biocompatibilidade num modelo de tripla co-cultura 

celular (TCCC) que mimetiza a barreira epitelial do trato respiratório humano; e a 

avaliação da potencial aplicação de NLCs como sistemas de entrega de fármacos 

seguros por via de administração pulmonar.  

A primeira estratégia envolveu uma metodologia de desenho experimental de forma 

a otimizar a síntese de NLCs para incorporar rifapentina (RPT). Usando um desenho 

experimental do tipo box-behnken, a taxa de encapsulação do fármaco e a capacidade 

de carga dos NLCs foram aumentadas, e o seu tamanho foi otimizado para ser 

apropriado para administração oral e pulmonar. Os resultados revelaram que as 

formulações otimizadas são apropriadas para encapsular RPT e não desencadeiam 

efeitos nocivos na viabilidade celular de culturas primárias de macrófagos humanos.   

De forma a direcionar a entrega de rifampicina (RIF) aos macrófagos, células com 

um papel essencial no principal local de infecção da TB, o fármaco foi encapsulado em 

NLCs (RIF-NLCs) e estas formulações foram revestidas com manose (RIF-M-NLCs). Os 

resultados obtidos mostram que a funcionalização de NLCs com manose foi efetuada 

com sucesso, sendo atingida uma taxa de encapsulação de RIF superior a 90%. Além 

disso, o crescimento intracelular da micobactéria em macrófagos infectados com M. 

avium foi inibido após tratamento com RIF-M-NLCs, tendo um efeito mais acentuado do 

que o fármaco livre. Com este estudo, foi apresentada uma nova estratégia para melhorar 

a eficácia antimicrobiana do fármaco RIF através da entrega direcionada ao local de 
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infecção.  

Para melhor compreender a internalização celular e a biocompatibilidade de NLCs, 

foi utilizado um modelo TCCC que mimetiza a barreira epitelial do trato respiratório 

humano. Os resultados mostraram que após exposição às NLCs, a integridade estrutural 

do modelo TCCC foi mantida e os macrófagos foram capazes de internalizar NLCs e M-

NLCs sem evidência de resposta pro-inflamatória ou citotoxicidade. Adicionalmente, 

estudos de internalização utilizando a técnica inovadora ImageStreamX confirmaram que 

os macrófagos internalizam mais eficazmente M-NLCs do que NLCs sem manose. De um 

modo geral, a biocompatibilidade de NLCs foi demonstrada pelos resultados obtidos in 

vitro, suportando a sua potencial aplicação como sistemas de entrega de fármacos 

direcionados ao local de infecção.  

Por fim, foram efetuados estudos em modelos animais utilizando ratinhos BALB/C, 

de modo a prever a toxicidade de NLCs no trato respiratório e consequentes danos 

pulmonares após administração das partículas por via orofaringeal. Apesar da indicação 

prévia de toxicidade respiratória promovida pelo elevado índice de hidrofobicidade da sua 

superfície, quando administrados aos ratinhos, as nanopartículas foram bem toleradas 

nos pulmões e não exacerbaram a resposta inflamatória. Em suma, este estudo constitui 

uma prova de conceito da biocompatibilidade e perfil seguro de NLCs in vivo, onde a via 

de administração pulmonar foi explorada.  

Em conclusão, esta tese de doutoramento contribuiu para o desenvolvimento de 

nanossistemas para a entrega de fármacos antituberculosos nos locais de infeção, dando 

resposta aos desafios atuais de melhorar o tratamento da TB e consequentemente 

aumentar a adesão à terapêutica. Apesar destes avanços que abrem novos horizontes 

no tratamento da TB, há ainda um longo percurso para demonstrar o efeito terapêutico de 

NLCs em estudos pré-clínicos e em ensaios clínicos. Como tal, é necessário mais 

investimento em investigação de forma a cumprir os objetivos propostos pela 

Organização Mundial de Saúde que pretendem eliminar a TB até 2050.  

 

 

Palavras-chave: nanopartículas lipídicas; terapias direcionadas; administração 

pulmonar; doenças infeciosas; M. tuberculosis; nanomedicina.  
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Chapter 1 
 

Thesis Layout   

This PhD thesis is divided into five chapters: 

 

Chapter 1: Thesis Layout  

Chapter 1 describes the thesis organization and provides a summary of the contents 

of each chapter. 

 

Chapter 2: Introduction  

In this chapter, the global impact of tuberculosis (TB), as well as the application of 

nanotechnology as a new tool for TB treatment are discussed. For that purpose, two sub-

chapters were included: 

2.1. Oral administration of nanoparticles-based TB drugs (published in 

Multifunctional Systems for Combined Delivery, Biosensing and Diagnostics – 1st Edition, 

2017, Elsevier, ISBN: 9780323527255).  

This sub-chapter includes a revision of the existing nanodelivery systems for the 

oral administration of anti-TB drugs. Moreover, the factors that affect the uptake and 

translocation of drugs or nanodelivery systems in the gastrointestinal (GI) tract, and the 

limitations of oral drug delivery were discussed.  

 

2.2. New approaches from nanomedicine and pulmonary drug delivery for the 

treatment of tuberculosis (published in Nanoparticles in Life Sciences and Biomedicine, 

2018, Pan Stanford Publishing, ISBN 9789814745987).   

This section includes a detailed description of the epidemiology, etiology, 

transmission and physiopathology of TB. The main clinical manifestations, diagnosis, and 

TB treatment options were also addressed. Lastly, the recent progress in nanosystems for 

the pulmonary delivery of anti-TB and their impact in TB treatment were reviewed.  
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Chapter 3: Motivation and Research Aims  

In this chapter, the motivation and the major scientific aims of this PhD thesis are 

explained.  

 

Chapter 4: Progress Beyond the State of the Art  

Chapter 4 comprises the experimental work that was performed to achieve the 

proposed goals of chapter 3. In the follow-up, the following papers were included: 

 

4.1. Optimization of nanostructured lipid carriers for tuberculosis therapy 

based on a quality-by-design strategy (submitted). 

 

4.2. Targeted macrophages delivery of rifampicin-loaded lipid nanoparticles to 

improve tuberculosis treatment (published in Nanomedicine, 2017).  

 

4.3. Lipid nanoparticles biocompatibility and cellular uptake in a 3D human 

lung model (submitted). 

 

4.4. Pulmonary biocompatibility and macrophage-targeting of mannosylated 

lipid nanoparticles (under preparation). 

 

Chapter 5: Concluding Remarks and Future Perspectives  

This chapter includes a general discussion, in which the major findings of the 

presented research work are debated in an integrated manner. Moreover, research 

limitations alongside with future perspectives in the field are also discussed.  
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Chapter 2 
 

Theoretical Background 

1. Tuberculosis: Global impact 

Tuberculosis (TB) is one of the most prevalent and lethal infectious diseases 

worldwide, being the leading cause of death for people infected with human 

immunodeficiency virus (HIV), and a major cause of death due to antimicrobial resistance 

[1, 2]. In the last available report, the World Health Organization (WHO) estimates 10 

million new cases of TB in 2017, which resulted in 1.6 million deaths [1].  

The current TB treatment consists in a long-term multidrug combination that is 

associated with several adverse-effects and non-compliance to therapy [3, 4]. Moreover, 

the emergence of multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB 

(XDR-TB) constitute important problems in TB control and eradication [2, 5].  

From 2016, the main goal of the WHO is to implement the End TB Strategy. This 

strategy includes the recently adopted Sustainable Development Goals that involve the 

reduction of TB new cases by 80% and TB deaths by 90%, between 2015 and 2030 [6, 7]. 

For this purpose, current research should focus on the improvement of therapeutic 

compliance through the development of more effective diagnostics, vaccines, anti-TB 

drugs, and through the application of targeting drug delivery systems that increase the 

efficacy of available chemotherapy. 

 

2. Nanotechnology: a new tool for tuberculosis treatment 

The development of nanodelivery systems represents an interesting alternative for 

the delivery of anti-TB drugs to the target site of infection, as an attempt to reduce the 

required dose, and to minimize dose-dependent side effects of free drug administration [8, 

9]. In addition, this strategy may contribute to decrease treatment duration, and thus 

improve patient’s compliance to therapy, which is a major obstacle to TB control and 

eradication [10].  

Until now, several nanodelivery systems for the oral administration of anti-TB drugs 

have been widely studied and their utility as an alternative to the classical TB treatment 

has been suggested (reviewed in Chapter 2.1). Moreover, due to their ability to overcome 
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the barriers of the inhalatory route of administration, and potential to target drug delivery 

to alveolar macrophages (AMs), diverse types of nanoparticles (NPs) have been proposed 

for the pulmonary delivery of anti-TB drugs (reviewed in Chapter 2.2). 

This PhD thesis includes a wide variety of methodologies to explore the application 

of nanostructured lipid carriers (NLCs) as drug delivery systems for the treatment of TB.  

Despite the advantages of NLCs, a clearer understanding of their efficacy and safe profile 

using animal models is essential before reaching clinical trials. Nonhuman primates are 

the most representative models but ethical considerations and the high maintenance 

costs preclude their widespread use [11]. The most recent advances have been focused 

on the development of more complex in vitro 3D models, using tissue engineering and 

lung organoids technologies [12]. This would allow an efficient screening of new 

therapeutics, and open new opportunities towards TB control and eradication.  
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Chapter 16

Oral Administration of 
Nanoparticles-Based TB Drugs
Joana Magalhães*, Alexandre Vieira*, Susana Santos**, Marina Pinheiro* and 
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*UCIBIO/REQUIMTE, University of Porto, Porto, Portugal; **INEB—Institute of Biomedical Engineering, 

i3S-Institute of Research and Innovation in Health, University of Porto, Porto, Portugal

1 INTRODUCTION
Tuberculosis (TB) is a major global health problem, being the leading cause of death worldwide, alongside the infection 
by the human immunodeficiency virus (HIV) (Dube et al., 2013; WHO, 2015). In 2016, the World Health Organization 
(WHO) reported 10.4 million new cases of TB, resulting in 1.8 million deaths, including 0.4 million HIV-positive individu-
als (WHO, 2015).

TB is caused by Mycobacterium tuberculosis, through the inhalation of infectious aerosols, and bacilli colonization of 
alveolar macrophages. The infection is established in 25%–50% of close contacts with the bacilli. The infected individuals 
can develop a symptomatic and infectious state know as active TB (5%–10% of the cases), or an asymptomatic and nonin-
fectious state, namely latent TB (90%–95%) (WHO, 2015) (Fig. 16.1).

Recent estimates indicate that one-third of the world’s population is latently infected with M. tuberculosis (WHO, 2015). 
Latent TB infection is asymptomatic and nontransmittable; however, latent individuals constitute a reservoir for new dis-
ease and ongoing M. tuberculosis transmission, carrying the 5%–10% lifetime risk of progression to active disease, referred 
previously (Hartman-Adams et al., 2014). Risk factors for progression from latent to active form of disease include diabetes 
mellitus, immunosuppressive diseases (e.g., HIV, leukemia, lymphoma), immunosuppressive therapy (e.g., long-term use 
of corticosteroids, TNF-α blockers), extended travel in high-incidence countries, M. tuberculosis infection within the past 
2 years, polymorphisms in vitamin D receptors or in IL-12 and IFN-γ genes, lung parenchyma abnormalities, malnutrition, 
smoking, drug and alcohol abuse (Fogel, 2015; Hartman-Adams et al., 2014; WHO, 2015).

Generally, M. tuberculosis infection affects the lungs, being in that case designated by pulmonary TB. However, TB 
may progress into extrapulmonary forms via dissemination of the bacilli into the lymph nodes and blood stream (Dube 
et al., 2012). In pulmonary TB, symptoms include chronic cough, production of blood-tinged sputum due to inflammation 
and tissue necrosis, hemoptysis (only in rare cases), night sweat, chest pain, pleuritic pain, dyspnea (unusual, unless there 
is extensive disease), and can also cause severe respiratory failure (Yan et al., 2016). Extrapulmonary TB has a wider range 
of symptoms, depending on which organ is affected, and, in many cases, infection produces systemic effects, rather than 

Chapter Outline
1 Introduction 307
2 Gastrointestinal Tract 310

2.1 Oral Administration of Drugs 310
2.2 Factors Affecting Uptake and Translocation 

in the GI Tract 311
2.3 Drug Stability and Target Drug Delivery 

in the GI Tract 312
3 Nanoparticles as Drug Delivery Systems 313

3.1 Effect of the Characteristics of NPs 
on Oral Drug Delivery 315

3.2 Oral Anti-TB Drug Delivery  
Nanotechnologies 316

4 Future Directions and Challenges 320
5 Conclusions 321
Acknowledgments 321
References 322



  NanoTB | Theoretical Background  
 

 

 
Chapter 2.1  | 10 

 

   

308   Multifunctional Systems for Combined Delivery, Biosensing and Diagnostics   

local ones (Dunlap et al., 2000; Kaufmann, 2006). Moreover, these effects are usually associated with other ailments, such 
as HIV infection, diabetes mellitus, and neoplastic diseases that considerably delay diagnosis and increase misdiagnoses, 
especially in patients coinfected with HIV (Dunlap et al., 2000).

In the last 20 years, a global TB monitoring system was created and annual rounds of data collection have provided 
valuable information regarding TB prevention, diagnosis, and treatment. In the past 15 years, TB incidence has fallen 
by an average of 1.5% per year, and more than 43 million lives were saved through effective diagnosis and treatment 
(WHO, 2015).

Sputum smear test is the most common method for diagnosing TB. This simple an inexpensive technique involves 
the quantification of mycobacteria in stained sputum preparations by microscopic examination. This test is very useful 
but has a low sensitivity, requiring 105 colony forming units (CFU)/mL in the sputum sample to reliably detect mycobac-
teria (Wlodarska et al., 2015). Additionally, this test does not distinguish between different species of mycobacteria. To 
overcome this limitation, culture-based methods using selective media for mycobacteria are necessary. Recent molecular 
tests can be applied directly to the sputum sample, giving rapid, highly specific and sensitive diagnosis without the need 
of culture-based methods that are limited by the long culture period required (Yan et al., 2016). Nonetheless, besides all 
advantages of these molecular tools for TB diagnostics, conventional microscopy and culture-based techniques remain 
necessary for monitoring patient’s response to treatment. A successful treatment is determined by a lack of M. tuberculosis 
growth in a sample from an individual whose previous sputum culture test was positive. An accurate TB diagnosis is es-
sential for a timely detection of infection. When detected, patients should start the most effective treatment regimen as soon 
as possible, in order to minimize the risk of transmission to other individuals in their local community.

TB treatment regimens may take into consideration the pharmacodynamics interactions between the drug or combi-
nation of drugs, the M. tuberculosis, and the host. Anti-TB drugs have different mechanisms of action against M. tuber-
culosis, including inhibition of multiple essential cellular pathways, such as the synthesis of mycolic acids (Takayama 
et al., 1972, 1975; Winder and Collins, 1970), nucleic acids (Gangadharam et al., 1963), and phospholipids (Brennan 
et al., 1970); inhibition of transcription, through the binding with high affinity to bacterial DNA-dependent RNA polymerase 
(Kolyva and Karakousis, 2012); blocking the movement of replication forks and transcription complexes (Drlica and 
Malik, 2003); inhibition of translation, through the binding to the 30S ribosomal subunit, affecting polypeptide synthesis 
(Kolyva and Karakousis, 2012); disruption of proton motive force required for membrane transport functions (Zhang 
et al., 2003); and inhibition of cell wall arabinan polymerization, affecting arabinogalactan biosynthesis (Mikusova 
et al., 1995) (Fig. 16.2).

According to their efficacy, potency, drug class, and experience of use, anti-TB drugs are classified into one of five 
groups. Group 1 includes oral first-line anti-TB drugs, such as isoniazid (INH), pyrazinamide (PZA), rifampicin (RIF), eth-
ambutol (EMB), rifapentine (RPT), and rifabutin (RFB). The 2 group comprises injectable aminoglycosides (streptomycin, 
kanamycin, and amikacin), and injectable peptides (capreomycin and viomycin). The oral and injectable fluoroquinolones 
(ciprofloxacin, ofloxacin, levofloxacin, gatifloxacin, and moxifloxacin) are included in group 3; oral second-line agents 
(ethionamide, prothionamide, cycloserine, terizidone, thioacetazone, and para-amino salicylic acid) in group 4; and the 

FIGURE 16.1 Mycobacterium tuberculosis exposure and risk of TB infection. Exposure to M. tuberculosis can result in different clinical outcomes. 
The infection is only established in 25%–50% of close contacts with the bacilli. Approximately 5%–10% of infected individuals develop a symptomatic 
form of disease (active TB) in their lifetime, representing only the “tip of the iceberg.” On the other hand, a latent and asymptomatic state occurs in 90%–
95% of infected individuals. Among them, there is a 5%–10% lifetime risk of progression to an active form of disease. The risk is considerably higher 
in the presence of predisposing factors, such as immunosuppressive diseases, immunosuppressive therapy, extended travel in high-incidence countries, 
M. tuberculosis infection within the past 2 years, lung parenchyma abnormalities, diabetes mellitus, malnutrition, and smoking.
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third-line anti-TB drugs clofazimine, linezolid, amoxicillin plus clavulanate, clarithromycin, and imipenem plus cilastatin 
in group 5 (Ahmad and Mokaddas, 2014; Douglas and McLeod, 1999; Zumla et al., 2015).

The current recommended treatment includes 2 months of daily administration of a four-drug combination (INH, PZA, 
RIF, and EMB), followed by 4 months of daily administration of INH and RIF (WHO, 2015). The second-line agents are 
used when treatment with first-line drugs fails or in presence of multidrug resistant TB cases that the WHO defined as be-
ing resistant to at least RIF and INH. The second-line drugs are less effective, more toxic, the treatment lasts for at least 
18–20 months, and these therapies are usually unavailable in many countries, due to high costs (WHO, 2015). In some 
cases, more severe drug resistance can occur, namely extensively drug-resistant TB. This form of disease responds to even 
fewer available antibiotics, including the most effective second-line anti-TB drugs (WHO, 2015). The third-line anti-TB 
drugs have more side-effects, and are even more expensive than first- and second-line anti-TB drugs. Moreover, in the ma-
jority of the cases the third-line drugs are under clinical trials, and have unclear efficacy (WHO, 2015; Zumla et al., 2013).

The long treatment schedules that are required (6 months or longer) for classical chemotherapy are usually associated 
with severe adverse effects, resulting in poor compliance, one of the main reasons for the appearance of multidrug resistant 
strains and treatment’s failure (Dartois, 2014; Das et al., 2015; Pinheiro et al., 2011). The current therapies have also a lim-
ited ability to penetrate granulomas and have reduced effects on dormant bacilli (Wallis and Hafner, 2015). Moreover, the 
prolonged regimen that is necessary to treat TB can lead to hepatotoxic effects, gastrointestinal disorders, allergic reactions, 
and arthralgia (Horsburgh et al., 2015). In this context, improved therapy regimens are needed to shorten TB treatment 
duration, avoid resistance, and reduce lung injury.

Besides the aforementioned limitations, the administration routes also have critical challenges. The oral route is the 
most convenient and least expensive; however, prolonged administration of high doses is needed, and only subtherapeutic 
levels of anti-TB drugs reach the site of infection, due to the slower onset of action, the hepatic first-pass metabolism, 
and harsh gastrointestinal absorption (Pham et al., 2015; Turner et al., 2011). The oral route is also associated with severe 
side-effects, as a result of high systemic exposure (du Toit et al., 2006; Mehanna et al., 2014). Compared to the oral 
route, the parenteral and pulmonary routes have highest bioavailability, and are not subject to first-pass metabolism (Pham 
et al., 2015). Nevertheless, parenteral administration is a painful route of administration, and requires the presence of 
healthcare workers (Blumberg et al., 2003; Prabakaran et al., 2004); and biological and anatomical barriers in the respi-
ratory tract can be challenging limitations to elicit a therapeutic effect through pulmonary route (Lai et al., 2009; Song 
et al., 2009; Thorley and Tetley, 2013).

Recent advances and emerging technologies in nanoscale systems, particularly nanoparticles (NPs), have the potential 
to efficiently encapsulate anti-TB drugs, to elicit controlled drug release, and to overcome the need to administer anti-TB 

FIGURE 16.2 Mechanisms of action and target sites of first-line anti-TB drugs. This scheme represents the cell wall and the cytoplasm of 
M. tuberculosis. Isoniazid (INH) is a prodrug that inhibits mycolic acid synthesis; ethambutol (EMB) inhibits the arabinogalactan biosynthesis through the 
inhibition of cell wall arabinan polymerization; pyrazinamide (PZA) promotes the disruption of the proton motive force required for essential membrane 
transport; and rifampicin (RIF) is able to bind with high affinity to bacterial DNA-dependent RNA polymerase, inhibiting transcription.
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drugs at high and frequent doses that would contribute to enhance patient compliance, and circumvent the side-effects of 
anti-TB drugs. Up to date, several nanodelivery systems for the oral administration of anti-TB drugs have been intensively 
studied, and their utility as an alternative to the classical TB treatment has been suggested.

In this context, the uptake and translocation of drugs in the gastrointestinal tract (GI tract), the factors that affect drugs’ 
stability, and other limitations of oral drug delivery will be reviewed. Lastly, the recent progress in nanodelivery systems 
for the oral administration of anti-TB drugs, as well as their potential impact, will be discussed.

2 GASTROINTESTINAL TRACT
The digestive system is composed by the GI tract and the auxiliary organs of digestion, including the salivary glands, liver, 
gall-bladder, and pancreas (Harrison et al., 2004). The main digestive system functions are related to absorption of nutri-
ents, electrolytes, minerals and water, elimination of potentially harmful substances, and immune surveillance and protec-
tion, with lymphoid tissue found throughout the GI tract (Kararli, 1995). The GI tract, also known as the gastrointestinal 
canal or gut, is a muscular digestive tube that winds through the body, and constitutes a barrier between the environment 
and the systemic circulation (Harrison et al., 2004).

The GI tract, with a length of approximately 9 m, provides a large surface area for absorption (300–400 m2) (Bernkop-
Schnurch, 2013). It begins at the mouth, includes the esophagus, stomach, small intestine, large intestine (including the 
colon), rectum, and ends at the anus (Kelly, 2005). The stomach is the most mixing part, and constitutes a reservoir that 
secretes several enzymes, including pepsin, gastric lipase, hydrochloride acid, and the intrinsic factor. The small intestine 
is the longest part of the GI tract, and the major site for the absorption of nutrients and drugs. The large intestine is the last 
major subdivision of the GI tract (Liu et al., 2003). Colon is the site of the most abundant microflora, constituted predomi-
nantly of anaerobic bacteria.

The GI tract wall is divided in four layers, namely mucosa, submucosa, muscularis externa, and serosa, each of them 
containing a dominant tissue type that performs specific functions. The mucosa is the absorptive and major secretory 
layer, consisting of a simple columnar epithelium supported by a thin layer of areolar connective tissue (lamina propria), 
and containing both blood capillaries and numerous subepithelial lymphoid aggregates and lymphatic capillaries, named 
lacteals. These are part of the gut–associated lymphoid tissue (GALT) that allows for immune surveillance and response. 
Mucosal lymphoid aggregates contain M cells that take up antigens from the intestine lumen to deeper layers, where 
dendritic cells are present (DeSesso and Jacobson, 2001; Mowat and Agace, 2014). External to the lamina propria is a 
thin layer of smooth muscle (muscularis mucosae) with a variety of modifications, including folds, depressions (crypts), 
and finger-like projections (villi) that increase greatly the absorptive surface area of the GI tract (DeSesso and Jacobson, 
2001). The submucosa is a highly vascular layer of connective tissue, comprising blood and lymphatic vessels, and the 
submucosal plexus that provides the nerve supply to the muscularis mucosae. The muscularis externa has longitudinal and 
circular muscle fibers, being responsible for segmental contractions and peristaltic movement through the GI tract. Serosa 
consists in an areolar connective tissue covered by a squamous epithelium layer that acts as a protective layer (Renukuntla 
et al., 2013).

The gastrointestinal enzymes include the luminal enzymes, gut wall/mucosal enzymes, and bacterial enzymes. These 
enzymes contribute to the presystemic metabolism of drugs. The gut wall/mucosal enzymes are mainly present in the stom-
ach, small intestine, and colon.

The pH of the GI tract varies from 1 to 7.4, and is subject to internal and external individual variations, including health, 
diet, physical, and emotional situations (Scheline, 1973).

The GI tract microflora includes a wide variety of different microorganisms that contribute to digestive function, and 
are important in homeostasis and gut-associated immune function (Avila et al., 2009; Bellmann et al., 2015; Joyce and 
Gahan, 2014). The comprehension of the GI tract physiology and cellular mechanisms, in normal and in pathological 
conditions, is essential to exploit the oral route for drug delivery.

2.1 Oral Administration of Drugs
The first evidence of the intestines as a portal of entry for administered medication was reported by the Egyptians in the 
hieroglyph PEKHER tyforms the root of our modern word pharmacist and, in ancient Egypt, meant the magical medica-
tion (Jacq, 1998). The oral route has given medication for many thousands of years. There is evidence that Paleolithic 
and Neolithic man administrated medicinal herbs by mouth (Cowen and Helfand, 1990). In fact, the oral route is still 
preferred today, and over 80% of the best-selling pharmaceutical products are given through the oral route (Lennernas and 
Abrahamsson, 2005).
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The oral route offers several advantages in comparison to other routes for the patient, including convenience, painless admin-
istration, and self-application, resulting in compliance to the treatment (Bernkop-Schnurch, 2013). Generally, the foreign mol-
ecules after the oral administration are absorbed in the GI lumen and go across gastrointestinal mucosa, capillary beds of small 
and large intestine, liver via portal circulation and then are transported to the rest of the human body. The exception to aforemen-
tioned is the molecules absorbed into the lymphatic system or distal rectum that bypass the liver efficiently (Harrison et al., 2004).

The GI tract provides a large surface area for absorption, an excellent blood supply, and extensive residence time that 
strongly favors the drug absorption. However, most drugs have stability, permeability, and solubility issues, resulting in 
low bioavailability (Bernkop-Schnurch, 2013). For that reason, the attention in the oral drug delivery has been related with 
modifying oral dosage forms, or alternatively the entrapment in delivery systems, to overcome the physiological obstacles 
that affect the translocation and uptake of molecules through the GI tract (Fig. 16.3).

In recent years, several physicochemical biotechnology approaches have been developed to surpass the aforementioned 
obstacles. Additional to the physiological features of the GI tract, the physicochemical properties of drugs have also a 
strong influence in oral drug absorption, so new pharmaceutical strategies have been established.

2.2 Factors Affecting Uptake and Translocation in the GI Tract
The anatomy of GI tract presents obstacles that affect the uptake and translocation of molecules through it, mainly the 
gastric degradation in the stomach and the absorption barrier at the intestine (DeSesso and Jacobson, 2001). When a drug 

FIGURE 16.3 General scheme representing the anatomical segments of the GI tract and the physiological barriers that affect the uptake and 
translocation of molecules through the GI tract. The parotid, sublingual, and submandibular glands secrete saliva into the oral cavity. Saliva contains 
water, mucus, lysozyme, salivary amylase, and lingual lipase. In the oral cavity, the presence of digestive enzymes, such as amylases and lipases, con-
tribute to the breakdown of polysaccharides and lipids, respectively. The esophagus is a muscular tube that connects the oral cavity and the stomach. The  
first-pass effect, peristaltic movements, and gastroesophageal reflux influence the translocation of drugs through the esophagus. In the stomach, the acidic 
milieu affects the dissolution and absorption of drugs. The presence of pepsin and gastric lipases contribute to the hydrolysis of proteins and lipids, respec-
tively. The pancreatic juice contains various digestive enzymes (e.g., amylase, trypsin, chymotrypsin, carboxypeptidase, lipase, esterase, and ribonuclease) 
that are secreted into duodenum. Additionally, bile salts that are produced in the liver are also released into duodenum, enhancing the solubilization and 
absorption of fats and lipophilic molecules. The small intestine is the major site of drug absorption. The presence of bacterial population, bile salts, and 
enzymatic degradation affect oral drug absorption. The colon is the site of the most abundant microflora, consisting predominantly in anaerobic bacteria. 
Additional to the long transit time, low absorption, low dissolution rate, and luminal pressure, the microorganisms residing in this region secrete bacterial 
enzymes that may break down some molecules, affecting oral drug absorption. In the anus, the most physiological obstacle is the luminal pressure.
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is orally administered, it traverses the different sections of the GI tract, encountering drastic pH changes and digestive pro-
teolytic enzymes that limit its absorption. Moreover, drugs have to cross the mucus layer and the epithelium before being 
absorbed (Yun et al., 2013). The pH of GI tract varies from 1 to 7.4, being between 1 and 3 in the stomach, between 6.0 and 
6.5 in the duodenum, and between 5.5 and 7.4 in the large intestine (Renukuntla et al., 2013). This wide pH range covers 
the isoelectric points of many peptides and proteins, affecting the overall stability and solubility of drugs (Yun et al., 2013).

Moreover, the tight intercellular architecture of the epithelial cells in the intestinal lining inhibits the penetration of 
large molecules and subsequent tissue absorption. One of the main mucosal barrier components is the glycocalyx, a fuzzy 
and fibrous coat that is weakly acidic, consisting of sulfated mucopolysaccharides and localized atop epithelial cells 
(MacAdam, 1993; Yun et al., 2013). Another barrier to peptides and proteins is mucus (Yun et al., 2013). Mucus is secreted 
by specialized goblet cells of the epithelium, and forms a semipermeable barrier for drug molecules. Moreover, mucin 
fibers are able to interact with proteins via hydrophobic forces, electrostatic/ionic interactions, hydrogen bonding, or by 
van der Waals interactions that can lead to protein structure alterations and to the elimination of entrapped proteins, making 
them unavailable for absorption (Pawar et al., 2014). The mucin layer is thickest in the stomach and colon but its thickness 
varies in the small intestine, depending on the extent of digestive activity (Kerss et al., 1982; Yun et al., 2013).

In general, molecules can cross the intestinal epithelial cells (i.e., enterocytes) by three distinct transepithelial pathways: 
transcellular passive transport, paracellular transport, and transcellular carrier-mediated or facilitated transport (Pawar 
et al., 2014).

Transcellular and paracellular are two types of passive diffusion, meaning that the movement is performed from higher 
to lower concentration, and does not require metabolic energy. Transcellular diffusion is the most predominant pathway for 
drug absorption, and involves the movement of drug molecules across the entire enterocyte. The phospholipid bilayer of 
the plasma membrane of enterocytes is the most limiting factor for the free movement of substances from the lumen to the 
bloodstream, through transcellular transport (Fasano, 1998). In this context, the transcellular transport is ideal for lipophilic 
drugs, due to their high affinity for the lipid bilayer of cell membrane (Renukuntla et al., 2013).

Paracellular transport includes the diffusion of drugs through intercellular spaces (e.g., tight junctions) between adja-
cent cells (Fasano, 1998). This route is usually used by low molecular weight hydrophilic compounds for transepithelial 
transport (Renukuntla et al., 2013).

Small molecules can cross the epithelial layer through transcellular or paracellular transport. On the other hand, due 
to viscous glycocalyx and microvilli, colloidal sized molecules (proteins, peptides, or their carriers) find it difficult to ap-
proach apical surfaces of enterocytes, and are usually up taken by M cells of Peyer’s patches (Pawar et al., 2014).

Transcellular carrier-mediated or facilitated transport is an active pathway that shuttles molecules against the concen-
tration gradient, requiring specific carriers for the transepithelial transport of molecules. This process is ideal for intes-
tinal absorption of di- and tripeptides (Renukuntla et al., 2013). Oligopeptide transporters are useful for the absorption 
of peptide drugs, such amino-β-lactam antibiotics, renin-inhibitors, and angiotensin converting enzyme inhibitors (Bai 
and Amidon, 1992). Nevertheless, transcellular carrier-mediated transport is usually limited to drugs that are structurally 
similar to endogenous substances, such as vitamins, sugars, or amino acids (Fasano, 1998; Pawar et al., 2014).

Oral absorption of molecules is also determined by their solubility and permeability. With the exception of drugs with 
high solubility and permeability, the other groups of drugs (low solubility and low permeability; low solubility and high 
permeability; and high solubility and low permeability) have insufficient oral absorption (Shahbazi and Santos, 2013).

Within the antibiotic families, β-lactams and aminoglycosides have limited cellular penetration, due to their high hy-
drophilicity. Fluoroquinolones and macrolides diffuse well into cells, but they display low intracellular retention (Abed and 
Couvreur, 2014).

Another drawback of orally administered drugs is the first-pass metabolism that occurs in the intestinal wall and in the 
liver, in which drugs can be metabolized before reaching the systemic circulation, generally resulting in poor bioavailability 
(Florence et al., 1995; DeSesso and Jacobson, 2001).

To circumvent the aforementioned limitations, attention has shifted to targeted drug delivery and other nanotechnology 
approaches.

2.3 Drug Stability and Target Drug Delivery in the GI Tract
Oral drug delivery has some limitations, such as low stability in the gastric tract, low solubility and/or bioavailability, 
and reduced permeability across intestinal biological membranes (Florence et al., 1995; Pawar et al., 2014). Additionally, 
physical barriers, such as the mucus barrier, can prevent drug penetration and subsequent absorption (Chen et al., 2013). To 
overcome these obstacles, chemical and physical biotechnology approaches have been performed to improve the physico-
chemical and pharmacokinetic properties of drugs.
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Physicochemical properties, such as solubility, permeability, lipophilicity, and stability in biological fluids are usually 
improved using a chemical strategy. The most common chemical strategies include site-specific mutagenesis, proteinyl-
ation, glycosylation, PEGylation, and prodrugs.

Site-specific mutagenesis is usually performed to modify the physicochemical and biological properties of peptides, 
reducing the enzymatic degradation of the peptide, and improving metabolic stability and oral bioavailability (Pawar 
et al., 2014). This protein sequence modification involves the identification of potential cleavable sites, and their substitu-
tion without altering the biological activity of the subjected peptide.

Proteinylation is used to alter the peptide’s permeability in the GI tract, or to improve selectivity toward the target site. 
It involves the addiction of secondary proteins to the parent lead peptide, creating hydrophobic and nonimmunogenic 
daughter proteins (Pawar et al., 2014).

Oral absorption, circulating stability, and permeability can also be improved through glycosylation or PEGylation 
(Costa et al., 2014; Veronese and Mero, 2008). Glycosylation involves the attachment of various carbohydrates moieties to 
the parent lead peptide. PEGylation involves the modification of molecules through covalent conjugation with polyethylene 
glycol (PEG).

Prodrugs are chemical derivatives of pharmacologically active agents that need transformation within the body to be-
come active. Commonly, prodrugs are obtained using only one or two chemical or enzymatic transformation steps. On 
the other hand, some cases involve the combination of two pharmacologically active drugs in a single molecule (Kiptoo 
et al., 2006; Rautio et al., 2008). Prodrugs are often designed to overcome poor aqueous solubility, chemical instability, 
insufficient oral absorption, short biologic half-life, or to improve drug targeting, through active transport.

Compared to chemical strategies, physical strategies are more feasible in improving the pharmacodynamics and pharma-
cokinetics of drugs. These approaches are based on covalent and noncovalent interactions of drugs with absorption enhanc-
ers, enzyme inhibitors, or colloidal carrier systems (microparticles, nanoparticles, or nanoemulsions) (Pawar et al., 2014).

Surfactants, chelating agents, and fatty acids are common absorption enhancers that contribute to improve drugs pen-
etration, due to their ability to modify membrane fluidity, mucus viscosity, and structural integrity of lipid bilayer of the 
intestine (Renukuntla et al., 2013). Enzyme inhibitors contribute to protect peptides from degradation through the GI tract. 
To improve oral bioavailability of peptides and protein drugs, enzyme inhibitors are usually used in combination with ab-
sorption enhancers (Hamman et al., 2005; Herrero et al., 2012).

In the last decades, a wide range of colloidal carrier systems have been proposed as drug delivery systems, due to their 
ability to protect drugs against degradation, control the release rate, and target drug delivery to specific sites. Besides their 
ability in improving drug bioavailability and to overcome the barriers of the oral route, the majority of these systems have 
only been tested in vitro or in animal models, and do not include clinical data in humans. Accordingly, the in vivo transport, 
potential toxicity, and ultimate fate of the colloidal carrier systems remain to be totally clarified (Peng and Mu, 2016).

Another obstacle of oral therapy is the difficulty in delivering drugs to the site of action. Targeted delivery in the GI 
tract can be passively or actively achieved. In the passive targeting, the drug is usually incorporated in a macromolecule or 
nanoparticle that passively reaches the target organ (Singh and Lillard, 2009). On the other hand, active targeting involves 
a tissue- or cell-specific ligand that is attached to the drug or to the carrier system (Lamprecht et al., 2001).

Improved oral delivery design includes the development of pharmaceutical strategies that enhance the physicochemical 
properties of drugs, and the use nanodelivery systems as carriers for active compounds. In these past decades, a wide variety 
of nanosystems have been shown to be more beneficial than conventional formulations. Therefore, the use of nanotechnol-
ogy in formulation design has been studied to improve treatment regimens of several diseases, including TB.

3 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
Nanotechnology is an area of science regarding the design and study of structures, called nanoparticles (NPs), in which at 
least one of the dimensions is measured at the nanoscale range (1–1000 nm). NPs display unique physical and chemical 
properties that significantly change with their size (Pinheiro et al., 2011). In some cases, particles with dimensions greater 
than 1 µm are also considered NPs, since they share some, or even most, of these physical and chemical characteristics.

NPs can be used for medical purposes, namely as nanocarriers for therapeutic and diagnostic agents by means of encap-
sulation, covalent attachment, or surface adsorption of these agents (Moghimi et al., 2005).

The use of NPs in strategies for drug delivery provide technological advantages, such as high stability (i.e., long 
shelflife), high carrier capacity, feasibility of incorporation of both hydrophilic and hydrophobic substances, and feasibil-
ity of variable routes of administration, including oral administration (Gelperina et al., 2005). Moreover, the reduction of 
particle size and increased surface area contribute to enhance solubility, and NPs can be designed to target specific tissues, 
cells, and cellular receptors, enabling spatial controlled drug release.
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NPs have the potential to improve drug stability and solubility. There are several types of nanocarriers, including lipo-
somes, polymeric NPs, lipid NPs, nanoemulsions, nanocrystals, nanosuspensions, and nanocapsules either polymeric or 
lipidic (Mehanna et al., 2014) that have specific physicochemical properties increasing the ability of drug-loaded NPs to 
interact with cells efficiently, improving gastrointestinal drug delivery (Shahbazi and Santos, 2013).

Liposomes are vesicular structures, constituted by phospholipid bilayers enclosing an aqueous medium (Bangham, 
1993; Mouritsen, 2011). They were discovered in 1965, and have been attracting interest as drug delivery vehicles for 
many years (Pinheiro et al., 2011). Liposomes are made from natural, nonimmunogenic, and biodegradable lipid molecules 
(mainly phospholipids), and they possess a unique and versatile structure, with lipid and aqueous regions that can be altered 
to make them better suited to carry hydrophilic, lipophilic, or amphiphilic particles (Chimote and Banerjee, 2005; Willis 
et al., 2012). Hydrophilic drugs tend to be encapsulated in the core, whereas hydrophobic drugs are usually entrapped 
within the lipid bilayers (Pinheiro et al., 2011). According to the number of lipid bilayers, liposomes can be classified as 
unilamellar or multilamellar (Gruner, 1985; Malam et al., 2009). Unilamellar liposomes are composed of a single lipid 
bilayer and a large aqueous core, being suitable for loading hydrophilic drugs (Pinheiro et al., 2011). On the other hand, 
multilamellar liposomes are composed of several lipid bilayers, and have a limited aqueous core, making them appropriate 
for loading hydrophobic molecules (Pinheiro et al., 2011). Liposomes can also be designed to change sensitivity to differ-
ent pH or temperature conditions, allowing a controlled release of the payload drug. In these past decades, several studies 
have demonstrated that antibiotics are significantly less toxic under liposomal formulation than the conventionally admin-
istered drugs (Abed and Couvreur, 2014; Mehta, 1996). Additionally, liposomal formulations containing anti-TB drugs 
are able to extend the half-life of drugs in blood and tissues (Fielding et al., 1998), to enhance solubility of anti-TB drugs, 
when administered intravenously (Mehta, 1996), to enhance antibacterial activity (Deol et al., 1997; Mehta, 1996; Labana 
et al., 2002), to provide a sustained release of antibiotic, and to target the delivery of anti-TB drugs to the infected tissues 
(Deol et al., 1997; Leitzke et al., 1998). Despite all these advantages, compared to other nanocarriers, liposomal formula-
tions generally have low drug entrapment, are less stable, their method of preparation is more complex, and they are suitable 
for administration by limited routes (Abed and Couvreur, 2014; Griffiths et al., 2010).

Polymeric NPs are solid particles composed by a polymer matrix (i.e., nanospheres) or shell (i.e., nanocapsules) that 
can be either natural or synthetic. Albumin, alginate, chitosan, collagen, and gelatin are the most commonly used natural 
polymers. Due to doubtful purity, natural polymers have been substituted by synthetic biodegradable and biocompat-
ible polymers, such as poly(amides), poly(amino acids), poly(alkyl-α-cyanoacrylates), poly(esters), and poly(ortho esters) 
(Abed and Couvreur, 2014; Jain et al., 2010). Polymeric NPs have been studied as drug carriers since the 1970s, and were 
developed to improve drug stability and payload. As liposomes, polymeric NPs can be functionalized or modified to be 
pH-responsive. Moreover, polymeric NPs are usually used to enhance the absorption stability, specificity, and tolerability 
of the drug, or even to target specific parts of the GI tract, to deliver poorly water-soluble therapeutics and to transfer mac-
romolecules through the gastrointestinal barriers, resulting in improved therapeutic index (Farokhzad and Langer, 2009; 
Shahbazi and Santos, 2013; Singh and Lillard, 2009). Drug delivery formulations with anti-TB drugs have already been 
used with these nanocarriers. Nonetheless, scaling-up problems and toxicological issues have limited their utility.

At the beginning of the 1990s, a second generation of lipid NPs, namely solid lipid nanoparticles (SLNs), was developed 
to overcome the disadvantages of other colloidal carriers. For this purpose, the liquid oil of an oil-in-water nanoemul-
sion was replaced with a solid lipid matrix and, consequently, SLNs are composed of a solid lipid matrix dispersed in an 
aqueous medium (Muller et al., 2000; Shah et al., 2015). SLNs have unique properties, such as smaller size, larger surface 
area, and higher stability. However, the crystalline structure of SLNs limits their incorporation capacity. To overpass this 
limitation, a novel colloidal carrier system, namely nanostructured lipid carriers (NLCs), was developed by controlling 
the mixing of solid lipids with liquid oil. Accordingly, NLCs matrix is composed of a mixture of solid and liquid lipids, 
giving rise to an imperfect matrix that can enhance the drug-loading capacity, when compared to SLNs. NLCs also have 
lower water content than SLNs, and a higher capability of drug retention, minimizing potential expulsion during storage 
(Muller et al., 2002).

In comparison with liposomes and polymeric NPs, SLNs and NLCs generally show higher drug loading capacity, higher 
stability, and do not require the use of organic solvents during production (Sosnik et al., 2010). Additionally, like liposomes 
and most polymeric NPs, these nanocarriers are biocompatible, and have been studied as a viable oral drug delivery strat-
egy, due to their controlled release profile, ability to protect drugs from degradation, physiological matrix material, and 
possibility for industrial large-scale production (Gokce et al., 2010; Pandey and Khuller, 2005). Due to their characteristics, 
SLNs and NLCs also have the potential of enhancing the oral bioavailability of poorly absorbed drugs. However, due to 
their hydrophobic nature, SLNs and NLCs have a limited ability to encapsulate hydrophilic drugs (Shah et al., 2015). An 
alternative to effectively overcome this limitation is transforming SLNs/NLCs into lipid drug conjugates (LDCs), or into 
polymer–lipid hybrid nanoparticles (PLNs).
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In LDCs formation, the hydrophilic drug is transformed into a more lipophilic molecule by conjugation of drug with a lipidic 
compound, either by covalent linkage (e.g., esterification or amidation) or, in case of drugs with protonizable functional groups, 
by formation of a salt with a fatty acid (Shah et al., 2015). LDCs are usually water-insoluble and can be transformed into NPs 
using high-pressure homogenization method. LDCs can act as prodrugs, offering improved potential for drug targeting (Muller 
and Keck, 2004). Apart from the efficient encapsulation of hydrophilic drugs, LDCs have the ability to reduce drug degradation 
in the GI tract, and to increase the oral absorption and permeation through the GI tract (Severino et al., 2012; Shah et al., 2015).

To enhance the loading capacity of hydrophilic compounds in SLNs, Wong et al. (2004) investigated the feasibility of 
preparing a functional polymeric SLN system, composed of an anionic polymer (e.g., dextran sulfate) capable of efficiently 
loading cationic drugs. The drug–polymer complex was incorporated into an SLN system, resulting in a PLN system that 
combines the advantages of a polymeric carrier and a lipid formulation. The developed system was capable to increase the 
partition and loading efficiency of hydrophilic drugs, to improve drug incorporating, to provide sustained release of the 
drugs, to increase drug uptake and retention, and to encapsulate and deliver multiple drugs (Wong et al., 2004, 2006a,b).

Lipid nanocapsules (LNCs) have a core-shell structure that can be considered a hybrid structure between polymer nano-
capsules and liposomes. LNCs are prepared based on an oily phase, an aqueous phase, and a nonionic surfactant using a 
phase-inversion temperature method. Their composition includes an internal liquid or semiliquid oily core, and an external 
lipid layer solid at room temperature (Battaglia and Gallarate, 2012; Huynh et al., 2009). LNCs have high drug-loading 
capacity, and encapsulation efficiencies higher than that of liposomes (Huynh et al., 2009).

The solubility and bioavailability of hydrophobic drugs can be enhanced using drug nanocrystals (Muller and 
Keck, 2004; Muller et al., 2011). Drug nanocrystals are composed of 100% drug without any matrix material, but typically 
stabilized with polymeric steric stabilizers or surfactants (Junyaprasert and Morakul, 2015; Muchow et al., 2008). This 
carrier-free colloidal delivery system can be applied to all poorly soluble drugs, due to the ability to disintegrate drugs 
into nanometer-sized particles. The decrease in particle size to nanometer range leads to advantageous features, including 
increased saturation solubility, dissolution velocity, and adhesiveness to surface/cell membranes that contribute to enhance 
drug oral bioavailability (Junyaprasert and Morakul, 2015; Muller et al., 2011). In general, drug nanocrystals are produced 
in a liquid dispersion medium (e.g., water, aqueous or nonaqueous media, and oils), and stabilized by surface-active agents, 
resulting in nanosuspensions (Junyaprasert and Morakul, 2015; Muller et al., 2011).

Due to the characteristics mentioned earlier, diverse types of NPs are suitable to solve delivery problems of active thera-
peutics. Apart from the technological innovation and possibility to counter back oral drug delivery limitations, nanosystems 
have advantages and disadvantages, and there is no perfect carrier to all drugs. The choice of the carrier system for oral drug 
delivery should always take into account the physicochemical properties of the therapeutic agent, the challenges of NPs’ 
translocation through the GI tract, and the possibility of large-scale production.

In conclusion, with the development of appropriate delivery systems to overcome the limitations of poor solubility of 
drugs, and targeting strategies (site-specific delivery) to overcome the severe side-effects of drugs, nanotechnology has 
provided useful solutions toward oral drug delivery.

3.1 Effect of the Characteristics of NPs on Oral Drug Delivery
The oral route is the most commonly used and readily accepted pathway for drug delivery due to the accessibility, conve-
nience, and patient compliance (Javadzadeh and Hamedeyaz, 2012). However, oral formulations have some limitations that 
affect the oral drug absorption and delivery. In general, the poor bioavailability of orally administered drugs is associated 
with low dissolution velocity, and poor permeability of the gut wall (Muller and Keck, 2004).

The most common approaches to enhance bioavailability of orally administered drugs include the reduction in particle 
size, the use of surfactants and/or nonaqueous solvents, and the development of a heterogeneous liquid formulation (e.g., 
nanosuspensions or nanoemulsion systems) (Devalapally et al., 2007).

In these past decades, a wide variety of promising nanosystems have been developed to increase the biological and 
pharmacological performance of orally administered drugs.

Particle size and size distribution are the most relevant characteristics that determine in vivo distribution, biological 
fate, toxicity, and targeting ability of nanosystems (Singh and Lillard, 2009).

The rate of absorption of NPs is inversely related to their size (Florence, 2004). Smaller particles (ranging from 50 to 
100 nm) can be uptaken by enterocytes. On the other hand, large particles (> 100 nm) are usually internalized by M cells 
(Pawar et al., 2014). In comparison to enterocytes, M cells have a higher transcytotic capacity, and transport a wide variety 
of materials, including NPs (Pawar et al., 2014). However, M cells represent ∼1% of the epithelial cells, a limitation that 
needs to be overcome in order to enhance oral absorption of drug-loaded NPs. For this purpose, control of particle size 
provides a means of tuning particles’ distribution (Singh and Lillard, 2009).
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Drug release is influenced by particle size and size distribution. Larger particles have large cores, allowing a higher 
amount of drug to be encapsulated per particle, and contributing to a slower release. In contrast, due to the larger surface 
area-to-volume ratio, in smaller particles, the drug is usually at or near the particle surface, leading to faster drug release 
(Singh and Lillard, 2009). In this context, drug release rates can be tuned by controlling particle size.

The surface charge of NPs, commonly characterized by zeta potential, can be critical in nanosystems’ stability. The 
composition of the particles and the medium in which NPs are dispersed are the main aspects that affect zeta potential. NPs 
with a zeta potential higher than ±30 mV are stable in suspensions, due to their surface charge that prevents particles’ ag-
gregation (Singh and Lillard, 2009). Additionally, zeta potential affects the mobility and cellular uptake of NPs. Negatively 
charged particles can move easily through the mucus layer (Bansil and Turner, 2006; Crater and Carrier, 2010). On the other 
hand, positively charged NPs have higher cell uptake via endocytosis (Loretz et al., 2007; Miller et al., 1998). Accordingly, 
negatively charged NPs being capable of changing zeta potential to positive values, once having permeated the mucus layer, 
seem to be a promising strategy (Netsomboon and Bernkop-Schnurch, 2016).

The in vivo fate of NPs is influenced by their hydrophobicity. In general, surface nonmodified NPs are easily opsonized and 
cleared by the mononuclear phagocyte system (Brigger et al., 2002; Singh and Lillard, 2009). To overcome this, NPs can be 
coated with hydrophilic polymers/surfactants, or be formulated with biodegradable copolymers with hydrophilic characteristics.

The lipophilicity and the degree of ionization affect the absorption of transported drugs through the GI tract. Due to the 
wide pH range of the GI tract, the ionization constant data (i.e., pKa or pKb) is useful to predict lipophilicity and solubility 
pH profiles of NPs (Devalapally et al., 2007). The partition coefficient (LogP) is a logarithmic value of solubility that can be 
used to predict the biopharmaceutical properties of drugs (Devalapally et al., 2007). According to Lipinski’s “rule of five,” 
a LogP greater than 5 is associated with poor absorption and permeation. Nevertheless, some drugs, including antibiotics, 
antifungals, and vitamins, are outside the parameters cutoff of the “rule of five” (Lipinski et al., 2001).

The pH variations along the GI tract have been exploited for drug delivery purposes. The most common strategy in-
cludes the use of enteric coatings made from pH-responsive polymers that remain intact in the low pH of the stomach, 
but are able to be dissolved at higher pH of the small intestine (McConnell et al., 2008). Accordingly, this strategy of pH-
responsive delivery is useful to prevent drug release in the stomach.

The accumulation of drugs in the target site can be improved using a controlled drug delivery system. This approach can 
be useful to reduce drug doses, side-effects, and toxicity. A targeted drug delivery approach should take into account the 
selection of the targeting moiety that should have high affinity and specificity to diseased cells, tissues, or sites of infection. 
To improve drug delivery to mucosal membranes, NPs can be formulated using polymers with mucoadhesion properties, 
such as polyacrylic acid, alginate and its derivatives, cellulose derivatives, pectin, chitosan, and others (Netsomboon and 
Bernkop-Schnurch, 2016). Chitosan is one of the most common polymers used to facilitate NPs uptake and enhance the 
permeability of drugs. Due to the interaction of its positive surface charge with the anionic components of the surface of 
epithelial cells, chitosan promotes mucoadhesion. Additionally, chitosan is capable of promoting tight junction opening that 
will increase the paracellular transport (Bowman and Leong, 2006; Chen et al., 2013).

The surface coating of NPs with uncharged hydrophilic materials leads to increased zeta potential and reduced hydro-
phobicity, and this may enhance the transport across the mucus via specific interactions between the NPs’ surface and the 
epithelium (Shahbazi and Santos, 2013).

Modifying NPs by coupling a targeting molecule at their surface can enhance their oral uptake. There are several ligands 
that have been identified to target receptors specifically in the GI tract (Lochmann et al., 2004). Folic acid, albumin, and 
cholesterol can alter the cellular internalization through caveolin-mediated endocytosis, whereas transferrin and mannose 
have been shown to facilitate uptake through clathrin-mediated endocytosis (Sahay et al., 2010).

Other active mucopenetrating strategies usually involve mucolytic enzymes, such as bromelain, papin, pronase, and tryp-
sin that are capable of cleaving substructures of the mucus (Pawar et al., 2014), enabling NPs to cross the mucus layer easily.

Recent advances in technology have been determinant to produce NPs with uniform size, shape, and composition, 
contributing for the efficacy of nanotechnology in drug delivery. The nanosystems’ design may also take into consideration 
some parameters, such as drug incorporation and release profile, biocompatibility, biodistribution and targeting, formula-
tion stability and shelf life, the selection of an environmentally sustainable methodology, and the possibility to scale-up. In 
conclusion, NPs can be designed and developed taking into account different factors that affect oral absorption, and that can 
lead to a more efficient oral delivery of therapeutics.

3.2 Oral Anti-TB Drug Delivery Nanotechnologies
As discussed in the previous section, recent estimates indicate that TB is the leading cause of death worldwide, alongside 
HIV infection (WHO, 2015). Current treatments, although potentially effective, are associated with severe adverse effects, 
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and noncompliance to prescribed regimens, leading to resistance. In this context, an alternative means of drug delivery may 
improve the performance of existing drugs, and may have a key importance in TB control and eradication.

Due to localized targeting and sustained release, encapsulating antibiotics in biodegradable NPs provides advantages, 
when compared to free drug administration. Until now, several nanodelivery systems for the oral administration of anti-
TB drugs have been intensively studied, and their utility as an alternative to classical TB treatment has been suggested 
(Table 16.1).

In these past decades, liposomes have been extensively studied as drug delivery systems of anti-TB drugs (reviewed in 
Pinheiro et al., 2011). However, these studies are limited to intravenous or pulmonary routes of administration.

Synthetic or natural polymers have been widely used for the development of biodegradable NPs for the encapsulation 
of a plethora of therapeutic agents (Parveen et al., 2012; Sosnik et al., 2014). In 2003, Pandey et al. (2003) evaluated the 
therapeutic potential of poly DL-lactide-co-glycolide (PLG)-NPs as oral carriers for three front-line anti-TB drugs: RIF, 
INH, and PZA. Their formulations were in the size range of 186–290 nm, and drug encapsulation efficiencies were 56.9% 
for RIF, 66.3% for INH, and 68% for PZA. Following a single oral administration of drug-loaded PLG-NPs, the drugs were 
detected in the circulation for 6 days (RIF) and 9 days (INH/PZA), whereas the free drugs (alone and mixed with drug-free 
PLG-NP) were cleared from circulation after 12–24 h. The therapeutic concentrations in the tissues (lung, liver, and spleen) 
were maintained for 9–11 days when drug-loaded PLG-NPs were administered, whereas no drug was detectable in the 

TABLE 16.1 Nanosystems for the Oral Delivery of Anti-TB Drugs

Drug(s)
Nanoparticle 
(Composition)

Type of 
Targeting

Animal 
Model Therapeutic Effect References

RIF, INH, PZA Polymeric (PLG) Passive Mice Five doses of oral formulation, every 10 days, 
were comparable to 46 daily doses of free 
drugs

Pandey et al. (2003)

RIF, INH, PZA Polymeric (PLG) Passive Guinea 
pigs

Five doses of oral formulation, every 10 days, 
were comparable to 46 daily doses of free 
drugs

Sharma et al. (2004a)

RIF, INH, PZA, 
EMB

Polymeric (PLG) Passive Mice Three oral doses of the 4-drug combination 
PLG–NPs, every 10 days, were comparable to 
28 daily doses of free drugs

Pandey et al. (2006)

RIF, INH, PZA, 
EMB

Polymeric (PLG) Passive Mice Five oral doses of the 4-drug combination 
PLG-NPs, every 10 days, were comparable to 
46 daily doses of free drugs

Pandey and Khuller 
(2006)

RIF, INH, PZA Polymeric (PLG) Active
(WGA-
functionalized)

Guinea 
pigs

Three oral doses of WGA-functionalized PLG-
NPs, every 15 days, were comparable to 45 
daily doses of free drugs

Sharma et al. (2004b)

RIF, INH, PZA, 
EMB

Polymeric 
(alginate)

Passive Mice Relative bioavailability of anti-TB drugs 
encapsulated in alginate NPs was significantly 
higher, compared with free drugs

Ahmad et al. 
(2006a,b)

INH Copolymeric 
(PLGA–PEG–
PLGA)

Passive Rats INH-loaded tri-block copolymeric NPs have 
longer sustained drug release and a 11- to 
28-fold higher relative bioavailability than 
free INH

Gajendiran et al. 
(2013)

RIF, INH, PZA SLNs (stearic acid 
and polyvinyl 
alcohol)

Passive Mice Five oral doses of drug-loaded SLNs, every 10 
days, were comparable to 46 daily doses of 
free drugs

Pandey et al. (2005)

Streptomycin Polymeric (PLG) Passive Mice Eight doses of the oral formulation were 
comparable to 24 intramuscular injections of 
free streptomycin

Pandey and Khuller 
(2007)

ECZ Polymeric 
(alginate)

Passive Mice Eight doses of ECZ-loaded alginate NPs were 
comparable to 112 doses of free ECZ

Ahmad et al. (2007)

ECZ, MOX, RIF Polymeric (PLG) Passive Mice Eight oral doses of drug-loaded PGL-NPs, 
administered weekly, were comparable to 56 
daily doses (MOX), or to 112 twice-daily doses 
(ECZ) of free drugs

Ahmad et al. (2008)
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tissues after 48 h, when free drugs (alone and mixed with drug-free PLG-NP) were administered. Further, in vivo studies 
using M. tuberculosis-infected mice indicated that no tubercle bacilli were detected in the tissues, after the administration 
of 5 oral doses of drug-loaded PLG-NPs every 10th day. According to these results, PLG-NPs provide a sustained release 
of RIF/INH/PZA and considerably enhance their efficacy after oral administration. Similar results were also observed in 
M. tuberculosis-infected guinea pigs (Sharma et al., 2004a), confirming that PLG-NPs-based chemotherapy offers the pos-
sibility of reducing drug dosage, and this may contribute to a better management of TB.

Some years later, Pandey et al. (2006) evaluated the chemotherapeutic potential of EMB-loaded PLG-NPs in combina-
tion with previously developed PLG-NPs loaded with RIF, INH, and PZA (Pandey et al., 2003). Their results revealed drug 
encapsulation efficiencies of 55.9% for RIF, 67.3% for INH, 68.3% for PZA, and 43.1% for EMB. Following a single oral 
administration of drug-loaded PLG-NPs, drugs were maintained in the plasma for 3 days (EMB), 6 days (RIF), and 8 days 
(INH/PZA), whereas the free drugs were only detectable for 12 h. In vivo studies demonstrated that 3 oral doses of the 
4-drug combination PLG-NPs, administered at every 10th day, were comparable to 28 conventional doses of free drugs. 
These results demonstrate that the oral administration of the 4-drug combination PLG-NPs improves drug bioavailability, 
and reduces dosing frequency, when compared to free drugs. Moreover, with the addition of EMB to the treatment regimen, 
4 weeks of chemotherapy (28 days) were enough to reach a state of undetectable bacilli, whereas in the treatment regimen 
involving the 3-drug combination, 6 weeks of chemotherapy (46 days) were necessary to reach a nondetectable bacilli state 
(Pandey et al., 2006).

The oral administration of the 4-drug combination PLG-NPs developed by Pandey et al. (2006) was also tested for 
cerebral drug delivery. Central nervous system (CNS) TB is the most severe form of extrapulmonary-TB (Gauba and 
Varma, 2005). CNS TB has high mortality rate, and is commonly associated with serious neurological complications and 
sequelae. Cerebral M. tuberculosis infection can be localized (e.g., tuberculoma, abscess, or cerebritis) or present in a dif-
fuse form (e.g., basal exudative meningitis) (Gauba and Varma, 2005). The treatment regimen involves the same 4-drug 
combination of pulmonary TB treatment, but the second-phase of standard treatment is longer (more than 12 months, or 
prolonged until radiological or pathological evidence of regression of disease) (Lee, 2015). Moreover, the action of anti-
TB drugs is limited by the blood-brain barrier. INH and PZA can penetrate well into cerebrospinal fluid; EMB has poor 
penetration capacity, and RIF penetrates only in the presence of inflammation (Lee, 2015; Zumla et al., 2015). Pandey 
et al. (2006) confirmed their previous observations regarding drug encapsulation efficiency, and therapeutic drug concen-
trations in the plasma. In addition, they observed that therapeutic drug concentrations were maintained in the brain for 
6 days (EMB), and 9 days (RIF, INH, and PZA), whereas oral free drugs were only detected until day 1. In vivo studies 
demonstrated that 5 oral doses of the 4-drug combination PLG-NPs, every 10 days, resulted in undetectable bacilli in the 
meninges, indicating that the 46 daily doses of free drugs could be replaced by 5 doses of PLG-encapsulated drugs (Pandey 
and Khuller, 2006).

As stated in the previous sections, modifying NPs by coupling a targeting molecule at their surface is a way to enhance 
oral uptake of drug-loaded NPs. Lectins are proteins involved in many cell recognition and adhesion processes. Their conju-
gation to polymeric NPs has been shown to improve the interactions with the mucus, promoting particle translocation, and 
increasing NPs transport across the intestinal mucosa (Clark et al., 2000; Irache et al., 1994; Yun et al., 2013). To evaluate 
lectin-functionalized PLG-NPs as bioadhesive drug carriers against TB, Sharma et al. (2004b) prepared PLG-NPs coated 
with wheat germ agglutinin (WGA) that were loaded with RIF, INH, and PZA. WGA-functionalized PLG-NPs were in 
the size range of 350–400 nm, and drug encapsulation efficiencies were 54% for RIF, 64.3% for INH, and 66.8% for PZA. 
Following oral administration of WGA-functionalized PLG-NPs, the presence of drugs in plasma (13 days for RIF and 
INH, and 7 days for PZA) was longer than in uncoated PLG-NPs (4–6 days for RIF, and 8–9 days for INH and PZA). In 
addition, free drugs were only detected for 12–24 h. The oral administration of WGA-functionalized PLG-NPs increased 
the relative bioavailability of RIF, INH, and PZA, when compared to oral administration of free drugs. Additionally, in 
vivo studies using M. tuberculosis-infected guinea pigs demonstrated that 3 oral doses of WGA-functionalized PLG-NPs, 
every 15 days, were equivalent to 45 doses of daily administration of oral free drugs. This fortnightly treatment schedule (3 
doses) has the same chemotherapeutic benefit as the previous reported treatment that included 5 oral doses of chemotherapy 
every 10 days. This reduction in treatment dosage may be associated with the cytoadhesive character of WGA, proving the 
advantage of lectin conjugation in PLG-NPs (Sharma et al., 2004b).

Besides the functionalization that can be performed to enhance the oral uptake of polymeric NPs, the selection of 
the polymer is also a critical factor. Polymers can be natural or synthetic, and be used individually or together (Sosnik 
et al., 2014). The use of synthetic polymers is commonly associated with two main limitations: need to use organic solvents 
in the development process, and high cost of polymers. On the other hand, natural polymers (e.g., alginate and chitosan) 
have a low cost production, and require a minimal use of organic solvents (Pandey and Khuller, 2004; Tonnesen and 
Karlsen, 2002). Chitosan is a natural polymer, being one of the most studied polysaccharides.
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Chitosan has some important properties reported to act as an inert carrier, such as biocompatibility, biodegradability, 
and low toxicity. It is a mucoadhesive cationic polymer that promotes macromolecules permeation through well-organized 
epithelia (Grenha et al., 2005). However, due to its solubility at acidic conditions, chitosan loses its mucoadhesive proper-
ties and permeability enhancing capacity when in contact with gastric fluid, and this limits its oral delivery potential (Bagre 
et al., 2013; Li et al., 2008; Paliwal et al., 2012). This limitation can be overcome by coating the chitosan NPs with alginate.

Alginate is a natural, biodegradable polysaccharide, composed of 1,4-linked α-l-guluronic acid and β-d-mannuronic 
acid residues extracted from brown algae (Cekic et al., 2009). This anionic polymer easily interacts with cationic chitosan 
via electrostatic interactions. Due to its acid-resistant properties, alginate coating has been used to overcome solubility 
problems of chitosan, and to improve stability and oral absorption at acidic pH conditions (Bagre et al., 2013). Addition-
ally, alginate NPs have been exploited for sustained and controlled drug delivery of several drugs including amoxicillin 
(Whitehead et al., 2000), sodium diclofenac (González-Rodríguez et al., 2002), and vitamin C (Cui et al., 2001). Regarding 
anti-TB drugs, Ahmad and coworkers developed alginate NPs loaded with RIF, INH, PZA, and EMB. Their formulations 
showed an average size of 235.5 nm, and drug encapsulation efficiencies of 80%–90% for RIF, 88%–85% for EMB, 
and 70%–90% for INH and PZA (Ahmad et al., 2006a). In vivo studies were performed at two different dose levels: per 
body surface area of mice (D1), and per the recommended human dose (D2). When alginate NPs were administered at 
dose D1, drugs were maintained in the plasma for 9 days (EMB), 10 days (RIF), and 13 days (INH/PZA), whereas when 
administered at dose D2, drugs were detected in the plasma for 7 days (EMB), 9 days (RIF), and 11 days (INH/PZA). In 
contrast, free drugs were cleared from the circulation within 12–24 h at both doses. Following free drug administration, the 
therapeutic concentrations in the tissues (lung, liver, and spleen) were only detected in the 1st day, but levels of each drug 
were higher in the D1 dose group, compared with D2 in all organs. In case of drug-loaded alginate NPs, all drugs were 
detected in the tissues for 15 days, and no significant differences were observed in tissue drug levels between D1 and D2 
doses. Results demonstrated that, despite the differences between dosage forms in therapeutic levels present in plasma, tis-
sue drug levels were not significantly different between dosages (Ahmad et al., 2006a). These results may suggest that the 
therapeutic reduction of plasma drug levels, maintaining adequate tissue drug levels, may reduce anti-TB drugs toxicity. 
In addition, the relative bioavailability of anti-TB drugs in drug-loaded alginate NPs was significantly higher than the rela-
tive bioavailability after the administration of free drugs, indicating that alginate NPs have potential in reducing the dosing 
frequency of anti-TB drugs.

Copolymeric NPs have been widely used as drug delivery systems, due to their biocompatibility, drug targeting. and 
controlled release. Gajendiran et al. (2013) reported for the first time the in vivo drug release by INH-loaded PLGA–PEG–
PLGA tri-block copolymeric core-shell. Their results revealed that INH-loaded polymeric core-shell NPs have a longer 
sustained drug release, and a 11- to 28-fold higher relative bioavailability than free INH (Gajendiran et al., 2013).

Lipid NPs, including SLNs and NLCs have been reported as an alternative drug delivery system to polymeric NPs. 
Lipid NPs display some advantages, such as cost-effective excipients, enhanced drug incorporation, improved perme-
ability and bioavailability, prolonged half-life, enhanced storage stability, and extensive application rang improved (Weber 
et al., 2014). Pandey et al. (2005) evaluated the chemotherapeutic potential of oral SLNs loaded with RIF, INH, and PZA 
in M. tuberculosis-infected mice. Their results revealed drug encapsulation efficiencies of 51% for RIF, 45% for INH, 
and 41% for PZA. Following a single oral administration of drug-loaded SLNs, drugs were maintained in the plasma for 
8 days, whereas the free drugs were only detectable for 12 h. The therapeutic concentrations in the tissues (lung, liver, and 
spleen) were maintained for 10 days following oral administration of drug-loaded SLNs, whereas free drugs were cleared 
after 24–48 h. In vivo studies demonstrated that the 46 conventional doses of free drugs could be reduced to 5 oral doses of 
drug-loaded SLNs, administered at every 10th day. This reduction in dosing frequency has been demonstrated in previous 
studies using polymeric NPs (Pandey et al., 2003, 2006; Pandey and Khuller, 2006; Sharma et al., 2004a). Nevertheless, 
when compared to polymeric NPs, SLNs have higher long-term stability, lower cytotoxicity, and do not require the use of 
organic solvents during production (Sosnik et al., 2010).

Besides the oral first-line anti-TB drugs, there are injectable agents, such as streptomycin, that are effective anti-TB 
drugs (Ahmad and Mokaddas, 2014; Zumla et al., 2013, 2015). Indeed, streptomycin was the first drug to prove efficient 
against M. tuberculosis (Douglas and McLeod, 1999). Streptomycin is one of the most cost-effective anti-TB drugs; how-
ever, due to its toxicity, emergence of resistance, and the requirement for parenteral administration, this injectable agent 
has been surpassed by other therapies (Ahmad and Mokaddas, 2014; Douglas and McLeod, 1999). In this context, the oral 
delivery of streptomycin is desirable. Pandey and Khuller (2007)developed an oral drug delivery system for streptomycin 
using PLG-NPs. Streptomycin-loaded PLG-NPs were in the size range of 100–250 nm, and drug encapsulation efficiency 
was 32.12%. Following a single oral administration of drug-loaded PLG-NPs, streptomycin was maintained in the plasma 
for 4 days; free streptomycin was cleared from the plasma after 4 h of intramuscular administration; and no drug was detect-
ed following oral administration. In addition, free streptomycin was only detectable in the tissues for 12–24 h, whereas in 
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the case of drug-loaded PLG-NPs, streptomycin was maintained in the tissues for 7 days. A 21-fold increase in the relative 
bioavailability of streptomycin was observed in drug-loaded PLG-NPs, comparing with intramuscular free drug. In vivo 
studies using M. tuberculosis infected mice showed that 8 oral doses of streptomycin-loaded PLG-NPs were comparable 
to 24 intramuscular injections of free drug, suggesting that PLG-NPs might be useful for developing a suitable oral dosage 
form for streptomycin, and perhaps for other injectable drugs (Pandey and Khuller, 2007).

In the last recent years, bioinformatic analysis of M. tuberculosis’ genome revealed a large number of open reading 
frames (ORFs) similar to known sterol biosynthetic enzymes, including a fungal enzyme (14a-demethylase) (McLean 
et al., 2002). This fungal enzyme is inhibited by azole compounds (Hartman, 1997) that have been shown to have multiple 
targets in mycobacteria (McLean et al., 2002). Recent studies have demonstrated the in vitro potential of azole drugs against 
M. tuberculosis H37Rv (Ahmad et al., 2006b), the synergism of azole drugs with conventional anti-TB drugs (Ahmad 
et al., 2005), the potential of azole drugs against latent or persistent TB, and econazole-like rifampicin has been shown 
to be more effective than RIF against persistent bacilli in mice (Ahmad et al., 2006b). In 2007, Ahmad and coworkers 
evaluated the chemotherapeutic potential of econazole (ECZ)-loaded alginate NPs alone and in combination with first-line 
anti-TB drugs (Ahmad et al., 2007). Their results revealed drug-loaded alginate NPs with an average size of 229 nm, and 
drug encapsulation efficiencies of 92%–97.5% for ECZ, 80%–90% for RIF, 88%–95% for EMB, and 70%–90% for INH 
and PZA. After oral administration of alginate-encapsulated drugs, drugs were maintained in plasma from 5 to 11 days, 
whereas free drugs were cleared in less than 1 day. The therapeutic concentrations in the tissues were maintained for 7 days 
in case of ECZ and for 15 days in case of RIF, INH, PZA and EMB. In contrast, free drugs were detectable for 12–24 h. 
In vivo studies indicate that 8 doses of ECZ-loaded alginate NPs (administered weekly) were comparable to 112 doses of 
free ECZ (administered twice daily). These results confirmed the sustained-release potential of alginate NPs, as well as the 
antimycobacterial potential of ECZ. In addition, the administration of different drug combinations (INH, PZA, EMB, and 
RIF/ECZ; INH, EMB, and PZA/ECZ; RIF, EMB, and PZA) has also demonstrated the chemotherapeutic potential of ECZ 
(free or encapsulated) as a substitute for RIF/INH against murine TB (Ahmad et al., 2007).

Moxifloxacin (MOX) is a fluoroquinolone that is highly active against a wide spectrum of bacteria, including 
M. tuberculosis (Aldridge and Ashcraft, 1997; Ji et al., 1998). In addition, some experiments have shown that the substitu-
tion of first-line anti-TB drugs with MOX is able to shorten the duration of therapy in a murine model of TB (Yoshimatsu 
et al., 2002, Nuermberger et al., 2004). In 2008, Ahmad et al. (2008) developed PLG-NPs loaded with ECZ and MOX (). 
Their formulations showed an average size of 217 nm, and drug encapsulation efficiencies of 52.27% for ECZ and 33.69% 
for MOX. Following a single oral administration of drug-loaded PLG-NPs, ECZ was maintained in the plasma for 5 days, 
and MOX for 4 days. On the other hand, free drugs were only detectable up to 3–4 h (ECZ) and 12 h (MOX). The thera-
peutic concentrations in tissues were maintained for 6 days in the case of drug-loaded PGL-NPs, but free ECZ and MOX 
were only detected up to 12 and 24 h, respectively. In vivo studies have also revealed that 8 oral doses of drug-loaded 
PGL-NPs, administered weekly, were equipotent to 56 daily doses of free MOX, and to 112 twice-daily doses of free ECZ 
(Ahmad et al., 2008). The combinations MOX + ECZ and MOX + ECZ + RIF were also tested. MOX + ECZ proved to 
be more effective compared with individual drugs. MOX + ECZ + RIF resulted in total bacterial clearance from tissues 
within 8 weeks, comparable the conventional treatment that includes the four first-line anti-TB drugs. These results suggest 
that MOX + ECZ + RIF is the most potent regimen. Additionally, PLG-NPs have improved this new regimen, as dosing 
frequency was reduced by 14-, 10-, and 7-fold for ECZ, MOX, and RIF, respectively (Ahmad et al., 2008).

In recent years, several studies have synthesized, characterized, and demonstrated in vitro antimycobacterial activity 
of different types of nanosystems loaded with anti-TB drugs (Aboutaleb et al., 2012; Chawla et al., 2013; Choonara 
et al., 2011; Kiss et al., 2014; Mane et al., 2012; Moretton et al., 2014; Nair et al., 2011; Patel et al., 2013; Raj et al., 2012; 
Sabitha et al., 2010; Silveira et al., 2016; Vibe et al., 2015). The addition of more complex investigations including in vivo 
studies and clinical trials would probably lead to effective drug delivery systems for TB treatment. Despite the extensive 
research on novel methods for oral drug delivery, the pharmaceutical industry remains conservative, and concerted efforts 
toward the application of NPs as drug delivery systems should be made.

4 FUTURE DIRECTIONS AND CHALLENGES
TB is still an ongoing worldwide public health concern, resulting in a heavy economic, social and human burden 
(WHO, 2015). There has been considerable effort to fight this disease, and the search for new anti-TB drugs and more 
effective drug delivery systems can both play crucial roles in future treatment strategies (Onozaki and Raviglione, 2010; 
Sosnik et al., 2010). Treatment support and direct-observation programs can improve patient adherence. In spite of these 
efforts, 16%–49% of patients do not complete treatment regimen (WHO, 2015), and so new delivery strategies that improve 
the efficacy of existing treatments may become important in this fight.
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Oral drug delivery is the preferred route of administration to ensure patient compliance because it does not require 
hospitalization, neither medical assistance nor special equipment. Although promising and vastly researched, oral delivery 
strategies face obstacles difficult to overcome, namely the low solubility and bioavailability of anti-TB drugs, the low 
stability in the gastric tract, and the reduced permeability across intestinal biological membranes (Florence, 2004; Pawar 
et al., 2014). Due to its potential to overcome limitations and drawbacks of oral drug delivery, nanotechnology seems to be 
a promising research area for pharmaceutical industry in the near future.

Nanotechnology has been explored not only to carry and protect drugs, but also to target the delivery and control 
the amount and frequency of dosage, something that can contribute to prevent toxicity related to therapy (Abed and 
Couvreur, 2014).

Drug monitoring and dosing strategies can potentially contribute to develop a shorter course of treatment, and to the 
reduction of drug toxicity effects (Drusano, 2007; Horsburgh et al., 2015). Moreover, a clearer understanding of the phar-
macokinetic profile of anti-TB delivery nanosystems can provide an alternative to the current classic treatment. Addition-
ally, to fully characterize their potential, these novel nanosystems need to be tested in complex biological systems. For this 
purpose, more resources to support the translational research from bench to clinics are needed.

Besides biomedical solutions, the social approach is also crucial to decrease TB burden. In fact, social determinants 
that constitute risk factors for TB should be considered, including poverty and malnutrition. The poor ventilation and 
overcrowding in homes, workplaces, and communities increase the risk of uninfected individuals to the M. tuberculosis 
infection. A change in behaviors, including smoking and alcohol consumption, should be encouraged. Moreover, the fear 
of stigmatization related with a TB diagnosis should be demystified. Finally, the integration of both HIV and TB control 
efforts will be a key strategy to control the dual epidemic (Rangaka et al., 2015).

5 CONCLUSIONS
In the context of what was discussed in the previous sections, to fight this highly prevalent and lethal disease there is a need 
to overcome current limitations to prescribed TB treatment regimens.

The development of nanodelivery systems represents an interesting alternative for the delivery of anti-TB drugs to the 
target site of infection as an attempt to reduce the required dose, and to minimize dose-dependent side-effects. In the recent 
decades, a wide variety of promising nanosystems have been developed to increase the biological and pharmacological 
performances of orally administered anti-TB drugs, and thereby increase their effectiveness.

The developed NPs have suitable sizes for oral drug delivery, and that has been considered the most convenient route 
of administration. However, due to intra/interindividual variations in gastric pH, composition of GI tract, gastrointestinal 
flora, and thickness of mucus layer, it is difficult to achieve a comprehensive knowledge about the penetration mechanisms 
and biological fate of ingested NPs.

Efforts to define more effective treatment approaches, including the development of nanosystems with individualized 
doses and regimens, may reduce treatment duration, and that will contribute to patient adherence and, ultimately to TB con-
trol. The approach could consist in developing nano-based delivery systems loaded with new candidate drugs, or improving 
the performance of some classic medicines already on the market.

A pharmacologically efficient vehicle has to be biocompatible, biodegradable, be inert against the encapsulated 
drug, and protect it from possible degradation, be able to protect burst release of the encapsulated drug, to achieve 
drug therapeutic concentrations at diseased tissues or cells, and to deliver the drug at the right target site. Moreover, 
the success of nanodelivery systems in TB therapy will probably depend on the design of cost-effective formulations 
that address different limitations of anti-TB pharmacotherapy, making the treatment more practical and affordable to 
all patients.

Despite all the challenges, the pursuit of a NP-based formulation to fight TB should not be dropped. On the contrary, 
some of the results presented are very promising, and so they should encourage us to further pursue the research for new 
nano-based delivery systems.
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Tuberculosis (TB) is a highly prevalent global disease resulting in 
a heavy economic, social, and human burden. Considerable efforts 
have been made to fight this disease, including the search for new 
anti-TB drugs and the development of new delivery strategies that 
improve the efficacy of existing treatments. The development of 
nanodelivery systems represents an interesting alternative for the 
delivery of anti-TB drugs to the target site of infection as an attempt 
to reduce the required dose and to minimize the dose-dependent 
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side effects. This chapter includes a comprehensive analysis of 
recent progress in nanodelivery systems for the pulmonary delivery 
of anti-TB drugs. Research using different types of nanoparticles 
(NPs) for the pulmonary delivery of anti-TB drugs will be reviewed. 
Lastly, the future of this growing field and its potential impact will 
be discussed.

8.1 Tuberculosis: ey acts

Tuberculosis (TB) is one of the oldest deadly diseases known 
to humanity. The ancient association of TB is supported by 
archaeological data, morphological evidence in human fossils, 
and literary descriptions, including Book I of The Epidemics of 
Hippocrates (460 BC) [1, 2].
 In the beginning of the nineteenth century, Rene Laennec 
examined TB pathology in detail. In his work D´Auscultation Mediate 
(1819), Laennec described the physical signs of the pulmonary 
manifestation of the disease, unified the concept of the disease 
(whether pulmonary or extrapulmonary), and introduced many of 
the terms still in use today [3, 4]. In 1865, Jean-Antoine Villemin 
demonstrated the transmissibility of the infection from an infected 
cadaver’s tissue to a rabbit. Then, Robert Koch described the 
etiologic agent of TB, Mycobacterium tuberculosis (MTB), in his 
work Die Aetiologie der Tuberculose (1882). During the Industrial 
Revolution, TB reached epidemic levels in Europe, being responsible 
for one in four deaths [1]. Mortality rates began to decline in the 
nineteenth century due to the introduction of the concept of fresh 
air, good nutrition, and isolation of TB patients in sanatoria, as an 
attempt to cure TB [4].
 In 1908, Albert Calmette and Camille Guerin tested several 
mediums in och’s bacillus growth to decrease the virulence and 
increase the immunity capacity. These studies led to the development 
of the bacillus Calmette Gu rin (BCG) vaccine, which was introduced 
in 1921 and was widely employed following World War I 5 .
 The modern era of TB treatment started after the discovery 
of streptomycin, in 1944 [4]. A rapid succession of anti-TB drugs 
appeared in the following years, namely para-aminosalicylic acid 
(1946), isoniazid (INH, 1951), pyrazinamide (PZA, 1952), rifampin 
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(RIF, 1957) and other rifamycins, and ethambutol (EMB, 1961). In the 
mid-1960s, the incorporation of RIF in the standard anti-TB regimen 
allowed the reduction of TB treatment duration to 9 months, and, 
when used in a regimen that also contained P A, to 6 months 6, 7 .
 Nowadays, the first-line anti-TB therapy includes a combination 
of INH, RIF, PZA, and EMB [6, 8]. Despite the effective therapies 
available today, TB is still a major global health problem, being 
the leading cause of death worldwide, alongside the human 
immunodeficiency virus (HIV). In the last available report, World 
Health Organization (WHO) estimations indicated 9.6 million new 
cases of TB in 2014, which resulted in 1.5 million deaths 8 .

8.1.1 Epidemiology

The exposure to M. tuberculosis, through the inhalation of infectious 
aerosols, can result in different clinical outcomes. The infection 
is generally established in 25 50  of close contacts with the 
bacilli. The infected individuals can develop a symptomatic and 
infectious state, known as active TB (5 10  of the cases), or an 
asymptomatic and noninfectious state, named latent TB (90%–95%) 
8 . Latent individuals constitute a reservoir for new disease and 

ongoing M. tuberculosis transmission, carrying 5%–10% lifetime 
risk of progression to active disease 9 . With such a reservoir, TB 
control seems to be a difficult task to achieve.
 In the last 20 years, a global TB monitoring system has been 
created and annual rounds of data collection have provided valuable 
information regarding TB prevention, diagnosis, and treatment.
 In the last available report, WHO estimations indicated 1 million 
new cases in children, 3.2 million in women, and 5.4 million in men, 
resulting in 9.6 million new cases of TB in 2014 8 .
 Geographically, TB occurs in every part of the world. In 2014, 
the higher number of new TB cases occurred in Southeast Asia and 
Western Pacific regions, representing 58  of the new cases. On the 
other hand, the most severe burden relative to population (281 cases 
for every 100,000 people) and the higher number of HIV-associated 
new TB cases (74 ) occurred in Africa 8 .
 TB and HIV infection can form a lethal combination. HIV-infected 
people are 20 to 30 times more likely to develop active TB than 
people without HIV. In addition, 1 in every 3 HIV deaths is due to TB. 
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In 2014, 1.2 million new cases of TB occurred among HIV-positive 
people and approximately 0.4 million people died of HIV-associated 
TB [8, 10].
 In the last 15 years, TB incidence has fallen by an average of 1.5% 
per year and more than 43 million lives were saved through effective 
diagnosis and treatment [8, 11]. Nevertheless, the emergence of 
multi-drug-resistant TB (resistant to the two main first-line anti-TB 
drugs, INH and RIF) and extensively drug resistant TB (a multi-drug-
resistant TB that responds to even fewer anti-TB drugs, including the 
most effective second-line drugs) has been a problematic issue in TB 
control and eradication [12].
 In 2014, 480,000 people developed multi-drug-resistant TB 
and 190,000 died from this disease. Additionally, 20% of previously 
treated cases had multi-drug-resistant TB and 9.7% of the multi-
drug-resistant cases had extensively drug resistant TB 8 .
 From 2016, the main goal of WHO is to implement the WHO End 
TB Strategy. This strategy includes the recently adopted sustainable 
development goals that involve the reduction of new TB cases by 
80  and TB deaths by 90  between 2015 and 2030 8, 13 . For 
this purpose, current research should focus on the improvement of 
therapeutic compliance through the development of more effective 
diagnostics, anti-TB drugs, and vaccines or through the development 
and application of targeting drug delivery systems that increase the 
efficacy of available chemotherapy.

8.1.2 Etiology  Transmission  and Physiopathology

TB is caused by the M. tuberculosis complex, which comprises a 
group of phylogenetically closely related bacteria, including M. 
africanum, M. bovis, M. caprae, M. canetti, M. microti, M. pinnipedii, 
and M. tuberculosis [14, 15]. In humans, TB is primarily caused by 
M. tuberculosis and M. africanum. Both species are obligate human 
pathogens that have a limited ability to survive outside the human 
body [15]. M. bovis is a cattle pathogen that may also affect humans. 
However, with the introduction of pasteurization and meat-control 
practices, the M. bovis infection in humans decreased significantly 
[16]. The other species of the M. tuberculosis complex affect a range 
of wild and domestic animal species 15 .
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 In humans, the most clinical presentation is pulmonary TB, 
in which transmission occurs via inhalation of aerosol droplets 
released from an infected individual, typically through coughing, 
sneezing, spitting, or speaking [17]. Once in the lung, the bacilli are 
internalized through phagocytosis by the alveolar macrophages. 
The initial steps of TB infection involve a pro-inflammatory 
response, the recruitment of inflammatory cells to the lung, and 
the formation of granulomas [18]. Most infected individuals are 
clinically asymptomatic and remain in a latent state of infection. 
However, if the immune response is subse uently compromised, 
reactivated pulmonary TB may occur. The individuals with active TB 
can generate infectious droplets that propagate the infection [19].
 In a minority of cases, M. tuberculosis spreads via the lymphatic 
system to other host tissues, thereby becoming disseminated 
throughout the body, resulting in extrapulmonary forms of the 
disease. The most common clinical presentation of extrapulmonary 
TB includes lymph nodes infection; pleural effusions; and 
genitourinary tract, skeletal, ocular, and abdominal TB [20]. 
Gastrointestinal TB can occur by the ingestion of infected animal 
products or by the swallowing of infected sputum, resulting in 
further transmission of infection via feces and urine [1].
 Dissemination of M. tuberculosis from the primary site of 
infection (i.e., lungs) to the lymph nodes and to other organs is one 
of the key events in TB pathogenesis. Indeed, this event enables the 
pathogen to spread to new niches, to establish alternative sites of 
infection, and to develop a protective immune response in the host 
[21].
 In addition, due to its extraordinary stealth and capacity 
to adapt to environmental changes throughout the course of 
infection, M. tuberculosis is able to survive and proliferate within 
mononuclear phagocytes and to enter in a quiescent physiological 
state, maintaining viability for extended periods of time [22]. To 
secure survival and multiplication within the hostile environment 
of the host, M. tuberculosis has developed defense strategies, such as 
autophagy, the recruitment of potent hydrolytic lysosomal enzymes, 
the production of reactive oxygen and nitrogen species, phagosome-
lysosome fusion, antigen presentation, and major histocompatibility 
complex class II expression and trafficking 23, 24 . Moreover, M. 
tuberculosis is a facultative intracellular bacterium shielded by a 
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uni ue thick cell wall composed of long-chain fatty acids, glycolipids, 
peptidoglycan, and proteins 25 , which forms a diffusion barrier and 
protects the bacilli from digestion by lysosomal enzymes [26]. The 
success of M. tuberculosis as a pathogen has contributed to the high 
prevalence of latent TB, which persists for the lifetime of the host 
and reactivates with sufficient fre uency to maintain a worldwide 
epidemic.

8.1.3 Clinical Manifestations and Diagnosis

In the initial stages of TB infection, the majority of people remain 
asymptomatic or present with a mild fever 27 .
 In pulmonary TB, the most common symptoms are fever, 
chronic cough, weight loss, fatigue, and night sweats. Less common 
symptoms are chest pain, dyspnea, hemoptysis, production of blood-
tinged sputum, pleuritic pain, and severe respiratory failure [28]. 
Clinically, pulmonary TB is associated with extensive lung damage 
(i.e., pulmonary atelectasis, fibrosis, and scarring), which results in 
decreased pulmonary compliance and impaired gas exchange 27 .
 Extrapulmonary TB has a wider range of symptoms, depending 
on which organ is affected, and in many cases, infection produces 
systemic effects, rather than local ones [25, 29]. Moreover, these 
effects are usually associated with other ailments, such as HIV 
infection, diabetes mellitus, and neoplastic diseases, which 
considerably delays diagnosis and increases misdiagnoses, especially 
in patients coinfected with HIV 29 .
 An accurate TB diagnosis is essential for a timely detection of 
infection. The most common methods for TB diagnosis are chest 
radiology, sputum smear microscopy, culture, and tuberculin skin 
test [30].
 A sputum smear test is the most common method for diagnosing 
TB. This simple and inexpensive techni ue involves the uantification 
of mycobacteria in stained sputum preparations by microscopic 
examination. This test is very useful but has a low sensitivity and 
does not distinguish between different species of mycobacteria 29, 
31]. Culture-based methods using selective media for mycobacteria 
are very reliable and sensitive but re uire more than a week to 
obtain conclusive results [8]. A chest radiography can identify lung 
damage but has limited specificity and reader inconsistency 32 . 
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The tuberculin skin test was the first method capable of diagnosing 
latent TB [33]. This test measures the immune response against 
soluble antigens of M. tuberculosis as a delayed-type hypersensitivity 
reaction at the site of injection [34].
 In recent years, novel experimental approaches and detection 
technologies have provided more sensitive alternatives for TB 
diagnosis. Recently developed molecular tests can be applied 
directly to the sputum sample, giving rapid, highly specific, and 
sensitive diagnosis without the need for culture-based techni ues 
[28]. The most common methods are Xpert® MTB/RIF assay 
(Cepheid, S), line probe assays (LPAs), and the urine lateral 
flow lipoarabinomannan (LF-LAM) assay (Alere DetermineTM TB 
LAM Ag test, Alere Inc., S) 8 . In addition, a diagnostic platform 
called the GeneXpert Omni® and a next-generation cartridge called 
Xpert Ultra® are in development. These new diagnostic tools may 
replace conventional culture as the primary diagnostic method for 
TB [8]. Despite all the advantages of these molecular tools for TB 
diagnostics, conventional microscopy and culture-based techniques 
remain necessary for monitoring patients’ response to treatment.

8.1.4 Vaccines and Treatment

As stated before, the only approved TB vaccine is BCG, an attenuated 
form of M. bovis that has been used in humans since 1921 [4]. BCG 
vaccination is recommended by WHO and has been successfully 
carried out in children for over a century [5, 8]. BCG is relatively 
cheap, safe, and administered as a single intradermal injection. 
Despite its efficacy against severe forms of childhood TB, BCG does 
not prevent the most prevalent form of TB, adult pulmonary TB [35]. 
In this context, a widely applicable and effective vaccine is urgently 
needed for TB control.
 In recent years, considerable effort has been made to develop 
new vaccines. New strategies include viral vectors that express 
M. tuberculosis antigens, M. tuberculosis proteins with improved 
adjuvants, recombinant BCG strains, and live attenuated M. 
tuberculosis vaccines [19, 35]. Currently, there are almost 20 vaccine 
candidates in clinical trials, and several new candidates are ready to 
enter the clinical trial pipeline [35].

Tuberculosis
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 Vaccine candidates for TB can be classified according to 
their target populations (therapeutic and preventive vaccines), 

their composition (killed mycobacteria, viable recombinant 

mycobacteria, viral-vectored, and adjuvant subunit vaccines), time 

of administration regarding M. tuberculosis infection (pre-exposure 
and postexposure vaccines), and relation to conventional BCG 
vaccine (BCG replacement and heterologous prime-boost vaccines) 

[35].

 Recent advances in vaccine development have offered promising 

perspectives to explore immunotherapy as a treatment option, 
especially for multi-drug-resistant and extensively drug resistant TB 
[35, 36].

 TB treatment requires a long period of chemotherapy (6–9 

months) with a combination of multiple agents to achieve bacterial 
clearance, to reduce the risk of transmission, and to minimize 

the emergence of drug resistance [26, 27]. Indeed, the current 

recommended treatment includes an initial phase of 2 months of 

daily administration of a four-drug combination (INH, PZA, RIF, 

and EMB), followed by a continuous phase of 4 7 months of daily 
administration of INH and RIF 37 . These four drugs, together with 
streptomycin, constitute the first-line therapy for TB 7, 26 . Second-
line agents (e.g., rifabutin, ethionamide, amikacin, kanamycin A, and 

levofloxacin) are used when treatment with first-line drugs fails or 
in the presence of multi-drug-resistant TB cases. These second-line 

drugs are less effective, more toxic, and more expensive than first-
line drugs [7, 37]. In some cases, more severe drug resistance can 

occur, responding to even fewer available antibiotics, including the 
most effective second-line anti-TB drugs [37]. The third-line anti-

TB drugs have more side effects and are even more expensive than 
first- and second-line anti-TB drugs. In addition, in the majority of 
cases, the third-line drugs are under clinical trials and have unclear 

efficacy 6, 37 .
 Besides drug resistance, the interaction of anti-TB drugs with 
antiretroviral agents and other anti-infective drugs prescribed for 

opportunistic infections can also make TB treatment difficult 27 . 
New drugs with interest for TB treatment are being developed and 
tested and are currently at different steps of preclinical or clinical 

trials 8 . Despite the drawbacks of existing drugs, mechanisms to 
improve their efficacy may present a faster strategy to fight TB 26 .
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 Improvement of the therapeutic index of existing anti-TB 
drugs through encapsulation into nanodelivery systems should 
be considered as a means of increasing drug concentration at 
infected sites, reducing the severe toxic side effects, and decreasing 
treatment duration [26, 38]. Moreover, another important advantage 
of nanodelivery systems is the feasibility of more versatile routes of 
administration, including the inhalatory route [39]. Inhalable drug-
loaded nanoparticles (NPs) can improve drug effectiveness and 
decrease side effects, due to their ability to carry drugs specifically 
to the infected area, as well as ensure their prolonged and sustained 
release [40, 41]. Indeed, pulmonary drug delivery may play a crucial 
role in the improvement of patient compliance to therapy and, 
consequently, contribute to TB control.

8.2 Respiratory System as a Route for Drug 
Delivery

Anatomically, the human respiratory system is divided into the 
upper respiratory tract and the lower respiratory tract. The nose, 
pharynx, and larynx are the components of the upper respiratory 
tract. The lower respiratory tract consists of the trachea, bronchial 
tree, and lungs. The thoracic cavity is delimited by the chest wall and 
the diaphragm [42].
 The main respiratory system functions are related to ventilation, 
gas exchange, and oxygen utilization, which involve obtaining oxygen 
from the external environment and distributing it to the cells, as well 
as eliminating carbon dioxide produced by cellular metabolism 42 .
 The lungs are composed of two treelike structures, the vascular 
tree and the airway tree, that are embedded in the lung tissue 43 . 
The vascular tree is composed of arteries and veins connected by 
capillaries. The airway tree consists of a series of branching tubes, 
in which each level of branching results in another generation of 
airways, each generation smaller in diameter than the previous one 
[42, 43].
 The trachea is the main airway and branches into two bronchi, 
each supplying a lung. Within each lung, the bronchus branches 
many times, into progressively smaller bronchi, the bronchioles 
43 . The trachea and the first 16 generations of airways make up 
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the conducting zone. The conducting airways have three major 
functions: to warm and humidify inspired air, to distribute inspired 
air to the more distal gas-exchanging regions of the lungs, and to 
serve as a part of the body defense system [42]. The last referred 
function is linked to the mucociliary transport system and will be 
discussed in the following section.
 The last seven generations of airways form the site of gas 
exchange, called respiratory zone. The respiratory zone is composed 
of respiratory bronchioles, alveolar ducts, and alveoli [43].
 The lungs have the most extensive capillary network, surrounding 
each alveolus and bringing blood into close proximity with the gas 
inside the alveolus [43].

8.2.1 Barriers of the Respiratory System

The respiratory system has physiological barriers that affect the 
uptake and translocation of molecules through the respiratory tract 
(Fig. 8.1).

igure 8.1 S e ati   t e ysi l i al ba ie s i e  u us and alve la  
clearance) that affect the uptake and translocation of molecules through the 
respiratory tract.

 The conducting airways (i.e., trachea, bronchi, and bronchioles) 
are lined with different cell types, such as basal, ciliated, epithelial, 
goblet, and secretory cells, which serve the specialized functions of 
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each compartment [39]. Epithelial cells are the major cell type of 
the airways, forming a ciliated columnar epithelium with a height of 
58 m in the bronchi and a cellular monolayer of 0.1 0.2 m in the 
alveoli [39].
 Mucus-secreting goblet cells are interspersed among the 
epithelial cells, forming a protective viscous mucus layer called 
the mucociliary escalator [42]. The mucociliary escalator acts as 
a primary barrier in the bronchial epithelium, trapping inhaled 
particles and removing them by coughing them up and out of the 
lungs [44, 45]. Due to the high concentration of mucopolysaccharides 
and macromolecules tethered to the cilia, microvilli, and surface of 
bronchial epithelial cells, the underlying periciliary liquid layer acts 
as a second barrier to particle dissolution and diffusion toward the 
epithelium [39, 46].
 The mucus layer is composed of inorganic salts, proteins, 
glycoproteins (mucins), lipids, and water  is 8 m thick in the 
bronchi  and transitions through the airways into a 0.07 m thick 
surfactant in the alveoli 39 . The pulmonary surfactant (PS) layer 
is composed of phospholipids, cholesterol, and various proteins 
that are released from type II epithelial cell lamellar bodies [44, 
47 . Besides affecting particle dissolution and diffusion toward 
the epithelium, this protective coating of the lungs also affects the 
interactions between drugs and cell surfaces and/or receptors 39 .
 Apart from coughing, mucociliary clearance and macrophage 
clearance affect the residence time of inhaled drugs in the lungs 
[47]. Mucociliary clearance involves the movement of mucus under 
the influence of coordinated ciliary beat at the surface of airways 
[47, 48]. Particles can migrate through the mucus to the epithelium 
for absorption or, in the extreme insoluble particles, are transported 
by mucociliary-mediated transport [48]. Mucociliary clearance is a 
fast and unspecific mechanism, with 80 90  of inhaled particles 
being excreted from the upper and central lung within 24 h 47 . The 
inhaled particles that exhibit delays in dissolution are usually taken 
up by macrophages and transported to lymph nodes [48]. Alveolar 
macrophages are able to phagocyte inhaled organic or inorganic 
particles. Nevertheless, in contrast to mucociliary clearance, alveolar 
macrophages show size-dependent uptake, being more effective for 
particles with a geometric diameter of 0.5 5 m 47 .

Respiratory System as a Route for Drug Delivery
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 Reformulating drugs to be nanosized offers a number of 

potential benefits related to penetrating into the protective barriers 
of the lungs. Moreover, according to the proposed action, pulmonary 

drug delivery can be designed to avoid phagocytic cells or to take 

advantage of the phagocytic nature of the alveolar macrophages 

[44].

8.2.2 Pulmonary Administration of Drugs

The lung is the ideal site of anti-TB drug delivery and an important 

route of access in case of pulmonary TB [49]. Indeed, pulmonary 

drug delivery offers advantages over both oral and parenteral routes 

of administration [40].

 The inhalatory route is a noninvasive delivery portal that requires 

lower administration doses for efficacy and exhibits reduced 
toxicity and fewer side effects in comparison with the oral route 
[49]. In addition, lung mucosa has a large surface of absorption and 

extensive vascularization, which may allow drugs to be systemically 
distributed by the bloodstream, bypassing the hepatic first-pass 
metabolism that occurs upon oral administration [49, 50]. In 

contrast to the parenteral route, pulmonary drug delivery is a “free 

of needles” treatment that can be self-administered easily [40, 50].

 In the last decade, the interest in the inhalatory route for TB 

treatment has been steadily growing. Regarding the characteristics 
of second- and third-line anti-TB drugs, the inhalatory route has 

several advantages when compared to the oral and parenteral 
administrations [51]. Pulmonary delivery of anti-TB drugs 

constitutes an interesting approach for the treatment of both 

pulmonary and extrapulmonary TB 50 . In this regard, the delivery 
of drugs directly to the lungs allows a high drug concentration in the 
lungs and a better targeting of the infected alveolar macrophages in 

the case of pulmonary TB [50, 51]. In addition, the direct absorption 

of active agents into systemic circulation bypasses hepatic first-
pass metabolism and avoids degradation of drugs in the acidic 

environment of the stomach, which is advantageous for treating 
extrapulmonary TB 52 .
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8.2.3 Lung-Targeting and Inhalation Devices

The deposition of inhaled therapeutic agents in the respiratory 
airways is crucial to yielding local and systemic therapeutic 
effect. Impaction, sedimentation, and/or diffusion are the main 
mechanisms by which particles are deposited in the respiratory 
tract (Fig. 8.2) [45, 48]. To ensure deep lung deposition, parameters 
such as aerosol particle diameter, shape, density, electrical charge, 
and hygroscopicity are the determinants [40, 45]. In addition to the 
need for particles and formulation to have adequate characteristics, 
inhalatory administration of drugs must be done using a suitable 
device that produces an appropriate aerosol [41, 50, 52].

igure 8.2 elati n bet een a ea  t e lun  and t e si e  t e de siti n 
particles.

 The aerosolization of drugs as fine powders using dry powder 
inhalers (DPIs) is a convenient way of delivering drugs to the lungs. 
Liquid formulations can also be administered through a nebulizer. 
Alternatively, drugs can be directly delivered to the lungs, without 
prior aerosolization, using an insufflator 52 .
 Different inhalatory devices have distinct properties and 
specifications, making them more appropriate than others 
for ensuring the efficacy of a specific drug formulation 41 . 
Nebulization is the most common method of aerosol delivery of 
antibiotics. In addition, adjustments in drug dosing are easier to 
achieve using nebulizers [52]. Compared to nebulizers, DPIs offer 
many advantages, such as greater stability, improved tolerability, 
and extended release profile. In addition, no li uid propellant is 
involved, DPIs are easy to use and less time consuming, and they do 
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not re uire storage at a low temperature 45 . These characteristics 
make DPIs a popular choice for the treatment of pulmonary chronic 
diseases [50].
 Besides the characteristics discussed above, inhaler devices 
should also be accurate, small, easy to handle, and user friendly to 
be accepted by both clinicians and patients [41].

8.3 Nanotechnology as a Tool for Drug Delivery

Nanotechnology is a field of science that involves the design and 
study of structures called NPs, in which at least one of the dimensions 
is measured in the nanoscale range (1 to 1000 nm) [50].
 The application of nanotechnology in medicine, and more 
specifically in drug delivery, has been investigated mainly to reduce 
toxicity and side effects of drugs 53 .
 NPs are attractive due to their unique features, such as their 
surface-to-mass ratio, which is much higher than that of other 
particles; their quantum properties; and their capacity to adsorb 
and carry other compounds [54]. In addition, NPs can be designed to 
target specific tissues, cells, and cellular receptors, enabling spatial 
controlled drug release [55].
 The application of NPs for drug delivery provides technological 
advantages, including high stability (i.e., a long shelf life), high 
carrier capacity, feasibility of incorporation of both hydrophilic 
and hydrophobic substances, and possibility of variable routes of 
administration [56]. Besides the application of NPs as drug carriers, 
the drug itself can be formulated at a nanoscale level and function as 
its own carrier 54 .
 The interaction of NPs with membranes, tissues, and cells greatly 
depends on their composition. For that purpose, the surface of NPs 
can be functionalized with polymers or appropriate ligands to target 
specific cells and/or locations within the human body 55 . NPs have 
also the ability to be activated by chemical stimuli, by changes in 
environmental pH, by application of external heat source, and by an 
oscillating magnetic field 57 59 .
 On the basis of the type of material from which their matrix is 
made, NPs can be classified as organic or inorganic. Organic NPs are 
the most studied type, accounting for more than two-thirds of the 
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systems approved for therapeutic use in humans [60]. Organic NPs 
include liposomes, polymeric NPs, polymeric micelles, solid lipid 
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs). 
Inorganic NPs comprise metallic NPs made of gold, silver, platinum, 
aluminum, zinc, titanium, palladium, iron, or copper.
 Different types of nanocarriers can target the site of the disease, 
either through passive or active targeting of drugs [61]. In passive 
targeting the uptake occurs through phagocytosis, pinocytosis, 
or endocytosis. This pathway mainly depends on size, but the 
physicochemical characteristics of the NP’s surface also play a crucial 
role in the uptake [60]. On the other hand, active targeting involves 
the conjugation of receptor-specific ligands to the NP surface. 
Such ligands enhance the recognition of NPs by specific receptors, 
promoting site-specific targeting 61 . Alveolar macrophages have 
drawn special attention as a relevant clinical target in the treatment 
of pulmonary diseases, including TB. In fact, alveolar macrophages 
exhibit a number of receptors that can be exploited by nanocarriers 
with appropriate ligands to actively target the site of infection 
50 . Sugars such as mannose 62  and lactose 63  are the most 

commonly used ligands since the receptors to these ligands are 
highly expressed in alveolar macrophages. Other common ligands 
include maleylated bovine serum albumin (MBSA)  O-steroyl 
amylopectin (O-SAP)  tetrapeptid tuftsin 26, 41  and anionic lipids, 
such as dicetylphosphate (DCP) [50].
 In the past few decades, a wide variety of nanosystems have 
been shown to be more beneficial than conventional formulations. 
Despite the above-mentioned advantages, many challenges have to 
be addressed regarding the potential toxicity and adverse effects of 
NP formulations [54]. Therefore, the application of nanotechnology 
in formulation design should be fully explored.

8.3.1 Nanoparticles for Pulmonary Drug Delivery

One of the main challenges in drug delivery is to target the place 
where the drug is needed, thereby avoiding potential side effects 
in nondiseased sites. In recent years, NPs have been explored to 
improve efficacy of existing drugs, reduce dosage schedules, and 
provide more comfortable administration routes for the treatment 
of pulmonary infectious diseases [40, 41, 60].

Nanotechnology as a Tool for Drug Delivery
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 The application of nanotechnology in pulmonary drug delivery 
is a promising area of research for several reasons. First, the size 
of the particles can be fine-tuned to reach different areas of the 
lung through successful passive targeting strategies 50 . Second, 
the NP’s surface can be modified and functionalized with ligands 
to actively target sites of interest, such as the alveolar macrophages 
[64]. Third, studies have demonstrated that pulmonary delivery 
of nanosuspensions favors higher lung tissue concentrations and 
markedly raises the lung to the serum ratio of drugs, compared with 
other routes of administration [50, 65].
 Inhalation is the best route for the drugs to target the lungs. As 
mentioned above, the respiratory system provides a noninvasive 
route for delivery, with a large surface area and extensive blood 
supply. In addition, the drug avoids first-pass metabolism and the 
respiratory tract has a lower enzymatic activity compared to other 
organs (e.g., the gastrointestinal tract). After inhalation, NPs are 
transported with the inhaled air through the respiratory tract until 
they can be deposited or exhaled 41 .
 Particle size, density, and geometry are the determining factors 
to prevent exhalation and ensure that NPs will be deposited in the 
region of interest [60]. The optimal mean aerodynamic diameter 
range for particle deposition in the lower airways is 1 to 5 m 41, 
60 . Particles larger than 5 m are deposited in the oropharynx and 
are conse uently swallowed  particles smaller than 1 m reach the 
tertiary bronchi and bronchioles  while articles smaller than 0.5 m 
are deposited in the alveoli, but if they have a very low mass they 
may be exhaled during administration 60, 66 .
 The surface charge of NPs, which is commonly characterized 
by zeta potential, affects the distribution and uptake by cells. 
Macrophages display a negatively charged surface. Thus cationic 
NPs undergo better uptake than negatively charged NPs [67]. In the 
case of infections such as HIV infection, anionic NPs provide better 
interaction since infected cells express positively charged proteins 
[68].
 To improve drug delivery to the lungs, NPs should be able to 
avoid mucociliary clearance from the airways. For this purpose, NPs 
can be formulated using mucoadhesive polymers, such as alginate or 
chitosan [60, 69].
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 Regarding other NP characteristics, the increment of 
hydrophobicity decreases the diffusion kinetic in mucus [70], 
increases cellular uptake 67 , and influences output from endosome 
and drug release [71].
 Due to the above-mentioned characteristics, diverse types of 
NPs are suitable for the treatment of pulmonary infections through 
inhalation [40, 41, 60]. Apart from technological innovation and 
the possibility to counter pulmonary drug delivery limitations, 
nanosystems have advantages and disadvantages and there is no 
single carrier that is perfect for all drugs. The choice of the carrier 
system for pulmonary drug delivery should always take into account 
the physicochemical properties of the therapeutic agent, the targeted 
site, the challenges of NPs’ translocation through the respiratory 
tract, and the possibility of large-scale production.

8.3.2 Pulmonary Anti-TB Drug Delivery 
Nanotechnologies

The most commonly used nanocarriers to achieve the pulmonary 
delivery of anti-TB drugs are polymer-based NPs and also lipid-
based NPs. Besides, other NPs are currently under research in 
the TB field, including drug nanocrystals, magnetic NPs, NPs with 
effervescent activity, and gold NPs for the study of internalization of 
NPs by alveolar macrophages (Fig. 8.3).

igure 8.3 S e ati  e esentati n  t e di e ent ty es  N s u ently 
used to achieve pulmonary delivery of anti-TB drugs.

8.3.2.1 Polymeric NPs

Natural and synthetic polymers are commonly used for producing 
polymeric NPs as nanocarriers for anti-TB drug delivery. Research 
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into the rational delivery of and targeting by pharmaceutical, 
therapeutic, and diagnostic agents is at the forefront of projects 
in nanomedicine [55]. Natural polymers commonly chosen for 
pulmonary delivery are alginate, chitosan, and gelatin. Synthetic 
polymers include poly(lactide-co-glycolide) acid (PLGA), polylactic 
acid, polyanhydride, and polyacrylate [72].
 Currently, polymeric NPs are the most widely researched systems 
for pulmonary delivery since these NPs fulfill most re uirements 
needed for pulmonary delivery, such as sufficient association of the 
therapeutic agent with the carrier particles, targeting of specific 
sites or cell populations in the lung, protection of the therapeutic 
agent against degradation, release of the therapeutic agent at 
a therapeutically optimal rate, ability to be transferred into an 
aerosol, low toxicity, and stability against forces generated during 
aerosolization. However, the respiratory tract provides substantial 
barriers that need to be overcome for successful pulmonary 
application. In this regard, micro- and nanosized particles offer 
novel concepts for the development of optimized therapeutic tools in 
pulmonary research. Polymeric nanocarriers are generally preferred 
as controlled pulmonary delivery systems due to prolonged retention 
in the lung. Specific manipulation of nanocarrier characteristics 
enables the design of intelligent  carriers with modified duration 
and intensity of pharmacological effects. New formulations should 
be tested for pulmonary absorption and distribution using more 
advanced ex vivo and in vivo models. The delivery of nanocarriers 
to the airspace enables a detailed characterization of the interaction 
between the carrier vehicle and the natural pulmonary environment. 
In summary, polymeric NPs seem to be especially promising as 
controlled delivery systems and represent a solid basis for future 
advancement of pulmonary delivery applications [73]. The selection 
of natural or synthetic materials is important in designing particle or 
NP clusters with the desired characteristics, such as biocompatibility, 
size, charge, drug release, and polymer degradation rate [66].
 Polymeric NPs as drug deliverers of anti-TB drugs have already 
been studied. Thus, Jain et al. developed polymeric NPs for 
ciprofloxacin delivery made of albumin, gelatin, and also chitosan 
74 . The authors studied the drug release profile of the formulation 

and concluded that albumin and chitosan polymeric NPs were more 
capable of drug incorporation (48  and 35  loading efficiency 
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[LE], respectively) and sustained drug release (up to 120 and 96 h, 
respectively). Another study involving natural polymeric NPs was 
performed by Ahmad et al. for the incorporation of RIF, INH, and 
PZA in alginate polymeric NPs [75]. The NPs developed presented 
aerodynamic diameters in the respirable range and high drug 
LE (between 70 90 ). In addition, the bioavailability of the 
formulations was studied, showing better results in comparison 
with the oral administration of the free drugs. In a study conducted 
by Saraogi et al. polymeric NPs made of gelatin were used for the 
incorporation of INH. These NPs were functionalized with mannose 
to increase the uptake in the target cells (i.e., infected macrophages) 
[76]. The authors obtained LE of around 50% and reported higher 
accumulation of INH in the lungs when using mannosylated NPs in 
comparison with nonfunctionalized NPs, rendering them suitable 
for pulmonary delivery of anti-TB drugs.
 Abdulla et al. used poly-(ethylene oxide)-block-distearoyl 
phosphatidyl-ethanolamine (mPEG2000 DSPE and mPEG5000
DSPE) polymers to produce polymeric NPs for the pulmonary 
delivery of RIF. The authors reported high LE (84%–104%) and 
reported that these values were influenced by the drug-polymer 
ratio, but not by the mPEG DSPE molecular weight 77 . Particle size 
and aerodynamic characterization showed that the formulations 
developed are suitable for lung deposition through inhalation.
 Chitosan has some important reported properties to act as an inert 
carrier, such as biocompatibility, biodegradability, and low toxicity, 
being also mucoadhesive, promoting macromolecule permeation 
through well-organized epithelia 78 . In this context, Pourshahab 
et al. used chitosan/tripolyphosphate NPs to incorporate INH. The 
NPs developed showed a size of 449 nm and LE of 17 . Moreover, 
the formulation demonstrated an initial drug release burst, followed 
by slow and sustained drug release in the following 6 days 79 . Garg 
et al. prepared spray-dried inhalable chitosan NPs for the delivery of 
INH and RIF 80 . The results obtained showed NPs with diameters 
of 230 nm and LE of 69% for INH and 71% for RIF. In addition, 
compared with the free drug, the formulations demonstrated lower 
cytotoxicity and a reduction in the number of bacilli in the lungs of 
M. tuberculosis H37Rv infected BALB/c mice [80].
 Polymeric NPs made of PLGA are extremely common and have 
been used to encapsulate some anti-TB drugs. Sung et al. showed that 
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PLGA NPs loaded with RIF can be formulated, resulting in porous 
NP- aggregate particles  with aerosol properties appropriate for 
lung delivery [81]. The authors conducted in vitro and in vivo 
studies and found evidence of delayed drug release, a delay of up 
to 8 h. Moreover, the presence of RIF in the lungs of guinea pigs 
was detected up to 8 h after the delivery 81 . ain et al. reported 
better results when using PLGA NPs conjugated with lactose and 
loaded with RIF (LE of approximately 38 42 ) 82 . The authors 
demonstrated that RIF remains in the plasma for 4–6 days and INH/
P A for 8 9 days. Pandey et al. and Sharma et al. developed PLGA 
NPs for the incorporation of RIF, INH, and PZA (LE of 50%, 60%, and 
70%, respectively) [83, 84]. The authors reported the presence of RIF 
in the plasma for 4–6 days and the presence of INH and PZA for 8–9 
days. Pandey et al. showed that 5 doses of nebulized anti-TB PLGA 
NPs achieved the e uivalent therapeutic benefits of 46 daily doses of 
orally administered free drugs [83]. Later, the same research group 
coated similar NPs with wheat germ agglutinin and reported an 
increased period during which all drugs were detectable in plasma, 
namely 6–7 days for RIF and 13–14 days for INH/PZA [84].
 The incorporation of hydrophilic drugs in polymeric nanosystems 
is challenging. Cheow and Hadinoto developed modified PLGA to 
achieve higher LE of water-soluble antibiotics, using levofloxacin 
as the model drug 85 . The formulation exhibited LE between 4  
and 23%, depending of the method used for NP production, drug 
release being maintained. Additionally, the formulation developed 
showed antibacterial activity even after the spray drying. Later, the 
same authors developed lipid-polymer hybrid NPs to incorporate 
levofloxacin, ciprofloxacin, and ofloxacin 86 . The formulations 
developed obtained LE of 10 19  for levofloxacin, 4 6  for 
ciprofloxacin, and 10 25  for ofloxacin. After the initial burst 
drug release, hybrid NPs showed a slower (or very slow) drug 
release than their nonhybrid counterparts. More recently, Varma 
et al. developed polymeric NPs using a copolymer of ethyl acrylate, 
methyl methacrylate, and a low content of methacrylic acid ester with 

uaternary ammonium groups 87 . The NPs developed showed a 
size range from 45 to 300 nm and LE of 80.9 . The formulation was 
showed to be stable during two months and was demonstrated to be 
efficiently internalized by alveolar macrophages.
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8.3.2.2 Liposomes

Liposomes are vesicular structures consisting of at least one 
phospholipid bilayer enclosing an aqueous medium [88]. Their size 
can be fine-tuned to target different regions of the lung by passive 
targeting, and their structure and composition can be changed 
to actively target specific cells, namely alveolar macrophages. 
The functionalization of these NPs with mannose is one of the 
most successful examples of this strategy, as it has been shown to 
increase uptake of NPs by alveolar macrophages [89, 90]. Moreover, 
liposomes are particularly interesting for pulmonary delivery, since 
they can be produced using endogenous compounds, such as the 
components of the PS 91 . For all the above-mentioned reasons, in 
the literature it is possible to find a vast number of studies involving 
pulmonary delivery of drugs with liposomal formulations, many of 
them focusing on the delivery of antibiotics and particularly anti-TB 
drugs. Chattopadhyay et al. demonstrated that changing liposome 
composition by incorporation of charged lipids and cholesterol 
molecules into the bilayer prevented particle aggregation and 
preserved bilayer integrity after air-jet nebulization [92]. This is 
an important aspect since many aerosolization techniques can 
compromise liposome structure and integrity. A strategy to avoid 
this is to protect the surface of the vesicles by using polyethylene 
glycol (PEG) and plain tuftsin-conjugated liposomes, which was 
demonstrated to protect and maintain the stability of the liposomes 
during the nebulization process [93]. Another approach is based on 
the fact that a drug lipid mixture solubilized in chlorofluorocarbon 
(CFC) will form liposomes upon hydration in small airways 94 . Gaur 
et al. explored the hypothesis by producing the liposomes in situ, 
since the lung has a wet surface and for that reason can provide an 
aqueous phase for local formation [94]. The developed formulation 
was formed by egg phosphatidylcholines (EPC), cholesterol, and DCP 
and was encapsulated with RIF with LE of 29 38 . The authors 
reported that no vesicle rupture was observed and the liposomes 
were formed in situ and demonstrated prolonged drug release. 
Ciprofloxacin was one of the first anti-TB drugs encapsulated in 
liposomes. Wong, Finlay, and coworkers developed liposomes 
with phosphatidylcholine (PC) and cholesterol encapsulated with 
ciprofloxacin with high LE of 90  before nebulization, of which  
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2%–30% remained encapsulated after the nebulization process 
[95]. The authors studied liposome disruption during aerosolization, 
using 25 different nebulizers [95]. Later, the same authors published 
results related with the in situ formation of liposomes on dispersion of 
phospholipid-based powder formulations 96, 97 . The formulations 
consisting of PCs (dipalmitoylphosphatidylcholine [DPPC] or 
EPC) and cholesterol demonstrated impressive LE of 97% before 
lyophilization, of which up to 90  was retained by the lyophilized 
cake and up to 40% after jet milling. In another study, among 
all tested formulations (DPPC, dimyristoylphosphatidylglycerol 
[DMPG], EPC:DMPG, dimyristoylphosphatidylcholine [DMPC], and 
DMPC:DMPG), the best results in terms of LE, with a value near 
100 , were obtained with formulations composed of lipids with 
a negative charge, namely DMPG. Additionally, the nebulization of 
the particles causes an overall decrease of the drug’s LE. Bhavane et 
al. developed liposome agglomerates with ciprofloxacin that could 
be triggered by the instillation of a biologically acceptable agent 
98 . The formulations were produced using DPPC, cholesterol and 

mPEG-DSPE or DPPC, and cholesterol and distearoylphosphoethan
olamine amino(polyethylene glycol)  conjugate (DSPE-PEG-NH2). 
Cysteine was used to facilitate postadministration modulation of 
the drug release rate since it forms cross links between nanosized 
liposomes to form the agglomerates. It could allow treatment 
regimens where the administration of a single dose would be 
sufficient for an extended period of time, since drug release could 
be periodically accelerated. The authors also found that progressive 
release of the drug does not cause significant inflammation, unlike 
the administration of the free drug ciprofloxacin.
 Other anti-TB drugs have already been encapsulated in liposomes. 
Liposomes made of DPPC for the delivery of INH have been developed 
and evaluated in vitro by Chimote and Banerjee [99]. The authors 
obtained LE of approximately 37  with sustained drug release, held 
over 24 h after a burst release of 50  of the drug in the first 5 h. 
They have also performed biocompatibility and stability studies and 
found that the formulations were hemocompatible, cytocompatible, 
and stable for at least a month. Justo and Moraes studied the 
possibility of coencapsulating several anti-TB drugs in the same 
formulation made of distearoylphosphatidylcholine (DSPC) and 
cholesterol 91 . The anti-TB drugs encapsulated chosen were the 
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first-line anti-TB drugs INH, P A, and RIF and also ethionamide and 
streptomycin. The results demonstrated that RIF and ethionamide 
were not successfully encapsulated. Low LE was obtained in the 
case of INH (3 ) and P A (2 ), with the LE of streptomycin the 
highest (42%). Gaur et al. published a feasibility study, using RIF as a 
model drug [94]. In this study, liposomes made of PC and cholesterol 
were formed in situ and the results showed a better-sustained drug 
release profile than the preformed liposomes. The liposomal aerosols 
showed improved delivery of RIF over plain drug aerosols, with LE 
of approximately 30 . Patil et al. developed RIF-loaded liposomes 
with LE of 79.25 . The in vitro results showed increased solubility 
of the drug and higher anti-TB activity in comparison with the free 
drug [100]. An aerodynamic characterization result demonstrated 
that the NPs developed were within a respirable size range  and in 
vivo results pointed to the enhancement of drug permeation in the 
alveolar epithelium [100].
 The possibility of surface coating to achieve active targeting with 
liposomes has also been a subject of interest. Vyas et al. developed 
liposomes formed by PC, cholesterol, and encapsulated RIF with LE 
of roughly 50% [101]. The authors tested different macrophage-
specific ligands (i.e., DCP, MBSA, or O-SAP) and reported a 
preferential accumulation of ligand-coated formulations in the lung 
macrophages. Deol and Khuller developed coated liposomes formed 
by EPC and cholesterol and coated with O-SAP for the encapsulation 
of the first-line anti-TB drug RIF (LE 44 49 ) and INH (LE 8
10 ) 102 . The authors reported that encapsulating drugs within 
liposomes reduced the toxicity of the free drugs and that an O-SAP 
coating increased the accumulation of the NPs in the lungs. Agarwal 
and coworkers studied tuftsin functionalization of EPC liposomes 
encapsulated with RIF (LE 30 ) 103 . The authors reported that 
regular administration of the functionalized formulation over 2 weeks 
was more efficient in controlling TB than the nonfunctionalized one. 
Patil-Gadhe et al. developed rifapentine-loaded proliposomes for 
the inhalation by spray drying 104 . The results showed sustained 
drug release, a higher accumulation of the drug in the lungs having 
been achieved. Later, the same authors confirmed the potential of 
the developed formulation for the direct delivery of the drug to the 
lungs in spray-dried DPI, achieving higher drug concentrations in 
the lungs and reducing systemic toxicity 100 .
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8.3.2.3 Lipid NPs

Lipid NPs show a high drug loading capacity and high stability and 
do not require the use of organic solvents during production [105]. 
Moreover, these nanocarriers are biocompatible, can be produced 
with the appropriate size and morphology for lung targeting and 
deposition [106], and have been studied as a suitable pulmonary 
drug delivery strategy. The surface of lipid NPs can be easily modified 
to achieve active targeting. SLNs made of only solid lipids and NLCs 
with solid as well as li uid lipids are the most common lipid NPs 
used.
 There are several studies using lipid NP formulations for the 
delivery of anti-TB drugs. ain and coworkers developed SLNs for 
ciprofloxacin prolonged drug release 74 . Their work is one of only 
four reports found so far in the literature concerning the pulmonary 
delivery of SLNs loaded with drugs for the treatment of TB, namely 
rifabutin, INH, RIF, and PZA. Nimje et al. prepared rifabutin loaded 
in SLNs made of tristearin and compared uncoated formulations 
with formulations coated with mannose sugar 62 . The results 
demonstrated that the developed formulation is suitable for sustained 
drug delivery, the cellular uptake by alveolar macrophages being 
enhanced by roughly six times due to the mannose coating. The in 
vivo results confirmed the higher drug accumulation in the lungs for 
coated SLNs, as well as a less immunogenic formulation. Pandey and 

uller developed SLNs made of stearic acid for pulmonary delivery 
through nebulization [107]. The authors encapsulated INH, RIF, and 
P A with LE of roughly 50  for each drug. The formulations were 
capable of sustained drug release, with a burst drug release 20  in 
the first 6 h and of 11 15  in the 6 72 h period in the case of INH 
and P A  for RIF it was of 9  in the first 6 h and of 11  in the 6 72 h 
period. The nebulized SLNs were successfully deposited in the lungs 
and were detected in other organs up to 7 days after administration, 
while the free drug was cleared from the system within 24 48 h. 
ain and Banerjee developed SLNs made of stearic acid to deliver 

ciprofloxacin (with LE of 39 ) and concluded that these NPs 
were able to sustain drug release for up to 80 h 74 . Chuan et al. 
developed RIF-loaded SLNs to target alveolar macrophages 108 . 
The loaded SLNs presented an average size of around 800 nm and 
showed relatively low cytotoxicity when their concentration was 
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>20 µg/ml. In addition, their results demonstrated that RIF-loaded 
SLNs were internalized more selectively in alveolar macrophages 
than in alveolar epithelial type II cells. Gaspar et al. developed SLNs 
using glyceryl dibehenate or glyceryl tristearate as lipid components 
for the delivery of rifabutin 109 . The SLNs produced showed a size 
between 99 and 210 nm, with high LE of above 80 . The release 
studies demonstrated an almost complete drug release, with low NP 
cytotoxicity 109 .
 The second generation of lipid NPs, NLCs, due to their 
composition (a mixture of solid and li uid lipids), possess an 
imperfect crystal matrix that enhances the LE and minimizes 
drug expulsion during long-term storage 84 . To the best of our 
knowledge, there are only two studies reporting the development 
of NLCs loaded with anti-TB drugs. Song et al. developed RIF-loaded 
cationic mannosylated NLCs with an average size of 160 nm and LE 
higher than 90 , with minimum cytotoxicity and no inflammatory 
response 110 . Additionally, the formulation showed tissue 
selectivity and significantly improved accumulation of RIF in the 
lungs when compared to the free drug. More recently, Pinheiro et 
al. prepared mannose-functionalized rifabutin-loaded NLCs made of 
Precirol® ATO 5, Tween 60, and Miglyol-812 26 . The size of the NPs 
was found to be approximately 200 nm, and they had LE higher than 
80 . Moreover, the NPs were found to be highly stable for at least 
6 months. Moreover, the drug release was found to be pH sensitive, 
with a faster release at acidic pH than at neutral pH, which may be 
useful for a higher amount of release of the drug mainly under the 
acidic conditions seen in phagosomes and phagolysosomes, where 
the etiologic agent of TB is located.

8.3.2.4 Other NPs

Nanocrystals have been proposed as systems for drug delivery. They 
are used as dispersions of pure drug NPs, kept stable through the 
presence of a minimum amount of a surfactant—nanosuspensions. 
Drug nanocrystals dissolve rapidly in the lung lining fluid, leading 
to a local high concentration, which is interesting for the localized 
treatment of respiratory diseases, such as pulmonary TB. The results 
point out that these NPs could be used in drug delivery formulations 
to improve pharmacokinetic and pharmacodynamic properties of 
poorly soluble drugs.
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 Gao et al. reported two different pulmonary formulations, one 
containing drug nanocrystals [65] (i.e., aqueous nanosuspensions) 
packaged and administered using a nebulizer and the other 
containing drug nanocrystals collected and transported into the 
lung by the small aerosol droplets generated by the nebulizer. 
Spore-like drug particles for deep lung deposition have also been 
proposed as an innovative system 111 . Thus, hollow and spore-
like nanoagglomerates can be formed by mixing the drug solution 
with an antisolvent in a high-gravity environment. The production 
of drug particles similar to spores may improve the pulmonary drug 
delivery efficiency in DPIs, this being a more efficient, cost-effective, 
and easy-to-scale-up method to prepare nanosuspensions than 
milling, homogenization, spray freezing into liquid, and supercritical 
antisolvent precipitation. According to the authors, monodispersed 
particle size and controlled morphology can be achieved using this 
technique.
 Presently, only one study was found related with nanocrystals 
or nanoagglomerates for anti-TB drug delivery. El-Gendy et al. 
developed nanosuspensions loaded with ciprofloxacin with high LE 
(81 96 ), which were then flocculated to form NP agglomerates 
[112]. The authors performed dissolution studies and compared 
the results with the stock drug. The results demonstrated that the 
dissolution rate was improved, reinforcing that these techni ues 
may help to overcome the insolubility issues presented by new 
anti-TB drugs, especially the ones that have shown high potential as 
anti-TB drugs but have not yet passed the clinical trials due to low 
solubility.
 NPs with effervescent activity have been recently suggested for 
pulmonary delivery. Effervescent activity of the NPs occurs when the 
carrier particles are exposed to humidity, adding an active release 
mechanism to the pulmonary route of administration. In addition, 
effervescent NPs can be synthesized with the ade uate size for deep 
lung deposition and this technology seems to be safe for pulmonary 
delivery [113]. Although effervescent NPs have been studied as a 
promising strategy for the pulmonary delivery of different drugs, only 
one report was found regarding their use for the delivery of anti-TB 
drugs 114 . Ely and coworkers have developed and studied different 
powder compositions with effervescent activity and have found 
two formulations suitable for pulmonary delivery of ciprofloxacin 
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[115]. The formulations made of polybutylcyanoacrylate (PBCA) 

had 1-leucine and PEG 6000, which improved the aerodynamic 
characteristics of the powder particles. Effervescent activity of the 
prepared formulations resulted in the drug release of 56% into the 

solution in comparison with 32  into the carrier particles made just 
of lactose.

 Gold NPs have recently been used to study internalization and 

intracellular translocation of inhaled NPs in alveolar macrophages of 

rats 116 , and it was demonstrated that ciprofloxacin binds to gold 
NPs 117 . However, the studies do not focus on pulmonary delivery 
and no other reports have been found regarding the use of these 

particles for pulmonary delivery.

 The use of magnetic aerosols using superparamagnetic iron 

oxide NPs has also been suggested as a tool to improve drug delivery 
to the lungs 118 , and ciprofloxacin was once again used as a drug 
model in the development of superparamagnetic nanocomposites 

with magnetically mediated release of the loaded anti-TB drug 119 . 
However, no study has been found combining these two strategies to 
achieve magnetically mediated pulmonary delivery of anti-TB drugs.

8.4 Challenges and uture Directions

In the last few decades, there has been considerable effort to speed 
up detection and improve treatment outcomes, with the main aim 
being to reduce the number of new TB cases and deaths. Despite the 
novel rapid diagnostic tests and effective therapies available today, 

low patient compliance and the emergence of multi-drug-resistant 
TB cases constitute problematic issues, impairing TB control and 

eradication [13].

 To improve patient compliance to the therapy, treatment support 

and direct-observation programs have been extensively applied. In 
spite of these efforts, 16% to 49% of the patients do not complete 

their treatment regimen 8 . Thus, new delivery strategies to 
improve the efficacy of existing treatments may contribute to reduce 
these numbers.

 Inhalation is the best route to ensure the drugs target the lungs. 

Indeed, lungs are the primary site of TB infection, inhalation being 

an interesting alternative for the delivery of anti-TB drugs [50]. 

Challenges and Future Directions
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Although promising and vastly researched, pulmonary delivery 
strategies face obstacles difficult to overcome. Regarding anti-TB 
drugs, most of the first-line drugs have been studied in vitro for use 
in powder formulations for inhalation 120 124 .
 In recent years, nanotechnology has been explored not only to 
carry and protect drugs but also to ensure targeted delivery and reduce 
dosing fre uencies, which may contribute to prevent toxicity related 
to therapy 125 . For instance, a wide variety of nanosystems have 
been shown to be more beneficial than conventional formulations. 
Despite the above-mentioned advantages of nanotechnology 
approaches, a clearer understanding of the pharmacokinetic profile 
of anti-TB delivery nanosystems is required and in vivo studies in 
complex biological systems should be performed to understand 
whether these novel formulations have the desirable characteristics 
to reach the market. For this purpose, more resources to support the 
translation of research from bench to clinics are needed.

8.5 Conclusions

Despite the considerable research efforts that have been made in the 
last few decades, TB treatment continues to be a great challenge due 
to the long-term multidrug schedule that is required and due to the 
associated side effects. The classical anti-TB medicines are mainly 
administered through the oral route, but an effort has been made to 
develop new systems targeting the main site of TB infection (i.e., the 
lung). With the advent of innovative NP-based formulations, a wide 
variety of pulmonary nanodelivery systems have been tested and a 
newer hope has emerged. Efforts to define more effective treatment 
approaches, including the development of pulmonary nanosystems 
with individualized doses and regimens, may reduce treatment 
duration, which ultimately will lead to improve patients’ compliance 
to therapy. The success of these nanodelivery systems remains to 
be demonstrated and will probably depend on the design of biosafe 
and cost-effective formulations that address different limitations 
of classical anti-TB pharmacotherapies. Technologies involving the 
use of lipid NPs seem to offer a suitable economical solution for the 
pulmonary administration of anti-TB drugs.
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 To conclude, NP-based formulations to improve TB treatment 
should be pursued to meet all current challenges. In fact, some of the 
above-discussed results are very promising and so should encourage 
new research on NP-based pulmonary delivery systems.
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Chapter 3 
 

Motivation and Research Aims 

TB is an old disease that remains a global health problem, being worldwide one of 

the top 10 causes of death and the leading cause from a single infectious agent [1]. The 

long-term multidrug combination involved in TB current therapy is associated with multiple 

side effects that contribute to low patient’s compliance and thus, to the appearance of 

multidrug resistant strains of M. tuberculosis [2, 3]. Without proper treatment, 2 out of 3 

people with TB will die from the disease [1]. Therefore, improvement of therapeutic 

compliance is required for proper TB control and eradication [4].  

Rifamycins were considered a mainstay of TB treatment in the mid-1960s, when the 

incorporation of RIF in the standard anti-TB regimen was shown to reduce the overall 

treatment time from 18 to 9 months, and when used in a regimen that also contained PZA 

were able to reduce it to 6 months [3, 5-7]. Besides the applicability of RIF as a first-line 

agent in the treatment of TB, the emergence of RIF-resistant TB forms has limited its use 

[7]. Rifamycin derivatives, including RPT, have been synthesized to prolong half-life and 

to improve antimycobacterial activity of other rifamycins, including RIF [8]. Due to their 

longer half-lives and increased in vitro potency, RPT can be given once or twice weekly, 

instead of a daily RIF dose [9, 10]. Despite these advantages, the extensive first pass 

metabolism and variable bioavailability upon oral administration restrict the use of RPT [7].  

In this context, the application of nanotechnology for rifamycins delivery represents 

an interesting alternative, which may open up new opportunities for treating infectious 

diseases, such as TB. 

Lipid NPs, namely NLCs, generally show higher drug loading capacity, capability of 

drug retention, and stability than liposomes and/or other polymeric NPs [11-13]. 

Additionally, these nanocarriers are biocompatible and have been studied as a viable drug 

delivery strategy due to their controlled release profile, ability to protect drugs from 

degradation, physiological matrix material and possibility for industrial large-scale 

production [14, 15]. 

The development of nano-based systems will also provide an opportunity to exploit 

the inhalatory route, which has particular interest in the release of anti-TB drugs directly to 

the primary organ affected by TB (i.e. lungs), thereby achieving high local drug 

concentrations in infected areas. Indeed, the lungs have been considered an ideal site for 
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drug delivery due to their surface area, extensive vascularization and good epithelial 

permeability [16, 17]. Since the success of M. tuberculosis is partly due to its ability to 

survive within macrophages [18, 19], the design of NLCs should include targeting 

approaches to those cells.  

Within this research context, this thesis proposes the design, synthesis and 

multidisciplinary characterization of biocompatible NLCs to be used as alternative delivery 

systems of anti-TB drugs (i.e. RIF and RPT) for TB treatment. For that purpose, four major 

research aims were defined: 

1. Optimize and assess the potential use of NLCs as drug delivery systems of anti-

TB drugs (Chapter 4.1). 

2. Develop mannosylated NLCs to specifically target the AMs and evaluate their 

antimycobacterial efficacy (Chapter 4.2). 

3. Explore nanoparticles-cell interactions in a triple co-culture model of the human 

airway barrier using mannosylated and non-mannosylated NLCs (Chapter 4.3). 

4. Evaluate the potential use of lipid nanoparticles as safety pulmonary drug 

delivery systems (Chapter 4.4).  
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Chapter 4 
 

Progress Beyond the State of the Art 

This chapter includes the manuscripts that this thesis has originated, namely: 

  

1. Optimization of nanostructured lipid carriers for tuberculosis therapy based on a 

quality-by-design strategy (Chapter 4.1). 

2. Targeted macrophages delivery of rifampicin-loaded lipid nanoparticles to improve 

tuberculosis treatment (Chapter 4.2). 

3. Lipid nanoparticles biocompatibility and cellular uptake in a 3D human lung model 

(Chapter 4.3). 

4. Pulmonary biocompatibility and macrophage-targeting of mannosylated lipid 

nanoparticles (Chapter 4.4).  
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Chapter 4.1 
 

Optimization of nanostructured lipid carriers for tuberculosis therapy based 

on a quality-by-design strategy 

The chapter 4.1 includes an original research paper submitted for publication.  
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ABSTRACT 

 

This work aims to optimize and assess the potential use of nanostructured lipid 

carriers (NLCs) as drug delivery systems of rifapentine (RPT) for the treatment of 

tuberculosis (TB). A box-behnken design was used to increase drug encapsulation 

efficiency (EE) and loading capacity (LC) of RPT-loaded NLCs. The optimized 

nanoparticles were fully characterized and their effect on cell viability was assessed. 

The use of a quality by design approach allowed the optimization of RPT-loaded NLCs 

with improved EE and LC values. Analyses of variance were indicative of the validity of 

this model to optimize this nanodelivery system. The optimized NLCs had a mean 

diameter of 242±9 nm, polydispersity index <0.2, and a highly negative zeta potential. 

EE values were higher than 80%, and DSC analysis enabled the confirmation of the 

efficient encapsulation of RPT. TEM analysis revealed spherical nanoparticles, uniform 

in shape and diameter, with no visible aggregation. Stability studies indicated that the 

nanoparticles were stable over time. No toxicity was observed in primary human 

macrophages viability for nanoparticles up to 1000 µgmL-1. Overall, the optimized NLCs 

can be considered efficient carriers of RPT and have the potential to be used as drug 

delivery systems for TB therapy.  

 

Keywords: drug delivery; infectious diseases; nanomedicine; lipid nanoparticles.  
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Introduction 

Tuberculosis (TB) is the top infectious killer worldwide and one of the top 10 causes 

of deaths in 2017 [1]. The current TB treatment includes a standard 6-months course of 4 

antimicrobial drugs (i.e. rifampicin, ethambutol, isoniazid, and pyrazinamide) that, despite 

being effective, is associated with adverse effects [2, 3]. The long treatment schedule that 

is required and the associated multiple side effects contribute for low patients’ compliance 

to therapy and thus, appearance of multidrug resistant strains [2, 4]. Moreover, without 

proper treatment, up to two thirds of people ill with TB will die [5].  

The progress that has been made in combating TB should be intensified to 

eradicate the TB epidemic. The discovery and development of new effective strategies for 

TB therapy constitutes one of the key components for the “End TB strategy” proposed by 

the World Health Organization (WHO, 2015) [6]. The last WHO global TB report estimates 

558 000 cases of rifampicin-resistant TB, and 458 000 cases of multidrug-resistant TB, 

worldwide in 2017 [1]. This fact encourages the development of new treatment regimens 

including other anti-TB drugs. 

Rifapentine (RPT) is a rifamycin derivative that has been synthesized to prolong 

half-life and to improve the antimycobacterial activity of rifampicin, the most effective first-

line anti-TB drug [7, 8]. The RPT effectiveness in drug-susceptible TB treatment has been 

studied in three clinical trials (i.e. TB Trial Consortium study 31/ACTG A5349, TBTC study 

35 and TBTC study 37) [1]. Despite the relevance of this drug, RPT has several adverse 

effects, including nausea, discoloration of body fluids (i.e. tears, saliva, sputum, and 

urine), and acute renal failure [9, 10]. Thus, the development of a new delivery system 

using nanotechnology is required to improve RPT pharmacokinetics and 

pharmacodynamics, minimizing its side effects. 

The application of nanotechnology to health sciences, and more specifically to drug 

delivery, has opened up new opportunities for treating several diseases [11, 12]. 

Nanoparticles, namely lipid nanoparticles, are considered biodegradable, safe, and 

constitute a promising strategy for easier and shorter treatment regimens. In the last 

recent years, quality by design studies using response surface methodologies have been 

used to optimize several drug-loaded nanoformulations [13-18]. Thus, the present work 

proposes the optimization and development of nanostructured lipid carriers (NLCs) loaded 

with RPT as a new delivery system for TB treatment. For that purpose, a box-behnken 

design was applied to optimize the nanoformulations to have higher EE and LC. The size 

of the nanoparticles was also optimized to be suitable for different delivery systems, 

including the oral and pulmonary administrations routes. After the optimization, 

nanoformulations were fully characterized and their effect on primary human 
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macrophages, a main cell target of Mycobacterium tuberculosis, viability was tested to 

understand if these particles would be appropriate for more effective and economic TB 

treatment regimens.  

 

Materials and Methods 

Preparation of the formulations  

! NLCs synthesis 

NLCs were produced by hot ultra-sonication method, with slight modifications from 

the method described by Vieira et al. [19]. Briefly, the lipids glyceryl palmitostearate 

(Precirol®ATO5, Gattefosé, France), caprylic/capric triglyceride (Miglyol®812, Acofarma, 

Spain), and the surfactant polysorbate 80 (Tween®80, Merck, Germany) were weighted 

and heated in a water bath up to 70 °C. When the solid lipid was fully melted, 6 mL of 

preheated (T = 70 °C) Milli-Q® double-deionized water (conductivity less than 0.1 µS cm-

1) was added to the lipid phase. This mixture was then homogenized using a probe-

sonicator (Vibra-Cell model VCX 130, Sonics and Materials Inc., Newtown, USA) with a tip 

diameter of 6 mm at 70% amplitude for 5 min. Nanoemulsions were left to cool down and 

stored at room temperature. RPT-loaded NLCs were prepared using the above-mentioned 

approach but adding 2.6% w/w of RPT (Sigma-Aldrich, USA) to the lipid phase before 

melting. After synthesis, the nanoformulations were stored at 20°C, during 3 months. 

 

Experimental design 

! Box-behnken design 

A 3-level, 3-factor box–behnken design was performed to select the most 

appropriate NLCs composition content and to test the effect of independent variables on 

dependent variables, using the minimum of experiments. The established independent 

variables were the amount of solid lipid (X1), the amount of liquid lipid (X2), and the 

amount of surfactant (X3). Three different levels of each independent variable were tested 

(Table 1), testing lower and upper values for each variable, based on pre-formulation 

studies and literature research. The studied dependent variables were the particle size 

(Y1), EE (Y2) and LC (Y3) (Table 1). The amount of drug, sonication amplitude, sonication 

time and final volume were set at fixed levels.  

Data were analysed in STATISTICA 10 (Statsoft1, Inc.) software, using the following 

polynomial equation:  
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Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11 X1
2 + b22X2

2+ b33X3
2 

where Y corresponds to the dependent variable, b0 is the intercept, X1, X2, X3 are 

the coded levels of independent variables, and b1 to b33 are the regression coefficients 

computed from the observed experimental values of Y. The terms X1X2 and Xi2 (i=1, 2 or 

3) represent the interaction and quadratic terms, respectively. The result was statistically 

validated using ANOVA, by statistical significance of coefficients and R2 values. Statistical 

analyses were considered significant for p values < 0.05. 

 
Table 1. Independent and dependent variables of the 3-level, 3-factor box-behnken design. 

Independent variables 

Coded levels 

Low level 
(-1) 

Medium level 
(0) 

High level 
(1) 

X1 = solid lipid (mg) 250 300 350 

X2 = liquid lipid (mg) 50 100 150 

X3 = surfactant (mg) 60 80 100 

Dependent variables  Criteria 

Y1 = particle size (nm) 

Y2 = encapsulation efficiency (%) 

Y3 = loading capacity  

Optimum (200nm) 

Maximum (100%) 

Maximum 

 

! Optimization and validation 

STATISTICA 10 (Statsoft1, Inc.) software was used to perform the graphical and 

numerical analyses of the optimum values of the dependent variables, based on the 

desirable criteria (Table 1). To validate the experimental design, three NLCs replicates 

were synthetized using the selected formulation composition indicated by the box-

behnken design. The values obtained for the dependent variables were compared to the 

predicted values of the box-behnken design. 

 

NLCs characterization  

! Particle size, PDI, and ζ-potential 

The hydrodynamic size distribution, PDI, and the surface charge (ζ-potential) of the 

developed formulations were characterized using dynamic and electrophoretic light 
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scattering (ZetaPALS/ZetaPotential Analyzer; Brookhaven Instruments, USA), operating 

at scattering angle of 90°, at 20°C, with a dust cut-off set to 30. Prior to the 

measurements, formulations were diluted (1:100) in double distilled water and filtered with 

a syringe filter (800 nm). For mean hydrodynamic diameter and PDI, six runs of 2 min 

were performed at each measurement. For ζ potential determination, ten runs with ten 

cycles were performed at each measurement. All measurements were done in triplicate 

and results were expressed as mean ± standard deviation (SD). 

 

! EE and LC 

The EE of RPT within NLCs was determined by calculating the difference between 

the amount of RPT used to prepare the formulations and the amount of free RPT in the 

aqueous phase [20]. Briefly, a dilution (1:40) of RPT-loaded NLCs in double deionized 

water was transferred to an Ultrafree® Centrifugal Filter Device with nominal molecular 

weight cut off of 50,000 ((Millipore, USA) and centrifuged at 3000 g for 10 min (Jouan 

BR4i multifunction centrifuge with a KeyWrite-DTM interface; Thermo Electron, USA). The 

non-entrapped drug present in the supernatant was quantified at 337 nm using UV/Vis 

spectrophotometry (Jasco, USA). A standard curve of RPT was used to determine RPT 

concentration. All measurements were done in triplicate. The LC was defined by the ratio 

between the amount of drug encapsulated and the total lipid amount. All measurements 

were done in triplicate and results were expressed as mean ± standard deviation (SD). 

 

!  Lyophilization  

Lyophilization was performed based on the methods described by Varshosaz et al. 

[21] and Vieira et al. [19]. Briefly, the samples were prepared using aerosil 2% (w/w) 

(Sigma-Aldrich, USA) as cryoprotectant. The process involved an initial freezing at -60°C 

for 720 min, and a condensation process made at -80°C, under 150 mTorr of pressure. 

The first drying was done at 20°C for 1200 min, under 150 mTorr of pressure; and the 

secondary drying at 25°C, for 1200 min, under 100 mTorr of pressure. All the procedures 

were performed using a VirTis freeze dryer (Advantage Plus EL-85; SP Scientific, USA). 

After lyophilization, the nanoformulations were stored at 20°C during 3 months. 

 

! Storage stability  

To evaluate the physico-chemical stability of the developed nanoparticles (i.e. 

lyophilized formulations and nanoparticles in liquid suspension), the particles size, PDI, ζ-
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potential, and EE were measured over time (3 months). All these properties were 

measured according to the procedures mentioned in the previous sections (i.e. 2.3.1 and 

2.3.2).  

 

! DSC analysis 

DSC measurements were performed to study the structural properties of the 

developed nanoformulations. Approximately 5 mg of each formulation were weighted in 

aluminum pans that were hermetically sealed. Samples were heated at a constant heating 

rate of 10°C min-1 from 10°C to 200°C in an inert atmosphere, maintained by purging 

nitrogen gas at a flow rate of 50 ml min-1. The measurements were performed using a 

differential scanning calorimeter (DSC 200 F3 Maia Netzsch). An empty aluminum pan 

was used as reference. The onset, melting point (peak maximum), and melting enthalpy 

(ΔH) were calculated using the software provided by the DSC equipment (NETZSCH 

Proteus® Software – Thermal Analysis – Version 6.1).  

 

! TEM analysis 

TEM analysis was performed to observe the morphology of the different 

nanoformulations. Samples were prepared by placing a drop of diluted (1:100) 

nanoformulations, over a cooper-mesh grid for 2 min, followed by negative staining with 

uranyl acetate for 30 seconds. Images were obtained with an accelerating voltage of 80 

kV, in a JEM-1400 Transmission Electron Microscope (TEM Jeol JEM-1400; JEOL Ltd., 

Tokyo, Japan). 

 

Cell culture studies 

! Ethics statement 

The procedures to obtain human biological samples were in accordance to the 

principles of the Declaration of Helsinki. Human monocytes were isolated from surplus 

buffy coats from healthy blood donors, kindly donated by Serviço de Imunohemoterapia, 

Centro Hospitalar de São João (CHSJ) Porto, as part of an agreement covered by the 

ethical approval of the service, under which blood donors give written informed consent 

for the by-products of their blood collections to be used for research purposes (Protocol 

reference 260/11).  No information on age, sex, or any identifying element was provided 

to the researchers, thus the samples were analysed anonymously. 
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! Primary human macrophages cultures 

Monocyte isolation was performed by negative selection, using methods adapted 

from Oliveira et al.[22]. Briefly, buffy coats from healthy donors were centrifuged for 30 

min at 1200 g. The peripheral blood mononuclear cell (PBMC) layer was collected and 

incubated with RosetteSep human monocyte enrichment kit (StemCell Technologies 

SARL, France), according to manufacturer’s instructions. The mixture was diluted at a 1:1 

ratio with phosphate buffered saline (PBS) supplemented with 2% of heat-inactivated fetal 

bovine serum (FBS) (Lonza, Switzerland), and then layered over Histopaque®-1077 

(Sigma Aldrich GmbH, Germany) at 1:1:1 ratio. The layered tube was then centrifuged for 

20 min at 1200 g. The enriched monocyte layer was collected and washed with PBS three 

times. The washes were performed at 700 g for 20 min to ensure platelet removal. The 

pellet was ressuspended in culture medium RPMI with glutamax (Invitrogen, UK), 

supplemented with 10% FBS, 1% penicillin G-streptomycin (Invitrogen, UK). Cells were 

counted in a Neubauer chamber using the trypan blue exclusion assay (Sigma-Aldrich), 

plated on tissue culture polystyrene plates (BD Biosciences, USA), and cultured in a 

humidified 37°C, 5% CO2 incubator. Monocyte/macrophages differentiation was 

performed in presence of 50 ng mL-1 of macrophage colony-stimulating factor (M-CSF, 

Immunotools, Germany).  

 

! Cell viability assessment  

Monocytes were treated with RPT-loaded NLCs and corresponding placebos at 

different concentrations (ranging from 0 to 1750 µg mL-1) on the day of isolation. Upon 24 

h of drug treatment, cells were washed three times with warm PBS, to remove 

extracellular drug. Cell viability was assessed at days 1, and 7, through the determination 

of the presence of metabolically active cells, using the resazurin reduction assay. This 

fluorometric method estimates cell viability by measuring the reduction of resazurin into 

resorufin. For that purpose, 0.01 mg mL-1 of resazurin solution (Sigma-Aldrich, USA) was 

added to each well of the black 96-well plate, which was then incubated for three hours in 

a humidified 37°C, 5% CO2 incubator.  Fluorescence intensity was measured with 530 nm 

excitation wavelength and 590 nm emission wavelength, using a Synergy HT Photometer 

(Biotek Instruments, USA). The values were normalized using untreated cells. The 

percentage of cell viability was calculated by the ratio of the mean of absorbance values 

from triplicates, between treated and untreated (control) cells for each time-point. The half 

maximum inhibitory concentration (IC50) of each formulation was calculated using a non-

linear regression, with a special dose-response (EC50 shift) using the GraphPad Prism6 
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software program (GraphPad Software Inc., USA). 

 

Statistical analysis 

Statistical comparisons were performed using the two-way analysis of variance and 

differences between groups compared using Tukey’s multiple comparisons test with a p-

value < 0.05 considered statistically significant. The analyses were performed using the 

GraphPad Prism6 software program (GraphPad Software Inc., USA).  

 

 

Results and Discussion 

The NLCs composition, the synthesis method, and the speed and time of sonication 

for NLCs synthesis was chosen according to preliminary formulation studies performed in 

our group [15, 19, 20]. After a preliminary screening, three main variables affecting the 

particle size, encapsulation efficiency (EE), and loading capacity (LC) were identified: the 

amount of solid lipid, the amount of liquid lipid and the amount of surfactant. To model 

these variables, to evaluate their effect in the selected dependent variables, and to 

determine the optimum design conditions, a response surface methodology was 

performed. 

Box-beknhen design is one of the main response surface methodologies used for 

designing experiments. The 3-level, 3-factor design evaluates three independent factors 

with fewer number of experiments based on a collection of mathematical and statistical 

techniques, which leads to reagent savings and to less time-consuming laboratory work 

[23, 24]. In the last decades, the box-beknhen design has been applied to optimize the 

process of several drug-loaded nanoparticle formulations [13-18]. 

 

Selection of the most appropriate lipid composition 
In this study, three different levels of three independent variables (i.e. amount of 

solid lipid, liquid lipid and surfactant) were tested and their effect in three dependent 

variables (i.e. particle size, EE, and LC) was assessed (Table 2). 

A regression analysis using the 2-way interaction (linear x quadratic) model, 

considering 95% of confident level was performed. The positive sign of the factors 

indicates a synergistic effect on the response where the response increases, while the 

negative sign is indicative of an antagonist effect where the response decreases with the 

factor [15]. Interaction terms are represented by more than one factor (i.e. X1X2, X1X3, and 

X2X3) and quadratic relationships are represented by higher order terms (i.e. X1
2, X2

2, and 
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X3
2). Analyses of variance (ANOVA) for the relevance of the model were performed for the 

three dependent variables (Supplementary Tables 1-3).  

 

Table 2. Observed responses in box-behnken design for RPT-loaded NLCs. The independent 

variables were the amounts of solid lipid (X1), liquid lipid (X2) and surfactant (X3), while mean 

hydrodynamic particle size (Y1), encapsulation efficiency (Y2) and loading capacity (Y3) were the 

dependent variables in study. 

Sample 
Independent variables Dependent variables 

X1 (mg) X2 (mg) X3 (mg) Y1 (nm) Y2 (%) Y3 
1 250 50 80 235 90.3 3.01 

2 350 50 80 311 86.8 2.17 

3 250 150 80 275 85.8 2.15 

4 350 150 80 334 78.7 1.57 

5 250 100 60 317 75.5 2.16 

6 350 100 60 330 86.6 1.92 

7 250 100 100 207 75.0 2.14 

8 350 100 100 294 67.2 1.49 

9 300 50 60 271 87.4 2.50 

10 300 150 60 322 69.2 1.54 

11 300 50 100 251 75.2 2.15 

12 300 150 100 272 84.8 1.89 

13 300 100 80 277 84.9 2.12 

14 300 100 80 254 89.1 2.23 

15 300 100 80 282 83.2 2.08 

 

 

According to the analysis of the estimated effects (Table 3), the amount of solid lipid 

(X1) has a positive significant effect (coefficient = 30.833; p-value = 0.031) on particle size 

(Y1) and a negative significant effect (coefficient = -0.311; p-value = 0.009) on LC (Y3). 

This result was expected since with higher amount of lipid component and using the same 

parameters for NLCs synthesis by hot ultra-sonication method, it is expected a higher 

particle size [16]. In addition, an increasing amount of solid lipid will contribute for an 

increment in the total lipid amount, which contributes to a lower LC.  Accordingly, the 

amount of liquid lipid (X2) has also a negative significant effect (coefficient = -0.345; p-

value = 0.007) on LC (Y3).  

The amount of surfactant (X3) has a negative significant effect (coefficient = -30.167; 

p-value = 0.032) on particle size (Y1). This result goes in agreement with other studies that 
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indicate that higher amounts of surfactant promote a decrease in interfacial tension 

between the lipid and external phase, which will contribute for the formation of smaller 

particles [15, 18]. A significant positive quadratic effect of the amount of surfactant (X3
2) 

was observed for EE (coefficient = 3.977; p-value = 0.037) and LC (coefficient = 0.105; p-

value = 0.035). These results suggest that higher amounts of surfactant may promote the 

formation of more stable nanoparticles that are more able to encapsulate RPT and thus, 

increase their LC. 

The interaction effects of solid lipid with liquid lipid (X1X2) and solid lipid with 

surfactant (X1X3) were not statistically significant for the analysed dependent variables. 

Nonetheless, the interaction effect of liquid lipid with surfactant (X2X3) has a positive 

significant effect on EE (coefficient = 6.950; p-value = 0.045), and on LC (coefficient = 

0.175; p-value = 0.046). These results may be explained by the fact that an increase in 

the amount of liquid lipid and surfactant may produce a less ordered crystalline structure 

that will create a higher number of cavities to encapsulate RPT, which allow a higher 

incorporation of RPT inside of the lipid matrix [16].  

 

Table 3. Regression analysis for particle size (Y1), encapsulation efficiency (Y2), and loading 

capacity (Y3) using the 2-way interaction model (linear vs quadratic) based on the effect of 

the amount of solid lipid (X1), liquid lipid (X2) and surfactant (X3). Interaction terms are 

represented by more than one factor (i.e. X1X2, X1X3, and X2X3) and quadratic relationships are 

represented by higher order terms (i.e. X1
2, X2

2, and X3
2). Statistically significant parameters (p-

value < 0.05 with a 95 confident interval) are highlighted in bold. 

 

Size -Y1 EE - Y2 LC - Y3 

 

Coeffi p-value Coeff. p-value Coeff. p-value 

Intercept 284.917 0.000 80.208 0.000 2.058 0.000 

X1 30.833 0.031 -1.492 0.318 -0.311 0.009 

X1
2 -6.438 0.239 0.852 0.394 0.003 0.906 

X2 16.500 0.097 -2.817 0.131 -0.345 0.007 

X2
2 -2.438 0.595 -0.685 0.477 -0.044 0.164 

X3 -30.167 0.032 -3.033 0.116 -0.075 0.122 

X3
2 -1.563 0.727 3.977 0.037 0.105 0.035 

X1X2 -4.250 0.627 -0.900 0.613 0.065 0.236 

X1X3 18.500 0.132 -4.725 0.090 -0.103 0.119 

X2X3 -7.500 0.421 6.950 0.045 0.175 0.046 

R2 0.976 

 

0.975 

 

0.994 
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The value of R2 was higher than 0.95 (Table 3) for all the regression equations 

generated, which indicates the validity and significance of this model for the optimization 

of this nanodelivery system.  

Response counter plots were used to graphically show the relationship and 

interaction effects of two independent variables on the dependent variables, when a third 

factor is kept at constant level (Figure 1). The constant level was fixed as the medium 

level (0) of the correspondent independent variable (Table 1).  

The prediction and profiling function of STATISTICA 10 (Statsoft1, Inc.) software 

was used to obtain the response desirability profile for the optimized formulation. The 

factors were settled as particle size in the optimum value of 200 nm, maximum EE, and 

maximum LC. According to this analysis, the composition of the optimized RPT-loaded 

NLCs should be 250 mg of solid lipid, 50 mg of liquid lipid and 80 mg of surfactant 

(Supplementary Figure 1).  

 

 
Figure 1. Response contour plots, representing the statistically significant effects (p-value<0.05), 

namely (A) the effect of the amount of solid lipid (X1) and amount of surfactant (X3) on particle size 

(Y1), (B) the effect of the amount of liquid lipid (X2) and amount of surfactant (X3) on encapsulation 

efficiency (Y2), (C) the effect of the amount of solid lipid (X1) and amount of liquid lipid (X2) on 

loading capacity (Y3), and (D) the effect of the amount of liquid lipid (X2) and amount of surfactant 

(X3) on loading capacity (Y3). 
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Validation of the experimental design  
To confirm the validity of the optimization procedure and to validate the prediction 

capability of the selected model, three independent replicates were synthetized and 

measurements of particle size, EE and LC were performed.  Table 4 shows the predicted 

and the observed values for these parameters. The observed responses were in good 

agreement with the predicted values, which validates the selection of this experimental 

design for a successful optimization of this nanodelivery system. 

 

Table 4.  Validation of the predicted optimal results with experimental values (n=3). 

Dependent variables Predicted values Experimental values 

Y1 = particle size (nm) 235 242 ± 9 

Y2 = EE (%) 90 86 ± 4 

Y3 = LC 3.0 2.9 ± 0.1 

 

 

Characterization of the optimized nanoparticles   
After validation of the experimental box-beknhen design, the three replicates and 

the corresponding placebos were characterized in terms of size, polydispersity (PDI), zeta 

(ζ)-potential, EE, and LC (Table 5). The mean hydrodynamic particle size of NLCs and 

RPT-NLCs were 245±4 nm and 242±9 nm, respectively (Table 5). The incorporation of 

RPT did not significantly influence the size of nanoparticles. The PDI values were below 

0.2 for all formulations (Table 5), which suggests a homogeneous distribution of the 

developed nanoformulations. The EE of drug in NLCs was 86±4% and their LC was 

2.9±0.1  (Table 5). Therefore, NLCs can be considered suitable nanocarriers for the 

entrapment of RPT.  

 

Table 5.  Characterization of the optimized RPT-loaded NLCs and corresponding placebos  

in terms of mean hydrodynamic particle size, polydispersity index, zeta potential, 

encapsulation efficiency, and loading capacity. Data expressed as mean ± SD (n=3).  

Samples Size (nm) PDI ζ-potential (mV) EE (%) LC 

NLCs 245 ± 4 0.16 ± 0.01 -24 ± 2 - - 

RPT-NLCs 242 ± 9 0.17 ± 0.01 -22 ± 2 86 ± 4 2.9 ± 0.1 
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To assess the effect of drug loading on the lipid matrix of developed 

nanoformulations, a differential scanning calorimetry (DSC) analysis was performed. DSC 

thermograms for NLCs and RPT-NLCs were done and the melting point (peak maximum), 

melting enthalpy (ΔH), onset and end ΔH parameters were calculated (Table 6). Results 

revealed that the addition of RPT promoted a decrease in the analysed parameters when 

compared to the placebo nanoformulations. The decrease in the ΔH, melting point and in 

the onset temperature are in full agreement with high entrapment efficacy of RPT in the 

NLCs. In fact, the presence of the drug is expected to increase the number of defects in 

the lipid matrix of lipid nanoparticles, creating a disturbance in the crystal order that leads 

to a decrease of the lipid melting point [17, 25]. 

 

Table 6.  Differential scanning calorimetry (DSC) parameters of NLCs and RPT-NLCs: 

melting enthalpy (ΔH), the onset, the melting point (peak maximum), and the end 

parameters.  

Samples ΔH (Jg-1) ΔTonset (°C) Melting point (°C) ΔTend (°C) 

NLCs 93.7 58.7 60.3 61.8 

RPT-NLCs 89.0 49.0 58.7 60.5 

 

To evaluate the morphology of the optimized NLCs, transmission electron 

microscopy (TEM) was performed. Results show spherical nanoparticles, uniform in 

shape and diameter, with no visible aggregation (Figure 2). The morphology of NLCs 

(Figure 2A) and RPT-NLCs (Figure 2B) was similar, which indicates that the incorporation 

of RPT did not affect the shape of NLCs. TEM analyses revealed mean diameter of 

particles in the range of 250 nm, validating the above-mentioned results obtained with 

dynamic light scattering.  

 

Figure 2. Transmission electron microscopy images of (A) NLCs and (B) RPT-loaded NLCs, 

at 50,000x magnification. The white bar represents 250 nm.  
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Physical stability of optimized nanoparticles   
To improve the physical and microbiological stability of the formulations a 

lyophilization process was performed. The particles size, PDI, ζ-potential, EE, and LC of 

lyophilized and liquid suspension nanoparticles were assessed during 3 months (Figure 

3). Results revealed no significant changes of particle size, zeta potential, and EE values 

within each formulation over time. The PDI values of lyophilized RPT-NLCs had a 

significant increase when compared to the value obtained after synthesis (T0) (Figure 3B). 

However, the mean hydrodynamic diameter of these formulations remained stable over 

time (Figure 3A). 

Comparing the same time-point of nanoparticles in suspension with the 

corresponding lyophilized nanoformulations, increased particles size (Figure 3A) and PDI 

(Figure 3B) of lyophilized formulations were observed. These results may be explained by 

the formation of small aggregates that contribute to a higher mean hydrodynamic 

diameter and to a higher PDI. The ζ-potential values were below -20 mV (Figure 3C) and 

no tendency to zeta potential variations was observed, supporting the long-term stability 

of the developed NLCs. The EE values were higher than 80% (Figure 3D) and stable for 

all nanoformulations during the 3 months of storage. These results support that the 

developed nanoparticles are stable both in aqueous suspension and in lyophilized form 

during at least 3 months at the storage conditions.  

 

 
Figure 3. Storage stability of A) particle size, B) polydispersity index, C) zeta-potential, and 

D) encapsulation efficiency of the lyophilized and liquid suspensions nanoparticles during 3 

months of storage at 20°C. Data expressed as mean ± SD (n=3). Statistical comparisons of the 

means were performed using the two-way analysis of variance and differences between groups 

compared using Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; *****p < 0.0001 

compared with the corresponding T0 (measurement after synthesis). •p < 0.05; ••p < 0.01; •••p < 

0.001; ••••p < 0.0001 compared with the corresponding placebo at the same time-point.  
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Primary human macrophage viability upon nanoparticles exposure   
To assess the effect of the selected nanoformulations on the viability of primary 

human monocytes/macrophages, the main cellular targets of Mycobacterium tuberculosis, 

a resazurin reduction assay was performed. Cells were exposed to nanoparticles at 

different concentrations (ranging from 0 to 1750 µg ml-1) for 24h. Cell viability was 

measured at days 1, and 7, after nanoparticle exposure, and normalized to metabolic 

activity of untreated cells of the same donor, at the same time point. Results revealed that 

no significant differences were observed between RPT-NLCs and corresponding placebos 

for either time point. The lower nanoparticle concentrations had no impact on cell viability. 

However, the highest tested concentrations (875 and 1750 µg ml-1) impacted viability of 

primary human macrophages (Figure 4), an effect that was more pronounced at day 7 

(Figure 4B). In presence of 875 µg ml-1of nanoparticles, cell viability was still above 70%, 

for both analysed time points, but for the highest concentration used, 1750 µg ml-1, 

macrophage viability was less than 50%, and thus this concentration may be considered 

toxic for primary human macrophages. These results are in agreement with our previous 

report on NLCs toxicity, in mouse bone marrow-derived macrophages [19]. This effect 

should be related to the presence of high lipid concentrations, since the effect was 

observed in both RPT-loaded and non-loaded formulations. The IC50 of each formulation 

was calculated for each time point after incubation with nanoparticles. The values 

obtained were 1469 µg mL-1 for RPT-NLCs and 1540 µg mL-1 for NLCs at day 1, and 958 

µg mL-1 for RPT-NLCs and 1079 µg mL-1 for NLCs at day 7. Thus, nanoparticles up to 958 

µg mL-1 are suitable to be tested in in vitro studies using primary human macrophages.  

 

 
Figure 4. Primary human macrophage viability. Cells were exposed to RPT-NLCs and 

corresponding placebos, at different concentrations (ranging from 0 to 1750 µg ml-1). Cell viability 

was measured using the resazurin reduction assay after (A) 1 day and (B) 7 days.  Metabolic 

activity was normalized to untreated cells of the same donor and time point. Data is expressed as 

mean ± standard deviation (n=3). Statistical comparisons of the means were performed using the 

two-way analysis of variance and differences between groups compared using Tukey’s multiple 

comparisons test. *p < 0.05, **p < 0.01, ****p < 0.0001 compared to untreated cells.  
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Conclusion 

The “End TB strategy” proposed by WHO requires an effective use of existing tools, 

likely combined with the development of new tools, interventions and strategies for TB 

therapy. Despite significant technological innovations introduced in the last 10 years, the 

multidrug-resistance TB crisis, undetected or not notified TB cases, a suboptimal 

response to the TB and HIV co-epidemics, the high costs for TB patients and the slow 

uptake of new effective tools constitute persistent and serious challenges in tackling TB 

epidemic [1, 6, 26]. The present work contributes to these strategies by optimizing NLCs 

loaded with RPT, a rifamycin derivative that has been made to improve the 

antimycobacterial activity of other anti-TB drugs.  

RPT-NLCs were developed and their size, EE and LC were successfully optimized 

using a quality by design approach. Based on the box-behnken results, the amount of 

liquid lipid and surfactant were the most determinant factors that influence the physical 

properties of RPT-NLCs.  

The optimized RPT-NLCs had a mean diameter of 242±9 nm, with a homogeneous 

distribution of particles (PDI<0.2), and a highly negative surface charge (ζ-potential = -

22±2 mV). The EE values were higher than 80%, and DSC analysis enabled the 

confirmation of the efficient encapsulation of RPT. These results suggest that these 

nanoformulations could potentially be exploited as a delivery system with improved drug 

EE. TEM analysis revealed spherical nanoparticles, uniform in shape and width, with no 

visible aggregation, validating the previous physical characterization measurements. 

Stability studies indicated that RPT-NLCs and the corresponding placebos are stable over 

time and no toxicity was observed in primary human macrophages viability for RPT-NLCs 

up to 1000 µg mL-1, which is indicative of their safe application. Overall, the developed 

nanoparticles show interesting properties for a new delivery form of RPT.  

Future studies should include the use of more complex in vitro characterization 

techniques, and in vivo efficacy studies in clinically relevant models, to evaluate the 

application of this new RPT delivery system in TB therapy.  
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Supplementary Information 

 

Supplementary Table 1. Analysis of variance for particle size (Y1). Statistically significant 

parameters (p-value < 0.05 with a 95% confident interval) are highlighted in bold. 

 Sum of squares df Mean square F-value p-value 
X1 6845.00 1 6845.000 30.69507 0.031068 
X1

2 612.06 1 612.058 2.74465 0.239426 
X2 1960.20 1 1960.200 8.79013 0.097423 
X2

2 87.75 1 87.750 0.39350 0.594534 
X3 6552.20 1 6552.200 29.38206 0.032390 
X3

2 36.06 1 36.058 0.16169 0.726505 
X1X2 72.25 1 72.250 0.32399 0.626622 
X1X3 1369.00 1 1369.000 6.13901 0.131513 
X2X3 225.00 1 225.000 1.00897 0.420931 
Error 446.00 2 223.000   
Total SS 18691.73 14 

   
R2 0.976     
Adj.R2 0.833     
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Supplementary Table 2. Analysis of variance for encapsulation efficiency (Y2). Statistically 

significant parameters (p-value < 0.05 with a 95% confident interval) are highlighted in bold. 

  

 Sum of squares df Mean square F-value p-value 
X1 16.0205 1 16.0205 1.73695 0.318234 
X1

2 10.7231 1 10.7231 1.16261 0.393691 
X2 57.1220 1 57.1220 6.19321 0.130578 
X2

2 6.9385 1 6.9385 0.75228 0.477191 
X3 66.2480 1 66.2480 7.18265 0.115580 
X3

2 233.6078 1 233.6078 25.32791 0.037288 
X1X2 3.2400 1 3.2400 0.35128 0.613476 
X1X3 89.3025 1 89.3025 9.68224 0.089616 
X2X3 193.2100 1 193.2100 20.94796 0.044570 
Error 18.4467 2 9.2233   
Total SS 748.9773 14 

   
R2 0.975     
Adj.R2 0.828     
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Supplementary Table 3. Analysis of variance for loading capacity (Y3). Statistically significant 

parameters (p-value < 0.05 with a 95% confident interval) are highlighted in bold. 

  

 Sum of squares df Mean square F-value p-value 
X1 0.695645 1 0.695645 115.3003 0.008562 
X1

2 0.000108 1 0.000108 0.0180 0.905671 
X2 0.856980 1 0.856980 142.0409 0.006967 
X2

2 0.028001 1 0.028001 4.6410 0.164033 
X3 0.040500 1 0.040500 6.7127 0.122247 
X3

2 0.163478 1 0.163478 27.0957 0.034981 
X1X2 0.016900 1 0.016900 2.8011 0.236175 
X1X3 0.042025 1 0.042025 6.9655 0.118568 
X2X3 0.122500 1 0.122500 20.3039 0.045888 
Error 0.012067 2 0.006033   
Total SS 2.054373 14 

   
R2 0.994     
Adj.R2 0.959     
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Supplementary Figure 1. Response desirability profile of the optimized formulation. The 

prediction and profiling function of STATISTICA 10 (Statsoft1. Inc.) software was used to obtain the 

response desirability profile. The factors were settled as particle size in the optimum value of 200 

nm, the maximum encapsulation efficiency, and the maximum loading capacity.  
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Chapter 4.2 
 

Targeted macrophages delivery of rifampicin-loaded lipid nanoparticles to 

improve tuberculosis treatment  

The chapter 4.2 includes a research article published in Nanomedicine, with 

permission of FUTURE MEDICINE LTD (Appendix III). 
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3INEB - Instituto de Engenharia Biomédica, i3S - Instituto de Investigação e Inovação em Saúde, Universidade do Porto, Portugal
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Aim: This work aims to develop a mannosylated nanostructured lipid carrier (NLC) loaded with rifampicin
to improve tuberculosis treatment. Materials & methods: An active targeting strategy was used and
the nanoparticles were characterized. Effects on cell viability and the antimycobacterial activity of the
nanoformulations were evaluated. Results: The nanoparticles developed exhibited a size of about 315 nm
and polydispersity <0.2. The drug encapsulation efficiency was higher than 90% and its release was sen-
sitive to pH. The mannosylated NLCs showed efficient uptake by bone marrow derived macrophages.
Further, rifampicin-loaded mannosylated NLCs were more efficient in inducing a decrease of intracellular
growth of mycobacteria. Conclusion: The NLCs developed can be used as a promising carrier for safer and
efficient management of tuberculosis.

First draft submitted: 2 August 2017; Accepted for publication: 25 September 2017; Published online:
8 November 2017

Keywords: active targeting • drug delivery • infectious diseases • Mycobacterium tuberculosis • nanomedicine

Tuberculosis (TB) is a devastating disease and a major global health problem, being the leading cause of death
worldwide among infectious diseases, alongside infection by the HIV [1]. In 2016, WHO reported an estimated
10.4 million new cases and 1.8 million deaths from TB, including 0.4 million HIV-positive individuals [2]. TB is
caused by the bacillus Mycobacterium tuberculosis, through the inhalation of aerosols and bacilli colonization inside
the alveolar macrophages (AMs) [3,4].

Rifampicin (RIF) was discovered in 1957 and in the mid-1960s was incorporated in the classical anti-TB regimen
in combination with isoniazid, pyrazinamide and ethambutol [5]. The long treatment schedules that are required
of at least 6 months for classical chemotherapy are usually associated with severe side effects, resulting in poor
compliance, which is the main reason for the appearance of multidrug-resistant strains and therapy failure [6–8]. Thus,
searches for new anti-TB drugs and improved drug delivery strategies for the existing drugs may be determinant
to shorten TB treatment duration, avoid resistance and improve patient compliance [5]. In this context, emerging
technologies in drug delivery, including nanoparticles (NPs) may improve the therapeutic index of drugs and
consequently contribute to enhance patient compliance and circumvent the side effects of anti-TB drugs. At the
beginning of the 1990s, lipid NPs were developed to overcome the disadvantages of other colloidal carriers [5]. In
comparison with the above-mentioned NPs, lipid NPs generally show higher drug-loading capacity, higher stability,
do not require the use of organic solvents during production and are less expensive to produce [5,9]. Nanostructured
lipid carriers (NLCs) are composed of a mixture of solid and liquid lipids, giving rise to an imperfect matrix, which
can enhance the drug-loading capacity when compared with lipid NPs made of only solid lipids, in other words,
solid lipid NPs [9]. In addition, NLCs have a higher capability of drug retention, minimizing potential expulsion
during storage [9]. Due to the above-mentioned advantages, NLCs were used in this study as nanocarriers of RIF.

The present study aims to develop and characterize NLC formulations to selectively deliver RIF to the
macrophages, where the etiological agent of TB is predominantly located. The NLCs were designed to target

10.2217/nnm-2017-0248 C⃝ 2017 Future Medicine Ltd Nanomedicine (Lond.) (Epub ahead of print) ISSN 1743-5889
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macrophages via passive and active targeting. Thus, NLCs were developed to be comprised in the optimal mean
aerodynamic diameter range for NPs deposition in the lower airways and also to be phagocytized by the AMs
(>200 nm), using the passive targeting based in the natural propensity of macrophages to engulf the NPs [10,11].
Additionally, NLCs were decorated with mannose to increase the selectivity of the nanocarriers to the AMs, since
receptors of mannose are highly expressed in the macrophages [12]. The developed NLCs were characterized accord-
ing to their average diameter, polydispersity index (PDI), ζ potential, surface morphology, encapsulation efficiency
(EE) and drug in vitro release. Bone marrow derived murine macrophage model was chosen to evaluate the cell
viability effect, cell uptake and antimycobacterial efficacy of the nanoformulations developed in this study. The
results obtained are promising in efforts to develop new TB treatments.

Materials & methods
Materials
NLCs were prepared with Precirol R⃝ ATO 5 provided by Gattefossé (Nanterre, France), polysorbate 60 supplied
by Merck (Darmstadt, Germany) and miglyol-812 from Acofarma (Madrid, Spain). RIF (more than 97% pure),
stearylamine, Aerosil, D-(+)-mannose (more than 99% pure), the fluorescein isothiocyanate (FITC) probe and (3-
[4,5-dimethylthiazol-2-yl]- 2,5 diphenyltetrazolium bromide) (MTT) were purchased from Sigma-Aldrich (MO,
USA). Double-deionized water was obtained from a Millipore system with conductivity less than 0.1 µS cm-1.

Preparation of the formulations
Preparation of NLCs

The method chosen for the preparation of NLCs combines the high shear homogenization and ultrasonication
techniques (Supplementary Figure 1). In detail, the solid lipid (58% w/w), the liquid lipid (25% w/w), the
surfactant (16% w/w) and the drug (1% w/w) or the fluorescent probe (FITC-loaded NLCs) were heated in a
water bath up to 70◦C. When the solid lipid was fully melted, 4.4 ml of heated ultrapure water (T = 70◦C) was
added to the mixture. Mixture then went through ultra-turrax T25 (Janke and Kunkel IKA-Labortechnik, Staufen,
Germany) at 3500 rpm for 30 s, followed by sonication using a Sonics and Materials Vibra-CellTM CV18 (CT,
USA) at 70% power for 5 min, which resulted in a nanoemulsion. This nanoemulsion was finally left to cool and
stored at room temperature.

Preparation of mannosylated NLCs

Coating of NLCs with mannose was adapted with slight modifications from the method described by Jain et al. [13].
First, NLCs were modified to exhibit amine groups at the surface through the addition of stearylamine in the ratio of
2% w/w (Supplementary Figure 2A). A mannose solution (50 mM), which was prepared in acetate buffer (pH = 4),
was added to the NLCs suspension and left under constant and gentle stirring for a period of 48 h. According
to literature, the acidic environment would result in the ring opening of the mannose molecules (Supplementary
Figure 2B) and the aldehyde group would then react with free amine present at the surface of the stearylamine
functionalized NLCs, leading to the formation of a Schiff ’s base (–N = CH–) (Supplementary Figure 2C) [13].
Mannosylated NLCs (M-NLCs) were subjected to extensive dialysis (dialysis bag; molecular weight cut off 12–14
kDa) against double distilled water for 30 min to remove uncoated mannose along with other impurities.

Lyophilization

Lyophilization was performed during the optimization process of the synthesis to improve the physical and
microbiological stability of the formulations. The lyophilization protocol was adapted with slight modifications
from the method described by Varshosaz et al. [14]. A VirTis freeze dryer (Advantage Plus EL-85; SP Scientific, NY,
USA) was used in this process. Samples were prepared with Aerosil 2% (w/w) as cryoprotectant. Initial freezing was
done at -60◦C for 720 min. Condensation was made at -80◦C under 150 mTorr of pressure. First drying was done
at 20◦C for 1200 min, under 150 mTorr of pressure. Secondary drying was performed at 25◦C, for 1200 min,
under 100 mTorr of pressure. The lyophilized formulations were characterized in terms of size, PDI, ζ-potential,
EE, in vitro drug release, Fourier transform infrared (FTIR) and differential scanning calorimetry (DSC) analysis.
Cell viability, cellular uptake and in vitro infection studies were also performed.
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Characterization of the formulations
Particle size measurement

Particle size was measured by dynamic light scattering (DLS), using a BI-MAS DLS instrument (Brookhaven
Instruments, NY, USA), operating at scattering angle of 90◦. Prior to the measurements, samples were diluted
(1:100) in Milli-Q water and filtered with a syringe filter (800 nm). DLS data were analyzed at a temperature of
20◦C with a dust cut-off set to 30. The mean hydrodynamic diameter (Z-average) and the PDI were determined
as a measure of the width of the particle size distributions. At each measurement, six runs of 2 min each were
performed. The measurements were performed in triplicate.

ζ-potential measurement

The ζ-potential of the particles was determined by measurement of the electrophoretic mobility using a BI-MAS
DLS instrument (Brookhaven Instruments, NY, USA). Prior to the measurements, samples were diluted (1:100)
in Milli-Q water and filtered with a syringe filter (800 nm). For each measurement, ten runs (each one with 10
cycles) were performed at the temperature of 20◦C. The measurements were performed in triplicate.

EE and drug-loading content

The EE of NPs was evaluated by measuring the absorption at the wavelength of 334 nm using UV/Vis spectropho-
tometry (Jasco, MD, USA). The lyophilized formulation samples with drug were diluted in double-deionized water
(1:200) and centrifuged. The pellet was dissolved in 400 µl of acetonitrile and vigorously vortexed during 30
min to completely extract out the drug from the NPs. Then, the resulted solution was transferred into Ultrafree R⃝

Centrifugal Filter Devices (Millipore, MA, USA) regenerated cellulose with nominal molecular weight cut off
of 50,000. Centrifugation was performed using a Jouan BR4i multifunction centrifuge with a KeyWrite-DTM

interface (Thermo Electron, MA, USA) with a fixed 23◦ rotor and 3000 × g spin for 8 min at the temperature of
20◦C. The drug released from the NPs was present in the supernatant, which was stored in the centrifuge tube until
be quantified. The EE of RIF was defined by the ratio between the amount of RIF measured in the supernatant
and initial amount of drug added to the formulation. The drug-loading content was defined by the ratio between
the amount of drug encapsulated and the total lipid amount.

Transmission electron microscopy analysis

The morphology of the different nanoformulations was observed using transmission electron microscopy (TEM)
analysis. Samples were prepared by placing a drop of NPs suspension over a cooper-mesh grid for 2 min, followed
by negative staining with uranyl acetate for 30 s. Images were obtained in a JEM-1400 Transmission Electron
Microscope (TEM Jeol JEM-1400; JEOL Ltd, Tokyo, Japan) with an accelerating voltage of 80 kV.

In vitro drug release study

The in vitro drug release studies were performed using a cellulose dialysis bag diffusion technique (Cellu.Sep R⃝

T1 with a nominal molecular weight cut off of 3500 [Frilabo, Milheiros, Maia, Portugal]) filled with 2 ml of the
NLCs-RIF and M-NLCs-RIF lyophilized samples.

In vitro drug release study was performed using a direct dispersion method with appropriate buffers at the pH
7.4, 6.2 and 5.0 to simulate the release of the drug following pulmonary administration [15,16]. Thus, NLCs were
incubated at body temperature (37◦C), with stirring at the physiological pH of the lung fluid (phosphate buffer: pH
7.4), of phagosomes (phosphate buffer: pH 6.2) and also of the phagolysosomes (phosphate buffer: pH 5.0) [15].

At regular intervals, 200 µl of the solution was collected to quantify the drug release and replaced with the same
volume of buffer, to maintain the sink conditions. The drug release was quantified using a plate reader at a 334 nm.
Dissolution profiles of the formulations were compared by plotting percentage cumulative of drug release versus
time, using the average of the triplicates. Moreover, various models were tested for explaining the kinetics of drug
release.

FTIR analysis

FTIR analysis was used in the lyophilized formulations to detect Schiff ’s base and confirm coating with man-
nose. FTIR was performed with a Spectrum 400 PerkinElmer R⃝ (MA, USA) equipped with an attenuated total
reflectance device and zinc selenite crystals. The samples were transferred directly to the attenuated total reflectance

future science group 10.2217/nnm-2017-0248



  NanoTB | Progress Beyond the State of the Art  
 

 

 
Chapter 4.2  | 106 

 

   

Research Article Vieira, Magalhães, Rocha et al.

compartment, and the result was obtained by combining the 32 scans. The spectra were recorded between 4000
and 600 cm-1 with a resolution of 4 cm-1.

DSC analysis

The study of the degree of crystallinity and the lipid polymorphism of the lyophilized RIF-loaded NLCs (NLCs-RIF)
and mannosylated RIF-loaded NLCs (M-NLCs-RIF) formulations was carried out using a differential scanning
calorimeter (DSC; 200 F3 Maia R⃝, Netzsch, Germany). The samples, with the equivalent of 5 mg of drug ( ± 0.2 mg),
were hermetically sealed in aluminum pans and heated at a constant rate of 10◦C min-1 at a temperature range of
15–300◦C. An inert atmosphere was maintained by purging nitrogen gas at a flow rate of 50 ml min-1. The onset,
melting point (peak maximum) and melting enthalpy (!H) were calculated using the software provided by the
DSC equipment.

Cell culture studies
Mice

Female C57Bl/6 (B6) mice were obtained from the animal facility of Instituto de Ciências Biomédicas Abel
Salazar (Porto, Portugal). The euthanasia of animals was performed in accordance with the recommendations of
the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (ETS 123) and 86/609/EEC Directive and Portuguese rules (DL 129/92).

Bacteria

Mycobacterium avium strain 2447, smooth transparent (SmT) variant, was isolated from an AIDS patient and
provided by Dr F Portaels, Institute of Tropical Medicine, Antwerp, Belgium. Bacteria were grown until mid-log
phase in Middlebrook 7H9 medium (Difco Laboratories Inc, MI, USA) plus 0.04% Tween-80 and supplemented
with 10% albumin-dextrose-catalase at 37◦C. Bacteria were harvested by centrifugation, suspended in a small
volume of saline containing 0.04% Tween-80, and sonicated with a Branson (CT, USA) sonifier to disrupt bacterial
clumps. This suspension was then diluted, frozen in aliquots and kept at -80◦C until use. Before in vitro infection,
bacterial aliquots were thawed at 37◦C and diluted in saline to the desired concentration.

Bone marrow derived macrophages

Bone marrow derived macrophages (BMDM) were obtained by cultivating bone marrow cells from B6 mice [17].
Briefly, at day 1, bone marrow cells were harvested from two femurs and two tibias from a female B6 mouse, and
cultivated in a petri dish with DMEM (Life Technologies, CA, USA) supplemented with 1% of HEPES, 1% of
sodium pyruvate, 1% of glutamine, 10% of heat-inactivated fetal bovine serum (Life Technologies) and 10% of
L929 cell conditioned medium (LCCM), as a source of macrophage-colony stimulating factor [17]. Cells were
cultured overnight at 37◦C on cell culture dishes in order to remove adherent cells. On day 0, the nonadherent cells
were collected and counted using the trypan blue exclusion method and a Neubauer chamber. Cell suspensions
were distributed in 96-well plates at 1 × 106 cells mL-1 or in a 24-well plate at 4 × 105 cells ml-1. On day 4 after
seeding, 10% of LCCM was added, and the medium was renewed on day 7. On day 10 of culture, when cells were
completely differentiated into macrophages, NLCs-RIF, M-NLCs-RIF or RIF treatments started, for cell viability
or in vitro infection assays or cellular uptake studies (corresponding to day 0 of treatment [T0]).

Cell viability

Cell viability was assessed by tetrazolium salt, MTT assay. BMDM were treated with NLCs-RIF and M-NLCs-RIF
at different concentrations (ranging from 100 to 1000 µg ml-1) and tested in triplicates. RIF and placebos (NLCs
and M-NLCs) were added at equivalent concentration. Upon 24 h of drug treatment, cells were washed three-times
with warm Hanks’ balanced salt solution (HBSS), to remove extracellular drugs, and re-incubated with fresh culture
medium with 10% of LCCM. In parallel, an additional drug treatment (refresh treatment) was done at day 3,
during other 24 h, in the same concentration as the former treatment. For each experiment, cell viability was
evaluated 1 and 7 days of starting treatment (1, 7 and 7 days refresh). MTT solution 10% (v/v) was added to each
well and plates were incubated during 2 h at 37◦C, 5% CO2. Formazan crystals were solubilized using dimethyl
sulfoxide and isopropanol, in the proportion of 3:1 (v/v). The absorbance (540 nm) was read using a SynergyTM HT
Multi-mode microplate reader (BioTek Instruments, Inc., VT, USA). The percentage of cell viability was calculated
by the ratio of the mean of absorbance values from triplicates, between treated and untreated (control) cells for each
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time point. The IC50 of each formulation was calculated using a nonlinear regression, with a special dose-response
(EC50 shift) using the GraphPad Prism software program (GraphPad Software, Inc., CA, USA).

In vitro infection of BMDM with M. avium

About 106 colony-forming units (CFUs) of M. avium 2447 were added to each well, in 0.2 ml of supplemented
DMEM. Cells were incubated for 3 h at 37◦C in a CO2 atmosphere and then washed three-times with warm
HBSS to remove non-internalized bacteria. After 1 h in medium without bacteria, infected macrophages were
treated with NLCs-RIF, and M-NLCs-RIF at 100 µg ml-1 and 250 µg ml-1, in triplicate, in a total volume of 1 ml
per well. The free drug (RIF) was added at equivalent concentration. Upon 24 h of drug treatment, cells were
washed three-times with warm HBSS, to remove extracellular drugs, and re-incubated with fresh culture medium
with 10% of LCCM. In parallel, an additional drug treatment (refresh treatment) was done at day 3, during other
24 h, in the same concentration as the first treatment. For each experiment, BMDM were lysed with saponin 10%
at time 0 (after 3 h of infection), 1 and 7 days of infection. The resulting bacteria suspensions were diluted in
distillated water containing 0.05% Tween-80, and each dilution was plated on Middlebrook 7H10 agar medium
(Difco Laboratories Inc, MI, USA), supplemented with 10% with OADC (oleic acid-albumin dextrose-catalase).
Colonies were counted after 7 days at 37◦C. Each treatment was tested in triplicates, and each dilution was plated
in duplicate. The difference, in terms of log10 CFU ml-1, between treated cells at each time point and control cells
at T0, was designated by ‘log increase.’

Cellular uptake studies

The cellular uptake of FITC-loaded NLCs or M-NLCs (NLCs-FITC, M-NLCs-FITC) was evaluated using a
fluorescence microscope (Nikon Eclipse Ci, Tokyo, Japan), equipped with Nikon NIS Elements image software.
BMDM were differentiated, using 12-mm-diameter coverslips, on a 24-well plate as described above. BMDM
were treated with NLCs-FITC or M-NLCs-FITC at 100 or 500 µg ml-1. Upon 24 h of drug treatment, cells were
washed three-times with phosphate-buffered saline (PBS), to remove extracellular drugs. Then, cells were fixed with
2% paraformaldehyde in PBS for 10 min at room temperature and washed three-times with PBS. The coverslips
were mounted on glass slides with fluoroshield with DAPI (Sigma-Aldrich). Controls were processed in parallel by
omission of NPs-FITC. Cellular uptake was also evaluated by flow cytometry analysis. BMDM were differentiated
on a 24-well plate as described above. Cells were treated with NLCs-FITC or M-NLCs-FITC at 100 µg ml-1. Upon
24 h of drug treatment, cells were washed three-times with PBS, to remove extracellular drugs and removed from
the tissue culture plates with accutase (Sigma-Aldrich). Cells were washed with flow cytometry buffer (PBS/3%
SBF/0.01% NaN3) and fixed in paraformaldehyde (2% in PBS). The acquisition of cells was performed using the
BD flow cytometer Accuri C6 (BD Biosciences, CA, USA). Cells were selected on the basis of forward scatter/side
scatter, and the singlets were gated according to size versus width. BMDM were analyzed in FL1 (FITC) channel
and the autofluorescence of untreated cells were used as control. Data were analyzed using FlowJo software (Tree
Star, OR, USA).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 6 software. Data were expressed as mean ± standard
deviation. Statistical comparisons of the means were performed using two-way analysis of variance and differences
between groups compared by Tukey test with a p < 0.05 considered statistically significant.

Results & discussion
NLCs are suitable carriers for RIF encapsulation and drug controlled release
First, M-NLCs were produced and loaded with RIF. The results of the mean hydrodynamic diameter, PDI,
ζ-potential for NLCs and M-NLCs both unloaded and drug-loaded NPs are presented in Table 1. The mean
particle’s size of NLCs and M-NLCs was found to be 323 ± 17 nm and 327 ± 14 nm, respectively (Table 1).
The incorporation of RIF showed a size distribution with a mean diameter of 310 ± 10 nm for NLCs-RIF and
302 ± 23 nm for M-NLCs-RIF, suggesting that the mannosylation process and/or RIF incorporation do not
significantly influence the NPs’ size. The PDI values for all formulations were found to be below 0.2 (Table 1),
indicating an homogeneous distribution of the NPs [18].

The EE of drug in NLCs-RIF and M-NLCs-RIF was found to be 94 ± 4% and 95 ± 2%, respectively (Table 1).
Thus, mannosylation process did not affect the EE, so the technique may be used without reducing the capacity of
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Table 1. Mean hydrodynamic particle size, polydispersity index, ! -potential, encapsulation efficiency and drug loading
measurements of rifampicin-loaded nanostructured lipid carriers and corresponding placebos.
Samples Diameter (nm) Polydispersity index ! -potential (mV) Encapsulation efficiency

(%)
Drug loading (%)

NLCs 323 ± 17 0.16 ± 0.01 - 34 ± 1 – –

NLCs-RIF 310 ± 10 0.14 ± 0.01 - 29 ± 1 94 ± 4 1.3 ± 0.1

M-NLCs 327 ± 14 0.14 ± 0.01 + 47 ± 6 – –

M-NLCs-RIF 302 ± 23 0.16 ± 0.03 + 36 ± 7 95 ± 2 1.3 ± 0.1

M-NLC: Mannosylated nanostructured lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.

Figure 1. Transmission electron microscopy images of: (A) NLCs (B) NLCs-RIF (C) M-NLCs and (D) M-NLCs-RIF
lyophilized formulations at 25,000 × magnification. Scale bar: 300 nm.
M-NLC: Mannosylated nanostructured lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.

this nanocarrier to incorporate RIF. This high 95% of EE of the drug confirms that NLCs are suitable NPs for the
encapsulation of RIF.

TEM imaging was performed to evaluate the morphology of NLCs (Figure 1A), NLCs-RIF (Figure 1B), M-
NLCs (Figure 1C) and M-NLCs-RIF (Figure 1D). TEM images show spherical NPs, which was expected for
NLCs. Moreover, the images revealed NPs that are uniform in shape and width for all the formulations (Figure 1).
According to TEM analyses, the mean diameter was in the range of ca. 300 nm and there was no visible aggregation
of the NPs, validating the above-mentioned results obtained with DLS. From Figure 1, it can be observed that all
formulations exhibit similar morphologies, indicating that the method of mannosylation and the encapsulation of
RIF do not have an effect on the NPs’ shape.

The in vitro release profile of RIF from RIF-loaded NLCs and M-NLCs was measured in simulated physiological
dissolution media, to predict the in vivo release from the formulations. Figure 2 shows the profiles obtained for
RIF release, from nonfunctionalized NLCs and functionalized NLCs as a function of time, in three different pH
media, simulating the physiological pH of the lung fluid at pH = 7.4 (Figure 2A), the phagosome pH = 6.2
(Figure 2B) and the phagolysosome at pH = 5.0 (Figure 2C). From Figure 2, it can be observed that independent
of the pH studied, both NLCs-RIF and M-NLCs-RIF showed a biphasic drug-release pattern with an initial burst
release during the first 5 h, followed by a sustained drug release. In addition, the amount of drug released during
the first 5 h for M-NLCs and NLCs was independent of the pH. On the other hand, the nonfunctionalized NLCs
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Figure 2. In vitro rifampicin release profiles from rifampicin-loaded formulations, as a function of time, simulating.
(A) the lung fluid at pH 7.4 (B) the phagosome at pH 6.2 and (C) the phagolysosome at pH 5.0.
M-NLCs-RIF: Mannosylated nanostructured lipid carriers loaded with rifampicin; NLCs-RIF: Nanostructured lipid
carriers loaded with rifampicin.

possess a slightly faster release of RIF in comparison with functionalized NLCs probably due to the protective coat
of mannose on the NLC surface. For instance, in the case of M-NLCs-RIF, a release of approximately 20% of drug
is achieved after 3 h, whereas the same amount of drug is release in the first hour for nonfunctionalized NLCs-RIF.
Furthermore, the maximum drug cumulative release at 5 h is less than 40% for functionalized NLCs, being almost
50% in the case of nonfunctionalized NLCs. These results point that the majority of the drug remained entrapped
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Figure 3. Second Derivative Fourier transform infrared
spectra of rifampicin-loaded formulations.
M-NLCs-RIF: Mannosylated nanostructured lipid carriers
loaded with rifampicin; NLCs-RIF: Nanostructured lipid
carriers loaded with rifampicin.

in NLCs after their contact with the simulated pulmonary fluids. Additionally, the majority of the drug is available
for absorption by the pulmonary mucosa barrier and distribution throughout the cell target, reinforcing that both
formulations and specially functionalized NLCs are suitable NPs for the pulmonary delivery of RIF, conferring
protection from the degradation and ultimately enhancing drug bioavailability.

The observed profiles were analyzed by several drug release kinetic models, and fitted best to the Higuchi model
(r2 of pH 7.4 = 0.997; pH 6.2 = 0.998; and pH 5.0 = 0.996 for NLCs and r2 of pH 7.4 = 0.997; pH 6.2
= 0.998; and pH 5.0 = 0.996 for M-NLCs), since the r2 value is much higher than any other kinetic model, for
all the pH studied and for both studied formulations (Supplementary Tables 1 & 2).

Mannose coating is efficiently achieved
The mannose coating process was optimized to ensure that the maximum amount of mannose added was coupled
to the surface of NLCs. For this purpose, different concentrations of mannose solution as well as different reaction
times between stearylamine functionalized NLCs and mannose solution were tested (Data not shown).

The ζ-potential values obtained for NLCs and NLCs-RIF were -34 ± 1 mV and -29 ± 1 mV, respectively
(Table 1). Thus, the incorporation of the drug has an almost neglected effect on the surface charge of the lipid NPs.
On the other hand, the presence of mannose leads to NPs with positive charge, being the ζ-potential values of M-
NLCs and M-NLCs-RIF +47 ± 6 mV and +36 ± 7 mV, respectively (Table 1). This surface change from negative
to positive charge provides evidence that mannose coating was efficient because the process of mannosylation
involves the addition of stearylamine to the NPs, so that NPs have amine groups at the surface [13,19]. Moreover, all
the NLC formulations possess a high absolute ζ-potential and therefore they are considered physically stable, due
to the electrostatic repulsions between the NPs [20].

According to the abovementioned results, the mannose coating may enhance the electrostatic interaction be-
tween M-NLCs and negatively charged cell membrane, which may lead to enhance the cellular uptake and the
internalization of the NPs. Thus, this active targeting strategy may play a dual role: to enhance the recognition by
the macrophages via the receptors and also to enhance the interaction between NPs and cell membranes via the
electrostatic interactions.

Figure 3 is depicted the FTIR spectra of RIF-loaded NLCs and M-NLCs. The functionalization process was made
by the opening of the mannose ring and subsequent reaction of its aldehyde group with free amine functionalities
present over the surface of uncoated NLCs [13]. This allowed the formation of Schiff ’s base (–NCH–), which was
detected by FT-IR spectroscopy at approximately 1564,17 cm-1 (Figure 3).

DSC analysis was used to examine the effect of drug loading and the mannose functionalization on the lipid [21].
The DSC thermograms obtained for each formulation are represented in Figure 4, while the respective melting
parameters are shown in Table 2. The drug-loaded NLCs showed a main melting transition peak temperature
ca. 4◦C lower than that of the NLCs, suggesting that RIF induces disorder in the crystal structure of the NPs.
Moreover, a decrease of the onset temperature and melting enthalpy was also observed. This effect was expected
since drugs incorporated into the lipid NPs are soluble in the lipid melt, and consequently an influence on the
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Figure 4. Differential scanning calorimetry thermograms of rifampicin-loaded formulations and corresponding
placebos.
NLC: Nanostructured lipid carrier; M-NLC: Mannosylated nanostructured lipid carrier; RIF: Rifampicin.

Table 2. Differential scanning calorimetry parameters of rifampicin-loaded nanostructured lipid carriers and
corresponding placebos: onset and melting temperatures, melting enthalpies.
Samples Area (J/g) Peak (◦C) Onset (◦C) End (◦C)

NLCs 95.49 55.7 53.7 57.8

NLCs-RIF 92.28 51.6 44.0 59.5

M-NLCs 90.92 52.9 42.4 64.9

M-NLCs-RIF 88.62 52.4 42.7 66.7

M-NLC: Mannosylated nanostructured lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.

transition temperature is expected to occur [22]. The melting point of functionalized formulations was also lower ca.
3◦C in comparison with NLCs, which reinforces the efficacy of mannosylation process. In addition, the decrease of
the onset temperature and melting enthalpy is attributed due to the presence of mannose coating the surface of NPs,
which leads to the formation of lattice defects onto the lipid matrices, following a decrease in their crystallinity in
comparison to the nonfunctionalized NPs [13]. As expected, in the case of NLCs with both drug and mannose, the
main melting transition peak temperature, the onset temperature and also the melting enthalpy suffer a decrease in
comparison with NLCs, being the last measured parameter the lowest of all formulations.

RIF-loaded NLCs are less cytotoxic than unloaded NLCs
To evaluate the effects of the different NLCs formulations on BMDM viability, an MTT assay was performed
after 1 and 7 days of starting treatment. Cells were treated with free RIF, RIF-loaded NLCs, and functionalized
RIF-loaded NLCs, within a range of concentrations between 100 and 1000 µg ml-1. Controls consisted of treated
cells with equivalent concentrations of unloaded NLCs or M-NLCs and untreated cells.

In this study, cells were exposed to the different NLC formulations or free drug, for 1 day. The results revealed
that RIF at the concentrations tested (1–10 µg ml−1), did not affect the metabolic activity of BMDM (Fig-
ure 5A–C). Placebo formulations exhibited a more pronounced cytotoxic effect compared with RIF-loaded NLCs
in a concentration and time-dependent manner (Figure 5A–C). M-NLCs-RIF formulation exhibited a more pro-
nounced cytotoxic effect compared with NLCs-RIF formulation, in a concentration- and time-dependent manner
(Figure 5A–C). The re-exposure to all nanoformulations induced a greater cytotoxic effect compared with only one
treatment (Figure 5B & C).
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Figure 5. Effect of rifampicin-loaded formulations, corresponding placebos and rifampicin on bone marrow derived
macrophages cell viability. Cell viability was assessed by MTT assay after (A) 1 day (B) 7 days and (C) 7 days with
refresh treatment. Values represent mean ± SD. Statistical comparisons of the means for each time point, were
performed using ANOVA and differences between groups compared by Tukey test.
*p < 0.05; **p < 0.01; ***p < 0.001; *****p < 0.0001 compared with the untreated cells. •p < 0.05; ••p < 0.01; •••p
< 0.001; ••••p < 0.0001 compared with the corresponding placebo. ×p < 0.05; ×××p < 0.001; ××××p < 0.0001
compared with the corresponding nonfunctionalized formulation. p < 0.05; ◦◦◦p < 0.0001 compared with RIF.
ANOVA: Analysis of variance; MTT: 3-[4,5-dimethylthiazol-2-yl]- 2,5 diphenyltetrazolium bromide; RIF: Rifampicin;
SD: Standard deviation.
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Table 3. IC50 values of rifampicin-loaded nanostructured lipid carriers and corresponding placebos.
Samples IC50 (µg ml-1) Time of incubation

NLCs 724.44

M-NLCs 534.56

NLCs-RIF – 1 day

M-NLCs-RIF –

NLCs 891.25

M-NLCs 412.10

NLCs-RIF – 7 days

M-NLCs-RIF 712.85

NLCs 280.54

M-NLCs 190.55

NLCs-RIF 721.11 7 days refresh

M-NLCs-RIF 261.82

Cell viability was assessed by MTT assay after 1 day, 7 days and 7 days with refresh treatment (7 days refresh). BMDM were treated with NLCs-RIF, M-NLCs-RIF, NLCs and M-NLCs ranging
from 100 to 1000 µg/ml, and tested in triplicates. After 1 day of treatment, drugs were removed and cells washed. Cell viability was evaluated after 1 and 7 days of starting treatment
(1 day, 7 days and 7 days refresh). IC50 of each formulation was calculated using a nolinear regression, using the GraphPad Prism software.
BMDM: Bone marrow derived macrophage; M-NLC: Mannosylated nanostructured lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.

The IC50 for each formulation was calculated from dose-effect curves for each time point of incubation with
RIF-loaded formulations, placebos and free drug (Table 3). Results indicated that RIF-loaded formulations were less
cytotoxic compared with unloaded formulations in a concentration-dependent manner, as previously mentioned.
Further, functionalized NLCs showed lower IC50 than nonfunctionalized formulations. These results may be
explained by the NLCs charge, as nonfunctionalized NLCs have a negative charge, while functionalized NLCs
have positive charge. Moreover, unloaded M-NLCs have a more pronounced positive charge, when compared with
RIF-loaded M-NLCs. This result is in agreement with literature, where it is described that NPs with positive charge
are more toxic compared with negative or neutral NPs [23].

M-NLCs improve the cellular uptake by BMDM
To assess if the NLCs were internalized by BMDM, cellular uptake of nanoformulations was investigated by
fluorescence microscopy (Figure 6). BMDM were treated with NLCs-FITC or M-NLCs-FITC both at 100
or 500 µg ml-1 during 1 day of treatment. Fluorescence microscopy confirmed the cell internalization of the
nanoformulations, indicating that NLCs and M-NLCs are efficiently taken up by macrophages (Figure 6B–
I). Moreover, BMDM treated with M-NLCs showed a high density and brighter green fluorescence staining
compared with NLCs treated with 100 (Figure 6D–E) or 500 µg ml−1 (Figure 6H–I). These data indicate that
M-NLCs are more efficiently internalized than NLCs as previously reported with other mannose functionalized
NPs formulations [15,24]. Flow cytometry analysis was used to confirm and quantify the internalization of NLCs-
FITC or M-NLCs-FITC at 100 µg ml-1 by BMDM. The mean fluorescence intensity (MFI) obtained (MFI NLC:
68603 vs MFI M-NLC: 992000) indicates a 14.5-fold increase in cell uptake of M-NLCs, compared with NLCs
by BMDM (Figure 7). Altogether, the data obtained clearly show that M-NLCs reach intracellular environment
more efficiently than nonmannosylated NLCs, which support the use of this active targeting strategy.

M-NLCs restrict intracellular growth of M. avium-infected BMDM
Taking into account the IC50 values and cell uptake data, the concentrations of 100 and 250 µg ml-1 were chosen to
test RIF-loaded nanoformulations effects on BMDM intracellular growth of M. avium, as previously described [25].
The results are expressed as log10 increase CFU ml-1 comparing treated cells at 7 days and control cells at T0. The
first observation was that refresh treatment is essential to induce growth restriction of mycobacteria. Indeed, both
NLCs-RIF and M-NLCs-RIF treatments induced a significant decrease in mycobacteria growth at 250 µg ml-1, after
the refresh treatment. In addition, the active targeting with mannose coating contributed to a more pronounced
antimycobacterial effect (M-NLCs-RIF; p < 0.001) than the nonfunctionalized formulations (NLCs-RIF; p <

0.01), (Figure 7).
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I

Figure 6. Mannosylated nanostructured lipid carrier–fluorescein isothiocyanate are more efficiently internalized in
primary macrophages after 1 day of treatment. (A–I) NLCs or M-NLCs localization in BMDM by fluorescence
microscopy. (A) Untreated BMDM. (B & D) NLCs-FITC 100 µg ml-1. (C & E) M-NLCs-FITC 100 µg ml-1. (F & H) NLCs-FITC
500 µg ml-1 (G & I) M-NLCs-FITC 500 µg ml-1.
BMDM: Bone marrow derived macrophage; FITC: Fluorescein isothiocyanate; M-NLC: Mannosylated nanostructured
lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.
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Figure 7. Flow cytometry analysis of bone marrow derived macrophages. (A) Overlay histogram of BMDM
untreated and treated with NLCs-FITC and M-NLCs-FITC at 100 µg ml-1. (B) Mean Fluorescence Intensity (MFI) fold
increase of BMDM-FITC+ after treatment with NLCs-FITC or M-NLCs-FITC at 100 µg ml-1.
BMDM: Bone marrow derived macrophage; FITC: Fluorescein isothiocyanate; M-NLC: Mannosylated nanostructured
lipid carrier; NLC: Nanostructured lipid carrier; RIF: Rifampicin.
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Figure 8. Effect of rifampicin-loaded formulations, placebos and rifampicin in bone marrow derived macrophages
intracellular growth of Mycobacterium avium 2447. Infected BMDM were treated with nanoparticles at 100 µg
ml-1 and 250 µg ml-1 during 1 day. RIF was added at equivalent concentration to the RIF-loaded formulations. In
parallel, an additional drug treatment (refresh treatment) was done at day 3, during 1 day. Mycobacteria
quantification was done after 7 days of infection (7 days and 7 day refresh). Bars represent the difference, in terms of
log10 CFU ml-1, between treated infected cells at day 7 and untreated infected cells at T0. Data are expressed as
means ± standard deviation. Values represent mean ± SD.
**p < 0.01; ****p < 0.001 compared with untreated cells. •p < 0.05 compared with corresponding placebo.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, differences between 7 days and 7 days refresh.
BMDM: Bone marrow derived macrophages; CFU: Colony-forming unit; RIF: Rifampicin.
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Conclusion
The emergence of nanotechnology is giving rise to targeted nanomedicines that have opened up new opportunities
for treating diseases [26–30]. In this study, mannosylated RIF- loaded NLCs were successfully developed aiming to
take advantage of sugar receptors in AMs, improving cellular uptake by an active targeting strategy. The developed
NPs possess a diameter of around 315 nm, which is considered to be adequate for lung deposition and macrophages
phagocytosis [5,11]. The functionalization process was confirmed by the difference in the ζ-potential between the
uncoated and the mannosylated, FTIR spectrum analysis, which allowed for the detection of the Schiff ’s base and
also fluorescence microscopy. The EE of RIF was high, with an EE above 90% for both uncoated and mannose-
coated RIF-loaded NLCs.

In spite of being more cytotoxic than nonfunctionalized NLCs, M-NLCs are able to improve the cellular
uptake by BMDM. In addition, noncytotoxic concentrations of these M-NLCs restrict intracellular growth of M.
avium infected BMDM in a more pronounced decreased effect than nonfunctionalized NLCs.

The overall results support that the developed M-NLCs constitute a promising strategy for the delivery of RIF
selectively to macrophages. Moreover, although in vivo studies are required to validate the clinical potential of the
developed NPs, the results obtained represent a promising proof-of-concept, and demonstrate, albeit in vitro, the
applicability of the nanoformulations developed. This will ultimately open up new avenues in the fight against the
world’s most deadly infectious disease.

Financial & competing interests disclosure

This work received financial support from the European Union (FEDER funds) and National Funds (FCT/MEC, Fundação para a
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Summary points! Nanostructured lipid carriers (NLCs) are suitable carriers for rifampicin (RIF) encapsulation and drug controlled
release.! Mannose surface modification of the nanoparticles was performed to take advantage of sugar receptors on
alveolar macrophages, the main cell target of the etiological agent of tuberculosis.! Mannose coating of NLCs was efficiently achieved.! A clear difference regarding the cytotoxic effect between RIF-loaded NLCs and placebos was observed. RIF-loaded
NLCs were less cytotoxic than unloaded NLCs.! Mannosylated and nonmannosylated NLCs were efficiently taken up by bone marrow derived macrophages.! Mannosylated NLCs were more efficiently internalized than nonmannosylated NLCs.! Mannosylated and nonmannosylated RIF-loaded NLCs restrict the intracellular growth of Mycobacterium
avium-infected bone marrow derived macrophages.! Mannosylated RIF-loaded NLCs are more efficient in inducing a decrease of intracellular growth of mycobacteria
than nonmannosylated RIF-loaded NLCs.! In summary, the development of mannosylated RIF-loaded NLCs contributed to a more pronounced
antimycobacterial effect.
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Supplementary Figure 1. Schematic representation of the preparation of NLCs-RIF.  
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Supplementary Figure 2. Schematic diagram of (A) the preparation of stearyl amine 

functionalized NLCs-RIF, (B) scheme representing the mannose solution, and (C) 

scheme of the reaction between mannose solution and stearyl amine functionalized 

NLCs-RIF, representing the preparation method for preparing M-NLCs-RIF.  
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Supplementary Table 1. Values of R2 obtained from the release of RIF from NLCs-RIF 

using different drug release kinetic models. 

  
Mathematical 

models 

Lung fluid 

pH 7.4 

Phagosome 

pH 6.2 

Phagolysosome 

pH 5.0 

Zero order 0.998 0.998 0.998 

First order 0.998 0.998 0.998 

Hixson-Crowell 0.998 0.998 0.998 

Higuchi 0.998 0.998 0.998 

Korsmeyer-Peppas 0.998 0.998 0.998 
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ABSTRACT 
!

This work aims to design nanostructured lipid carriers (NLCs) to facilitate drug 

delivery to tuberculosis-infected areas, exploiting the macrophage mannose receptor, and 

also to assess their cellular uptake in a three-dimensional human lung model. NLCs were 

fully characterized and their biocompatibility was evaluated 24h post-exposure. Results 

revealed uniform formulations, with optimal size considering lung deposition (170-202 

nm). Upon NLCs exposure, the cell membrane integrity was maintained and no evidence 

of pro-inflammatory responses was observed. Higher macrophage uptake of 

mannosylated-NLCs (M-NLCs) was expected but no significant differences were observed 

due to the presence of lectin-like receptors in A549 cells that may lead to receptor-

mediated endocytosis of M-NLCs. In sum, NLCs are biocompatible carriers and can be 

used for pulmonary drug delivery. 

  

 

Keywords: alternative testing strategy; 3D cell co-culture model; nanomedicine; targeted 

drug delivery. 
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Introduction  

Tuberculosis (TB) is a global health problem, being the leading cause of death from 

a single infectious agent, and one of the top 10 causes of death worldwide [1]. The current 

TB treatment consists in a long-term multidrug combination that is associated with multiple 

adverse effects and low patient’s compliance [2]. Therefore, improvement of therapeutic 

compliance is required. Nano-based formulations represent a promising alternative for the 

pulmonary delivery of antibiotics, which has particular interest in TB treatment since the 

lungs are the primary sites of TB infection [3, 4].   

The physicochemical properties of nanoparticles (NPs), including particle size, 

surface, and morphology are determinant factors that influence their transport and 

deposition within the respiratory tract [5-9]. Upon inhalation, NPs deposit mainly in the 

alveolar region of the lung [10, 11]. The respiratory tract has a large epithelial surface, 

which is about 150m2 [12], and a dense network of immune cells, among those 

macrophages and dendritic cells (DCs). Lung epithelial cells play a critical role as a barrier 

system for inhaled particles in the respiratory system; macrophages are the main 

phagocytic cells, being essential for particle clearance; and DCs are the most competent 

antigen-presenting cells, acting as sentinels in the surveillance network of lung tissues 

[13,14].  

Lipid NPs, namely nanostructured lipid carriers (NLCs), represent an interesting 

alternative for pulmonary drug delivery, due to their biocompatibility, high drug loading 

capacity and stability [15, 16]. Other advantages include the fact that NLCs size and 

morphology can be fine-tuned to be optimal to target a specific lung compartment [17], 

and their surface can be functionalized with ligands (i.e., mannose) to specifically target 

alveolar macrophages (AMs) [18-20], key cells in TB infection [21, 22]. Despite their 

advantages, the development of NLCs for pulmonary drug delivery has been hindered by 

concerns about their potential toxicity and biodistribution in the lungs [15, 16]. Therefore, 

the main goal of the present study was to develop NLCs functionalized with mannose and 

to assess the interaction and biocompatibility in a three-dimensional (3D) co-culture model 

consisting of epithelial and immune cells (monocyte-derived macrophages (MDMs) and 

dendritic cells (MDDCs)) mimicking the human alveolar epithelial tissue barrier as 

described [23].   

The selection of a such a 3D human lung model is a major step further to most in 

vitro toxicity studies, being more realistic than the ones that are usually performed on 

monocultures or two-dimensional (2D) co-cultures [6]. Moreover, advanced in vitro co-

culture models provide a more cost-effective, ethical and faster alternative to in vivo 

models [6, 24] and we already have shown that dendritic cell-specific intracellular 
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adhesion molecule 3 (ICAM-3)-grabbing non-integrin (DC-SIGN) conjugation to gold 

nanoparticles enhanced MDDCs targeting and activation in this model [25], thus 

highlighting the potential of immunoengineering approaches to the targeting and activation 

of immune cells in the lung by nanocarriers.  

In the present study, non-mannosylated (NLCs) and mannosylated (M-NLCs) lipid 

NPs were developed and characterized in terms of size, polydispersity (PDI), zeta (ζ)-

potential and morphology before being tested in the 3D human lung model. To study their 

cellular uptake, the NLCs were labelled using a fluorophore (i.e. coumarin6). The particles 

were applied to the lung cells either in a submerged set-up or using a pseudo air-liquid 

interface (ALI) approach by adding a very low volume of liquid to the lung cells to bring the 

exposure conditions closer to realistic situation in vivo. 24h post-exposure biocompatibility 

and targeting efficiency of NLCs and M-NLCs was assessed using cell viability, pro-

inflammatory assays and visualization of the lung tissue with confocal laser scanning 

microscopy.  

 

Materials and Methods  

NPs synthesis 

NLCs and M-NLCs, with and without coumarin6, were synthetized accordingly to 

previously published procedures (details below).  

 

! Non-mannosylated lipid NPs   
NLCs were produced by ultra-sonication method with slight modifications from the 

method described by Vieira et al. [20]. Briefly, glyceryl palmitostearate (Precirol®ATO5, 

Gattefosé, France) (66% w/w), caprylic/capric triglyceride (Miglyol®812, Acofarma, Spain) 

(13% w/w), and polysorbate 80 (Tween®80, Merck, Germany) (21% w/w) were heated in a 

water bath up to 70 °C. When the solid lipid was fully melted, 6 mL of preheated (T = 70 

°C) Milli-Q® double-deionized water (conductivity less than 0.1 µS cm-1) was added to the 

lipid phase. This mixture was then homogenized using a probe-sonicator (Vibra-Cell 

model VCX 130, Sonics and Materials Inc., USA) with a tip diameter of 6 mm at 70% 

amplitude for 5 min. Nanoemulsions were left to cool down and stored at room 

temperature.  

Coumarin6 is a lipophilic dye [26] that was used to label NLCs in order to assess 

their cellular uptake and internalization using fluorescence techniques. Coumarin6-loaded 
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NLCs (C-NLCs) were prepared using the above-mentioned approach but adding 0.007% 

w/w of coumarin6 (Sigma-Aldrich, USA) to the lipid phase, before melting.  

 

! Mannosylated lipid NPs 

 The mannose coating of NLCs (M-NLCs) and C-NLCs (C-M-NLCs) was performed 

according to Vieira et al [20]. Briefly, 2% w/w of stearylamine (Sigma-Aldrich, USA) was 

added to the lipid phase of the NLCs synthesis. After synthesis, a 50mM D-(+)-mannose 

(Sigma-Aldrich, USA) solution was added to NLCs or C-NLCs, in 50% v/v ratio. The 

formulations were left under constant and gentle stirring for 48 h. Further, to remove 

uncoated mannose and other impurities, dialysis was performed (molecular weight cut off 

of 12–14 kDa), under constant and gentle stirring for 30 min. 

 

NPs characterization 

! Particle size, PDI and ζ-potential 
The mean hydrodynamic particle diameter and PDI of the developed NLCs were 

characterized using dynamic light scattering (DLS) and ζ-potentials were determined 

using a ZetaPALS ZetaPotential Analyzer (Brookhaven Instruments, USA). Diluted NLCs 

(1:100 in ultrapure water) were measured at 20°C, pH 5.5, with scattering angle of 90°, 

and a dust cut-off set to 30. For mean hydrodynamic diameter and PDI, 6 runs of 2 min 

were performed at each measurement. For ζ-potential determination, ten runs with ten 

cycles were performed at each measurement. All measurements were done in triplicates 

and results were expressed as mean ± standard deviation (SD).  

 

! Transmission electron microscopy (TEM) 
TEM analysis was performed to observe the morphology of the developed lipid NPs. 

To prepare the samples, a drop of diluted (1:100 in ultrapure water) NPs suspension was 

placed over a cooper-mesh grid during 2 min, followed by negative staining with uranyl 

acetate for 30 seconds. Images were recorded with an accelerating voltage of 80 kV, in a 

JEM-1400 Transmission Electron Microscope (TEM Jeol JEM-1400; JEOL Ltd., Tokyo, 

Japan).  
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Cell culture studies 

! Human alveolar epithelial cell culture (A549) 
The human alveolar epithelial-like cell line (i.e., human lung carcinoma cell line 

A549) was obtained from the American Tissue Type Culture Collection (ATCC®CCL-

185™). Cells (passage number 5 to 20) were maintained in Roswell Park Memorial 

Institute (RPMI) 1640 medium (Invitrogen GmbH, Germany) supplemented with 1% L-

glutamine (Invitrogen GmbH, Germany), 1% penicillin/streptomycin (Biochrom, Germany), 

and 10% heat-inactivated fetal bovine serum (FBS; Gibco, Switzerland). Cells were 

seeded at a density of 2.8 x 106 cells per cm2 on polyethylene terephthalate (PET) 

membrane inserts for 12-well plates with high pore density and pores with 3.0 µm 

diameter (8 x 105 pores per cm2; surface area of 0.9 cm2) (BD Biosciences, Switzerland). 

Inserts were placed in tissue culture 12-well plates and cells were grown under 

submerged conditions (0.5 mL of RPMI medium in the upper and 1.5 mL in the lower 

chamber of the insert) for 5 days to achieve confluence.  

 

! Human blood monocyte-derived macrophages (MDMs) and dendritic 

cells (MDDCs) culture 
Human blood monocyte-derived macrophages (MDMs) and dendritic cells (MDDCs) 

were isolated from buffy coats provided by the Transfusion Blood Bank (Blutspendedienst 

SRK Bern AG, Switzerland), according to the method described by Sallusto and 

coworkers [27], with the adaptation of using CD14 magnetic beads (Milteny Biotech, 

Germany) for monocytes isolation [28]. Isolated blood monocytes were cultured for 7 days 

at a density of 106 cells mL-1 in RPMI 1640 medium supplemented with 1% L-glutamine, 

1% penicillin/streptomycin, and 10% heat-inactivated FBS. For MDMs differentiation, 10 

ng mL-1 of granulocyte macrophage colony-stimulating factor (GM-CSF) (Sigma Aldrich 

GmbH, Germany) were added to the culture medium. MDDCs differentiation was 

performed in presence of 10 ng mL-1 of interleukin 4 (IL-4) (Sigma Aldrich GmbH, 

Germany) and 10 ng mL-1 of GM-CSF (Sigma Aldrich GmbH, Germany) for 6-7 days.  

 

! Triple cell co-culture model  
The triple cell co-culture model was performed based on the protocol described by 

Rothen-Rutishauser et al [23]. Briefly, the inserts containing A549 cells were placed in a 

petri dish upside down, and the cells at the bottom of the membrane were gently removed 

with a cell scraper. MDDCs (5.95 x 104 cells per cm2) were then pipetted onto the bottom 
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side of the inserts and incubated for 1h at 37°C and 5% CO2. Afterwards, the inserts were 

placed back into the 12-well plates containing 1.5 mL of pre-heated supplemented RPMI 

medium at the bottom. Finally, MDMs (1.19 x 104 cells per cm2) were gently added on the 

top of the A549 cells. The cells were then incubated for 24h at 37°C and 5% CO2 until 

NLCs-exposures (if submerged) or placement of samples at the air liquid interface (for 

pseudo-ALI).  

 

! NPs exposure  

The cells were exposed to mannosylated and non-mannosylated lipid NPs (278 µg 

per cm2), with and without the fluorophore, under submerged and pseudo-ALI conditions. 

For submerged exposures, after 24h post-incubation, the media in the lower chamber of 

the insert was replaced with 1.5 mL of fresh supplemented RPMI, and 0.5 mL NPs 

suspension (0.5 mg mL-1) was gently added on the top of MDMs and A549 cells. In 

pseudo-ALI exposures, cells were pre-exposed to ALI by removing the medium in the 

upper compartment and replacing the medium from the lower chambers with 0.6 ml of 

fresh supplemented RPMI, for 24h. Then, a thin layer of particle suspension (0.05 mL; 5 

mg mL-1) was gently added apically to the cells cultivated at ALI. Both submerged and 

pseudo-ALI exposures were performed by incubating the cells with NPs for 24h at 37°C 

and 5% CO2.  

 

! Cytotoxicity assessment  

The lactate dehydrogenase (LDH) release was assessed as indicator for cytotoxicity 

based on the release of LDH into the medium due to plasma membrane permeabilization 

as a result of cell death [29]. For this purpose, the medium in the lower chamber of the 

inserts was collected after exposures to NPs and analyzed using a LDH cytotoxicity 

detection kit (Roche Applied Science, Germany) according to the manufacturer’s 

instructions. To determine the LDH activity, absorbance was read at 490 nm (reference 

wavelength at 630nm) using a microplate reader (Bio-Rad, Switzerland). Samples were 

measured in triplicates and each sample absorbance was corrected by subtracting 

medium absorbance. Co-cultures exposed to 0.2% Triton X-100 (Sigma Aldrich GmbH, 

Germany) in phosphate buffer saline (PBS), for 24h were used as positive control. LDH 

values were expressed relative to negative control, i.e. untreated cells.  
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! Pro-inflammatory response  

The pro-inflammatory response of the cells after NPs exposure was assessed by 

quantifying the amount of pro-inflammatory mediators, interleukin 1β (IL1β), interleukin 8 

(IL8), and tumor necrosis factor α (TNF-α) in the supplemented RPMI, using the 

respective DuoSet ELISA Development Kit (R&D Systems, Switzerland) according to the 

manufacturer’s instructions. For IL8 quantification, samples were diluted (1:10 in reagent 

diluent) as the cytokine is already released at a basal level in untreated cultures. 

Absorbance was read at 450 nm using a microplate reader (Bio-Rad). Samples were 

measured in triplicates, and each sample absorbance was corrected by subtracting 

medium absorbance. Untreated cells were used as negative control, and cells treated with 

lipopolysaccharide (LPS, from Escherichia coli 055:B5 strain, 1 µg mL-1 in supplemented 

RPMI; Sigma Aldrich GmbH, Germany) were used as a positive pro-inflammatory assay 

control.  

 

! Cell labelling  

In the first staining procedure, the cultures were fixed with 4% paraformaldehyde 

(PFA; Sigma Aldrich GmbH, Germany) in PBS for 15 min, and then treated with 0.1 M 

glycine (Sigma Aldrich GmbH, Germany) in PBS for 5 min. Before staining, cells were 

permeabilized with 0.2% Triton X-100 (Sigma Aldrich GmbH, Germany) in PBS for 15 min. 

MDMs were stained for 90 min with the primary antibody mouse anti-human 25F9 at a 

1:100 dilution in PBS (Clone eBio25F9; Thermo Fisher Scientific, Germany). The 

secondary staining was performed using goat anti-mouse Alexa 647 (Polyclonal; Abcam, 

Switzerland) as a secondary detection antibody at a 1:50 dilution in PBS; rhodamine-

phalloidin (Thermo Fisher Scientific, Germany) at a 1:50 dilution to stain the F-actin 

cytoskeleton; and DAPI ([1mg ml-1] in 0.3% Triton X-100 in PBS) (Sigma Aldrich, 

Switzerland) to stain the nucleus, for 2h in the dark. After staining, cells were washed 3 

times with PBS and then, the membranes were cut with a scalpel into two pieces. For 

optical analysis, samples were embedded in glycergel (DAKO Schweiz AG, Switzerland). 

One piece of each insert membrane was turned upside down to investigate the cells 

grown on the basal side of membrane inserts.  

In the second approach, the three different cell types in the co-culture model were 

pre-stained before exposure to NPs using Hoechst 33342 (Invitrogen, Switzerland) and 

the VybrantTM multicolor cell labeling kit (Thermo Fisher Scientific, Germany) prior to the 

co-culture composition, following the protocol described by Septiadi et al. [30]. Briefly, 

MDDCs and MDMs were stained with Vybrant® DiI and Vybrant® DiD, respectively (5 µL 
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per mL of cell suspension), and incubated for 30 min at 37°C and 5% CO2. Cells were 

centrifuged and washed three times with RPMI 1640, prior to seeding. In the meantime, 

the nuclei of A549 cells on the insert were stained using Hoechst 33342 (10 µL in 1 mL of 

RPMI 1640) and incubated for 30 min at 37°C and 5% CO2. Cells were washed three 

times with RPMI 1640, and finally the co-cultures were composed and exposed to NLCs 

as previously described. After 24h of NPs exposure, cells were washed three times, fixed 

using 4% PFA and prepared for optical analysis, as previously explained.  

 

! Fluorescence imaging – Laser scanning microscopy 

The samples were visualized using Zeiss LSM 710 confocal laser scanning inverted 

microscope (Axiovert 200 M, Lasers: 405, 488 and 633 nm) with a 63x objective lens (oil 

immersion, NA = 1.3) (Zeiss GmbH, Germany). Different fluorophores (i.e. Hoechst 

33342/DAPI, coumarin6, Vybrant® DiI/rhodamine-phalloidin, and Vybrant® DiD/Alexa647) 

were excited sequentially at 405, 458, 561 and 633 nm, and their emissions were 

collected correspondingly by the detector with the frame size 512 pixel × 512 pixel (134.95 

µm × 134.95 µm). Images were acquired in the plane scan mode or in a z-stack mode 

with the slice thickness of 0.5 µm. Image processing and visualization were performed 

using the 3D multi-channel image processing software IMARIS (Bitplane AG, 

Switzerland).  

 

! Quantification of lipid NPs uptake using image processing 

Fifteen different images in the apical side of the samples (C-NLCs and C-M-NLCs 

containing samples) were acquired using z-stack acquisition with slice thickness of 1 µm. 

These z-stack images were then processed as mean intensity projection using Zen 

software (Zeiss GmbH, Germany). Particle tracking and counting were done using 

TrackMate plugin in Fiji (NIH). Briefly, agglomerate of roughly 1 µm in diameter (limited to 

the resolution of fluorescence confocal microscope) and intensity threshold of 25 were 

tracked on the entire image. Data is shown as box chart. 

!

Statistical analysis  

Statistical comparisons of the mean of the different groups were performed using 

the ordinary one-way ANOVA followed by Dunnet’s multiple comparison test relative to 

negative control cells. To compare the number of agglomerates, one-way ANOVA 

followed by Tukey’s test was performed. A p-value < 0.05 was considered statistically 
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significant. The analyses were performed using the GraphPad Prism6 software program 

(GraphPad Software Inc., USA). Data were expressed as mean ± SD.       

   

Results and Discussion  

Synthesis and characterization of lipid NPs 

The NLCs composition and synthesis method were chosen according to preliminary 

formulation studies performed by the authors [20, 31-33]. In addition, an active targeting 

approach, involving NLCs mannose coating, was performed to take advantage of the 

presence of mannose receptors in AMs and thus, increase the selectivity of the 

nanocarriers to Mycobacterium tuberculosis infected areas and cells [19, 20].  

After synthesis, the developed NLCs were characterized in terms of size, PDI, and 

ζ-potential (Table 1). The mean hydrodynamic particle size of non-mannosylated NLCs 

and C-NLCs were 182±8 nm and 170±6 nm, respectively. Regarding the mannosylated 

NLCs, the values were 202±7 nm for M-NLCs, and 192±6 nm for C-M-NLCs. There were 

no statistically significant differences in hydrodynamic particle size between non-labelled 

and coumarin6 labelled NLCs (p-value > 0.05), confirming that the dye functionalization 

did not alter the overall NLCs hydrodynamic size. As expected, the mannosylation 

process led to an increase in NPs diameter (p-value > 0.05), which was in agreement with 

the results obtained in previous studies [18, 34]. Overall, the mean particle size of the 

herein developed nanoformulations is optimal for deposition in the alveolar region since 

they are not larger enough (higher than 5 µm) to be preferentially deposited in the upper 

airways, or small enough (smaller than 0.05 µm) to be accumulated in the 

nasopharyngeal area [17, 35]. Moreover, particles smaller than 1 µm tend to reach the 

tertiary bronchi and bronchioles, being the NPs between 50 and 200 nm desired for 

maximized drug localization upon administration by inhalation [35, 36]. 

PDI values were below 0.2 for all formulations, suggesting a uniform distribution of 

NLCs [37]. Regarding their surface charge, NLCs and C-NLCs have a highly negative ζ-

potential, while M-NLCs and C-M-NLCs possessed a positive ζ-potential. This result was 

in agreement with our previous study [20] and confirms that the addition of stearylamine 

residues in the mannosylation process of NLCs confers a positive charge to the 

functionalized NLCs [18]. All the formulations have high absolute ζ-potential values (Table 

1), indicating that they are physically stable after synthesis [38]. Moreover, storage 

stability studies were performed and the developed NLCs were stable during at least 3 

months at 20ºC.  
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Table 1. Nanoparticles characterization in ultrapure water in terms of mean 

hydrodynamic particle size, polydispersity index (PDI) and zeta potential. Data is 

expressed as mean ± SD (n=3).  

  Size (nm) PDI ζ-potential (mV) 

NLCs 182 ± 8 0.18 ± 0.01 -31 ± 6 

C-NLCs 170 ± 6 0.18 ± 0.01 -26 ± 2 

M-NLCs 202 ± 7 0.17 ± 0.02 38 ± 2 

C-M-NLCs 192 ± 6 0.19 ± 0.02 36 ± 5 

 

TEM analysis was performed to observe the morphology of the developed NPs. 

Results reveal spherical particles, uniform in shape, with no visible aggregation for both 

NLCs (Figure 1A) and M-NLCs (Figure 1B). The mean diameter of NPs was in the range 

of 200 nm, which validates the above-mentioned results obtained by DLS.  

 

 
Figure 1. TEM images of (A) NLCs and (B) M-NLCs, at 50,000x magnification. The white bar 

represents 200 nm.   

 

Biocompatibility and pro-inflammatory response in the 3D human lung 

model upon exposure to NPs 

Confocal laser scanning microscope (LSM) combined with digital image restoration 

(i.e. 3D rendering) was employed for visualization of the epithelial tissue morphology, 

localization of the various cells and barrier structure. For this purpose, individual cell types 

were pre-labelled with cell markers before construction of the model [30]. 3D-rendered 

images were reconstructed from acquired Z-series of confocal images. Epithelial cells as 

expected formed a monolayer (Figure 2A; blue); MDMs were localized on the top of the 

epithelial monolayer (Figure 2A; red), and MDDCs at the basal surface of the insert 

(Figure 2A; yellow). The cells were exposed to non-mannosylated (NLCs and C-NLCs) 

A B 

200 nm 200 nm 
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and mannosylated (M-NLCs and C-M-NLCs) lipid NPs under submerged and pseudo-ALI 

conditions (278 µg per cm2) for 24h. With the latter, more realistic exposure conditions are 

mimicked compared to submerged exposures as alveolar epithelial cells produce 

surfactants that are released at the apical side of the inserts when cultured at the ALI 

conditions [24].  

The cytotoxic effect of NPs exposure was assessed through the quantification of 

LDH release to the cell culture medium, which reflects cell membrane rupture. Results 

revealed that NLCs did not alter the cell membrane integrity of the cells, neither under 

submerged nor pseudo-ALI conditions (Figure 2B-C). Cells exposed to 0.2% Triton X-100 

for 24h were used as a positive control for membrane rupture (significant LDH release 

observed; Figure 2B-C). Absence of membrane rupture effects of NLCs was in 

concordance with expectedly high biocompatibility of lipid NPs [20]. 

 
Figure 2. Cell layer integrity and LDH release following lipid NPs exposures to the 3D 

human lung model. (A) 3D-rendered fluorescence confocal micrograph of the cell culture 

model. Macrophages were stained using Vybrant® DiD (red), nuclei of epithelial cells were 

stained using Hoechst 33342 (blue) whilst MDDCs were labelled using Vybrant® DiI (yellow). 

The cell cultures were exposed to different NLCs by (B) submerged and (C) pseudo-ALI 

exposures. Cell membrane rupture was evaluated by quantification of LDH release in cell 

culture medium after 24h post-NPs exposure. Data of 3 donors is represented in scatter plots, 

where the horizontal line indicates the mean. The values are expressed as a fold change 

relative to untreated cells of the respective donor (Negative control; NC). Statistical analysis 

was performed using the one-way ANOVA followed by Dunnett’s multiple comparison test 

relative to NC. ****p < 0.0001.   
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To evaluate the pro-inflammatory response of the cells after NLCs exposure, the 

release of different cytokines was measured. LPS-exposed cells were used as a positive 

control for induction of pro-inflammatory response. Exposure to all the tested NLCs for 

24h did not induce statistically significant increase of the investigated cytokines, IL1β, 

TNF-α and IL-8, released in the cell culture media, compared to untreated cells (NC) 

(Figure 3). An increased amount of all the tested cytokines was observed for the LPS-

stimulated samples, which supports the responsiveness of the model to pro-inflammatory 

stimulus. IL1β and TNF-α were below the detection limits of the experimental set-up for 

untreated cells and all the exposure samples (Figure 3A-B and 3E-F), respectively. As 

expected, the levels of IL-8 secretion (Figure 3C-D) were higher than the ones obtained 

for IL1β (Figure 3A-B), and TNF-α (Figure 3E-F) because A549 cells produce a basal 

level of IL-8 in culture [39], but remained unaltered upon exposure to all the tested NLCs. 

This result was in agreement with previous studies using this model (either with alveolar 

or bronchial cells) to evaluate the potential cytotoxic and pro-inflammatory response upon 

exposure to biomedical NPs such as gold or hybrid lipid/polymer NPs [25, 40].  

 

 
Figure 3. Pro-inflammatory response of the 3D lung model upon lipid NPs exposures.  

Cells were exposed to different NLCs by (A,C,E) submerged and (B,D,F) pseudo-ALI 

exposures. Secretion of the pro-inflammatory chemokines (A,B) IL1β, (C,D) IL-8, and (E,F) 

TNF-α  to the cell culture medium after 24h post-NPs exposure (shown relative to untreated 
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cells of the respective donor). Untreated cells were used as negative control (NC) and LPS-

exposed as positive control. For IL1β and TNF-α all the samples with the exception of LPS-

exposed cells were below the detection limit of the instrument. Data of 3 donors is represented 

in scatter plots, where the horizontal line indicates the mean. In all cases, comparisons were 

performed using the ordinary one-way ANOVA followed by Dunnett’s multiple comparison test 

relative to untreated cells (NC). **p < 0.01; ***p < 0.001; ****p < 0.0001.  

!

Lung cell morphology and cellular uptake of lipid NPs  

Cellular uptake of fluorescently labeled NLCs was first evaluated under submerged 

conditions and then the approach was moved towards a more realistic exposure scenario, 

i.e. at the pseudo-ALI conditions. In both the approaches, the co-culture model was 

exposed to fluorescently labeled NLCs, either with or without mannose, for 24h. An 

example of NLC–model association is presented upon exposure to fluorescently labeled 

M-NLCs at submerged conditions (Figure 4A). 24h post-exposure, the particles (in green) 

were mostly distributed in the apical side of the lung tissue, both in the MDMs (in yellow) 

and in epithelial cells (in blue). There were no NLCs observed in the basal side of the 

model indicating absence of NPs translocation across the alveolar epithelial barrier tissue, 

under the investigated exposure conditions. Our results also further confirm the 

intracellular distribution of NLCs inside MDMs and epithelial cells (Figure 4B, 4C).  

 
Figure 4. Fate of lipid NPs in the 3D human lung cell model. The cells were exposed to 

both C-NLCs and C-M-NLCs. (A) 3D-rendered fluorescence confocal micrograph shows that 

24h post-exposure C-M-NLCs (green; Coumarin6) are mostly associated to MDMs (red) and 

epithelial cells (blue; Hoechst 33342), but not in the MDDCs. Z-projection images reveal the 

intracellular distribution of C-M-NLCs in (B) MDMs (red) and (C) epithelial cells. MDMs were 
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stained using Vybrant® DiD (red) whilst cytoskeletal architectures of epithelial cells were 

stained using rhodamine-phalloidin (yellow).  

 

To check if cell cultures exposed to NLCs under submerged or pseudo-ALI will 

maintain the cell (monolayer barrier) morphology), the cytoskeletal parts of the fixed co-

culture model (F-actins) were stained. Post-24h of NPs incubation, we did not observe 

any morphological changes of the monolayer exposed to C-NLCs (Figure 5A, 5C) or to C-

M-NLCs (Figure 5B, 5D).  

 

 
Figure 5. NPs-cells interaction in the 3D human lung model. Confocal laser scanning 

micrographs of the apical sides of the cell cultures exposed to (A, C) C-NLCs and (B, D) C-M-

NLCs using (A, B) submerged exposures, and (C, D) pseudo-ALI conditions. (E-H) Zoom of 

MDMs present in A-H images. Fluorescence labeling: nuclei in blue (DAPI), NPs in green 

(Coumarin6), cytoskeleton (F-actin) in red (rhodamine-phalloidin) and MDMs in yellow (Alexa 

647). 

 

To further understand whether the co-culture model possess different respond on 

the two types of particles in terms of uptake, particle tracking and counting based on 

image processing was used. Briefly, fifteen z-stack images were acquired for each sample 

from randomly chosen area. These images were processed using mean intensity 

projection and the corresponding micrographs were subjected to particle counting. Due to 

the resolution of images, single particle counting is not accessible. In this case, only 

agglomerates in size of 1 µm were taken into account during counting. The representative 

mean intensity projection images are shown in Figure 6A-C. Quantitative analysis of 

numbers of agglomerates per 1,000 µm2 are depicted in Figure 6C. Our statistical analysis 

however, shows no significant differences in term of particle number (i.e. agglomerates) of 
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G H E F 

10 µm 10 µm 10 µm 10 µm 



 NanoTB | Progress Beyond the State of the Art   
  

 
!

 
Chapter 4.3  | 139 

!

the two tested nanoformulations. 

As the mannosylation process was used to actively target MDMs, a higher amount 

of C-M-NLCs agglomerates were expected. In fact, previous results demonstrated that M-

NLCs are more efficiently internalized by AMs derived from bronchio-alveolar lavage of 

rats [41], by mouse bone marrow-derived macrophages [20], and by human MDMs [42] 

than non-mannosylated NLCs. These studies were all performed using in vitro 

macrophages monocultures and therefore, reactions in more complex multicellular 

systems, such as the 3D tissue model employed herein, do not necessarily reflect cellular 

responses observed in 2D monocultures. Indeed, there is much lower number of MDMs in 

the 3D tissue model i.e. approximately 1 per 40 epithelial cells (1.19 MDMs x 104 cells per 

cm2) compared to 2.6 MDMs x 105 cells per cm2 used in previous monoculture suspension 

experiments [42]. Moreover, Guo et al. have demonstrated that mannosylation augments 

the cellular uptake of lipid NPs on A549 cell lines since the rapid proliferation of tumor 

cells increases their need for nutrients compared with normal cells, which results in the 

over-expression of lectin-like receptors that encompass high affinity for polysaccharide 

moieties including mannose [43]. Accordingly, it might be that non-mannosylated NLCs 

are less internalized by A549 and hence there are more NPs available to be taken up by 

MDMs. Thus, no significant differences between NLCs and M-NLCs agglomerates were 

observed.  

 

 
Figure 6. Lipid NPs cellular uptake in the 3D human lung model. Mean intensity projection 

images showing distribution of (A) C-NLCs and (B) C-M-NLCs particles (green) on the cells. 

(C) Quantitative analysis of lipid NPs association in the cells. Data is shown as number of 

agglomerates (diameter ̴ 1 µm) per 1000 µm2. One way-ANOVA analysis (Tukey’s test, p < 

0.05) was performed, however the results shows no statistically significant different between 

the two tested NLCs. 
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Conclusions  
 

The application of nano-based systems for pulmonary drug delivery has been 

extensively explored to improve the treatment of respiratory infectious diseases, such as 

TB.  Lipid NPs, namely NLCs, are promising drug delivery systems due to their 

biocompatibility, high drug loading capacity and stability. Additionally, NLCs can be 

produced in a controlled manner with appropriate size and morphology for lung 

deposition, and their surface can be decorated with mannose to specifically target AMs, 

the main reservoirs of bacteria involved in TB pathology.  

Our work includes the development of non-mannosylated and mannosylated NLCs 

for the pulmonary delivery of anti-TB drugs, and the assessment of their cellular uptake in 

a 3D model of the alveolar epithelial tissue barrier. We have proven that exposure to all 

the tested NLCs formulations did not alter the cell membrane integrity nor the cellular 

morphology. In addition, the tested NLCs did not elicit cytotoxic and pro-inflammatory 

responses in the tissue in 24h post-exposure. Higher internalization in MDMs was 

expected for M-NLCs. However, we did not observe significant differences in the 

internalization of non- and mannosylated NLCs, both in submerged and pseudo-ALI 

conditions. This could be attributed to the fact that A549 over-express lectin-like receptors 

that have high affinity for mannose receptors, increasing receptor-mediated endocytosis of 

M-NLCs. Since non-mannosylated NLCs are less internalized by A549, there are more 

particles available to be taken up through non-specific endocytosis by MDMs and thus, no 

significant differences between NLCs and M-NLCs were observed.  

In sum, the in vitro biocompatible properties of lipid NPs were confirmed and thus, 

the developed NLCs can be considered for further testing as promising candidates for 

pulmonary drug delivery.  
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Chapter 4.4 
 

Pulmonary biocompatibility and macrophage-targeting of mannosylated lipid 

nanoparticles 

The chapter 4.4 includes a research article under preparation. 
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ABSTRACT 

Macrophages are important targets for drug delivery in diseases where they host 

persistent pathogens, such as Mycobacterium tuberculosis. Inhalation is a promising route 

of drug delivery for treatment of pulmonary tuberculosis (TB) and nanotechnology offers 

technological advantages that can be exploited as new therapeutic strategies. Thus, the 

main aim of the current study was to assess the potential of macrophage-targeted 

nanostructured lipid carriers (NLCs) as safe pulmonary drug delivery systems. For that 

purpose, NLCs were designed with a size dimension that induces phagocytosis by 

alveolar macrophages (AMs). Mannosylation was used as an active targeting strategy, 

and the developed NLCs were characterized in terms of size, polydispersity, zeta potential 

and surface hydrophobicity. Internalization studies using primary human macrophages 

were performed and in vivo studies were accomplished to evaluate any toxicity to the 

respiratory system upon nanoparticles (NPs) delivery. Results revealed NPs with mean 

diameter of 155±5 nm for NLCs and 176±5 nm for mannosylated NLCs. The 

polydispersity values were below 0.2 and both formulations had high absolute ζ-potential 

values. Imaging flow cytometry results showed that primary human macrophages 

efficiently internalized the NPs, with more mannosylated NLCs internalized than non-
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mannosylated NLCs. Although both NLC exhibited high surface hydrophobicity, which has 

been associated with lung inflammation, in vivo studies revealed that these NPs were well 

tolerated in the respiratory system and did not induce lung inflammation. Overall, this 

study describes the design of a safe, macrophage-targeted nanomedicine for the 

pulmonary delivery of anti-TB drugs.  

 

 

Keywords: drug delivery; inhalation; infectious diseases; nanomedicine; target. 
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Introduction  

Respiratory diseases are usually associated with difficult-to-treat infections, 

requiring extensive treatment regimens to deal with multidrug resistant pathogens [1]. Due 

to their surface area, extensive vascularization and good epithelial permeability, the lungs 

have been considered an ideal site for drug delivery in case of pulmonary infections [2, 3]. 

Alveolar macrophages (AMs) are a most relevant cell target in the treatment of 

tuberculosis (TB), since they are the initial cells infected by Mycobacterium tuberculosis 

[4-6]. AMs are located in the airspaces of the lungs and represent a large fraction (90-

95%) of the cells in bronchoalveolar lavage fluid [4, 7]. The main functions of these cells 

are to engulf and digest insoluble particles that deposit in the alveoli, to limit inflammation, 

minimize lung injury and preserve alveolar function [2, 6]. Besides being the dominant 

targets and resident cells of M. tuberculosis, AMs are also important innate and effector 

cells in the immune response to bacteria [4]. Using an air-to-lung delivery of anti-TB 

drugs, high local concentrations of active pharmaceutical compounds can be delivered 

with a lower burden for the rest of the body [8].  

The pulmonary route of drug administration is a non-invasive delivery route that 

avoids the first pass liver metabolism and requires lower administration doses for efficacy 

[9].  Small molecules that deposit in the lungs are rapidly absorbed into the systemic 

circulation and are less likely to be degraded than if they had been delivered orally 

because drug-metabolizing enzymes are in much lower concentrations in the lungs than in 

the gastrointestinal tract or liver [10]. However, there are clinical and technical challenges 

limiting the use of this administration route [2]. The development of nanodelivery systems 

may overpass some of the challenges associated with the pulmonary delivery of drugs [9, 

11]. Lipid nanoparticles (NPs), namely nanostructured lipid carriers (NLCs), are 

biocompatible nanocarriers with high drug loading capacity and stability. They can be 

produced with appropriate size and morphology for macrophage targeting, and have been 

extensively studied as suitable carriers of drugs [12-15]. In case of pulmonary TB, several 

ligands including mannose can be used to actively target the site of infection, since their 

receptors are highly expressed in AMs [13, 16, 17].  In the present study, NLCs were 

designed to have the appropriate mean aerodynamic diameter for lung deposition, and 

the mannosylation process was used to functionalize their surface to enhance targeting to 

the AMs.  

The development of clinically acceptable NPs formulations for use in pulmonary 

drug delivery has been hindered by concerns about the toxicity and biodistribution in the 

lungs. Thus, the main goal of the current study was to assess the macrophage-targeting 
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of NLCs and whether they possess the attributes of safe pulmonary drug delivery 

systems. In this study, the physical properties of the nanoformulations were characterized 

to evaluate the impact of mannosylation on NPs physical chemistry, including surface 

hydrophobicity. Macrophage-targeting capacity was established using primary human 

macrophages to measure internalization capacity and in vivo biocompatibility studies were 

performed to evaluate whether they induced any markers of respiratory toxicity in 

response to acute administration.  

 

Materials and Methods  

NPs synthesis 

! Non-functionalized lipid NPs 

NLCs were produced by hot ultra-sonication method with slight modifications from 

the method described by Vieira et al [13]. Briefly, 250 mg of glyceryl palmitostearate 

(Precirol®ATO5, Gattefosé, France) and 80 mg of polysorbate 80 (Tween®80, Merck, 

Germany) were weighted and heated in a water bath up to 70 °C. A 0.5 mg/mL coumarin6 

(Sigma-Aldrich, USA) solution was prepared in caprylic/capric triglyceride (Miglyol®812, 

Acofarma, Spain). When the solid lipid was fully melted, 53 µL of coumarin6 solution and 

6 mL of preheated (T = 70 °C) Milli-Q® double-deionized water (conductivity less than 0.1 

µScm-1) were added to the solid lipid/surfactant phase. This mixture was then 

homogenized during 5 min at 70% amplitude, using a probe-sonicator (Vibra-Cell model 

VCX 130, Sonics and Materials Inc., Newtown, USA) with a tip diameter of 6 mm. 

Nanoemulsions were left to cool down and stored at room temperature.  

 

! Functionalized lipid NPs 

The mannose coating of the NLCs (M-NLCs) was performed according to Vieira et 

al [13]. Briefly, stearylamine (Sigma-Aldrich, USA) was added in the ratio of 2% w/w to the 

lipid phase of the NLCs synthesis, before melting. After hot ultra-sonication method, a D-

(+)-mannose (more than 99% pure) (Sigma-Aldrich, USA) solution (50mM) in the ratio of 

50% v/v was added to NLCs. The formulations were left under constant and gentle stirring 

for 48 h. To remove uncoated mannose and other impurities, a dialysis was performed 

(molecular weight cut off of 12–14 kDa) under constant and gentle stirring for 30 min.  
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Nanoparticles characterization 

! Particle size, polydispersity and zeta (ζ) potential 

The size, polydispersity and surface charge of developed NPs were characterized 

using dynamic light scattering (DLS) and electrophoretic light scattering (ELS) (Malvern 

Zetasizer Nano ZS; Malvern Instruments, UK). Diluted nanoformulations (1:100 in 

ultrapure water) were placed on a disposable capillary cell and triplicate measurements 

were conducted at a backscattering angle of 173° at 20 °C for size and PDI 

measurements, and at a backscattering angle of 128° at 20 °C for zeta potential 

determination. 

 

! Differential scanning calorimetry (DSC) analysis 

DSC measurements were performed using a differential scanning calorimeter (DSC 

200 F3 Maia Netzsch). Samples were weighted (5 mg±0.5) in aluminum pans that were 

hermetically sealed. Heating curves were recorded at a constant heating rate of 10°C/min 

from 20 °C to 200 °C. An empty aluminum pan was used as reference. The melting point 

(peak maximum), melting enthalpy (ΔH) and the onset and end ΔH parameters were 

calculated using the software provided by the DSC equipment (NETZSCH Proteus® 

Software – Thermal Analysis – Version 6.1).  

 

! Fourier transformed-infrared spectroscopy (FTIR) 

FTIR analysis was used to confirm the mannose coating of NLCs. The infrared 

spectra were obtained using the Spectrum 400 PerkinElmer® (MA, USA) equipped with 

an attenuated total reflectance (ATR) device and zinc selenite crystals. Samples were 

transferred directly to the ATR compartment, and 16 scans were combined to obtain the 

results. Spectra were recorded between 4000 and 600 cm−1 with a resolution of 4 cm−1.  

 

! Surface hydrophobicity   

The surface hydrophobicity of the developed NLCs was assessed according to 

Jones et al [18]. Briefly, 3 individual batches of NPs suspensions were prepared in 

phosphate buffered saline (PBS) ([NPs] = 0.5 mg/mL) and incubated 1h at 37°C. Then, 

250 µL of each batch was loaded through 3 different HiTrapTM substituted sepharose 

hydrophobic interaction columns: Butyl FF, Phenyl FF, and Octyl FF (GE Healthcare Life 
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Sciences, Little Chalfont, UK). Particles were subsequently eluted from the column 

through the collection of 10 fractions of 1 mL aliquots of PBS, followed by the collection of 

10 fractions of 1 mL aliquots of 0.1% Triton X-100. The particle content in the collected 

aliquots was quantified via turbidity measurement (Lambda 35; Perkin-Elmer, Cambridge, 

UK; λ = 443 nm). Absorbance values were plotted against elution volumes and the area 

under the curve (AUC) value was calculated for PBS aliquots and for 0.1% Triton X-100 

aliquots, using GraphPad Prism. The particle retention (%R) in each of the 3 columns was 

calculated according to equation 1 and the hydrophobic interaction chromatography (HIC) 

index value was calculated according to equation 2. 

%R = AUC 0.1% Triton X-100
AUC PBS +AUC 0.1% Triton X-100

!!!100     Equation 1 

HIC = %R butyl x logPbutyl+%R phenyl x logPphenyl+ %R octyl x logPoctyl 
100 x logPbutyl+100 x logPphenyl+ 100 x logPoctyl

     Equation 2!

The areas under the curve (AUC) values were calculated using GraphPad Prism 6 

software (La Jolla, California, USA). The logP values of the column linkers (i.e. butyl, 

phenyl, and octyl) were calculated using Marvin Sketch (version 5.5.0.1, Chem Axon 

Limited).  Each logP value was multiplied by 100% to represent the theoretical case of 

100% retention on each column achieved by a particle with a maximum hydrophobicity. 

HIC index values of 0 indicate minimum hydrophobicity and 1 maximum hydrophobicity. 

Data were expressed as mean ± standard deviation (SD).  

 

 In vitro cellular uptake studies 

Human samples were obtained and the related procedures were performed in 

agreement with the declaration of Helsinki. Peripheral blood mononuclear cells (PBMCs) 

were isolated from surplus buffy coats from healthy blood donors, donated by Serviço de 

Imunohemoterapia of Centro Hospitalar Universitário de São João (CHSJ) Porto, 

Portugal. Sample collection was covered by the ethical approval of the CHSJ’s 

department, under which blood donors gave written informed consent for the by-products 

of their voluntary blood collections to be used for research purposes (Protocol reference 

260/11). All samples were analysed anonymously. 
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! Isolation of peripheral blood mononuclear cells (PBMCs) and primary human 

macrophages culture 

Human PBMCs were isolated as previously described [19]. Briefly, buffy coats from 

healthy donors were diluted (1:1 ratio) in PBS and centrifuged over LymphoprepTM for 30 

min at 800 g. The PBMC layer was collected and washed 3 times with PBS by 

centrifugation at 300 g for 10 min. The pellet was ressuspended in culture media RPMI 

with glutamax (Invitrogen, UK), supplemented with 10% FBS, and 1% penicillin G-

streptomycin (Invitrogen, UK). Cells were counted using the trypan blue exclusion assay 

(Sigma-Aldrich) in a Neubauer chamber, and plated on tissue culture polystyrene plates 

(BD Biosciences, USA). For primary human macrophages differentiation, after 3h 

incubation in a humidified 37°C, 5% CO2 incubator, the non-adherent cells were removed 

and complete RPMI media supplemented with 50 ng/mL of macrophage colony-

stimulating factor (M-CSF, Immunotools, Germany) was added to adherent cells. Cell 

were cultured in a humidified 37°C, 5% CO2 incubator for 7 days before NPs 

administration.   

 

! Internalization studies  

Macrophages were treated with two different concentrations (75 and 750 µg/mL) of 

NPs (NLCs or M-NLCs) during 1h, in a humidified 37°C, 5% CO2 incubator, 7 days post-

PBMCs isolation and macrophage differentiation. These concentrations were selected 

based on previous cell viability and efficacy studies performed in the group [13, 20]. After 

1h incubation with NPs, cells were washed 3 times with PBS. The adherent cells were 

harvested with 5mM EDTA-PBS during 10 min followed by gently scrapping, and then 

centrifuged at 300 g for 10 min. The pellet was washed and re-suspended in staining 

buffer (PBS, 2% FBS (Biowest), 0.01% sodium azide) containing appropriate conjugated 

antibodies. The staining was performed in the dark for 30 min on ice. Anti-human CD14 

PerCP-conjugated antibody (clone IT-14, 2:50 µL; ImmunoTools, Germany) or CD14 

APC-conjugated antibody (clone MEM-18, 2:50 µL; ImmunoTools, Germany) were used 

to stain monocytes and mature macrophages. Unlabelled cells and the isotype controls 

mouse IgG1 PerCP-conjugated or mouse IgG1 APC-conjugated (both from ImmunoTools, 

Germany) were used as negative controls to define background staining, at corresponding 

concentrations. After staining, cell suspensions were washed 3 times using staining 

buffer, and fixed in paraformaldehyde (PFA) 4% during 10 min at RT. After fixation, cells 

were washed 3 times with PBS and stored overnight in the dark, at 4ºC. 

 The acquisition of cells (at least 10,000 events per sample) was performed using a 

FACS Canto Cytometer (BD Biosciences) with BD FACSDiva software. Results were 
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analyzed using FlowJo software version 10 (TreeStar, Inc.).  Cell populations were 

selected based on the forward scatter/side scatter, and gated according to size versus 

width. Median fluorescence intensity was calculated by subtracting the intensity of 

unlabeled cells.  

The internalization of NPs was quantified using imaging flow cytometry 

(ImageStreamX®, Amnis, EDM Millipore) equipped with a 488 nm laser, a 40x 

magnification objective of 0.75 N.A. (image pixel 0.5 µm2, and one CDD camera.  Before 

analysis, samples were filtered with a mesh filter (70 µm). For each sample, 20,000 

events were collected and acquired including brightfield images (channel 1, 430-480 nm), 

green fluorescence images corresponding to NPs fluorescence (channel 2, 480-560 nm), 

and red fluorescence images matching to the anti-human CD14 PerCP-conjugated 

antibody (channel 5, 660-745 nm). Untreated cells were used as negative controls. Image 

analysis was performed using IDEAS® data analysis software (Amnis, EDM Millipore, 

version 6.2.64.0), following the Internalization wizard pipeline (Supplementary Figure 1). 

The internalization score was calculated by quantifying the ratio intensity of the NPs 

fluorescence signal inside the cell to the intensity of the entire cell. To discriminate 

internalized versus membrane-associated NPs, a mask for the whole cell was designed 

using in the brightfield image (channel 1), and a mask for cytoplasm (internal) was 

performed by eroding the whole cell mask by 4 pixels. 

 

In vivo biodistribution and safety evaluation 

All experiments were approved by the ethics committee of King’s College London, 

and conducted in accordance with the United Kingdom Animal Scientific Procedures Act, 

1986.  

In vivo experiments were performed using male BALB/C mice (6-8 weeks of age, 

20-26 g) purchased from Harlan, UK. Mice were housed in rooms maintained at a 

constant temperature (21±2 °C) and humidity (55±15%) with a 12 hour light-dark cycle. 

Food and water were available ad libitum and mice were allowed 1-week acclimatization 

period before use.  

 

! Administration of lipid nanoparticles via oropharyngeal aspiration 

Animals were separated into four cohorts (n = 3-4). Mice were anaesthetized with 

isoflurane 3-5% v/v in O2, at a flow rate of 1.0 L/min. Lipid NPs were suspended in sterile 

PBS and administered at two different doses for biocompatibility studies: 20 and 175 µg 
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per mouse. These doses were selected based on previous inhalation studies performed in 

the group [21, 22]. Sterile PBS was used as a vehicle control. 

The NPs administration was performed via oropharyngeal aspiration (o.a.) 

according to Lakatos et al [23] with slight modifications. Briefly, the anesthetized mouse 

was suspended by the cranial incisors on a thin rubber band, and then, 25 µL of NPs 

suspension were placed into the posterior pharynx at the base of the tongue, while 

simultaneously the tongue was held to block the swallow reflex, and the nose was 

pinched to force the animal to breathe through its mouth and then aspirating the liquid. 

Aspiration was confirmed visually. 

 

! Bronchoalveolar lavage and cytology 

After 24h of the administration of lipid NPs, mice were humanely euthanized with an 

intraperitoneal (i.p.) injection of 25% (v/v) urethane. The lungs were rinsed with 0.5 mL of 

sterile 0.9% (v/v) physiological saline, three times. The bronchoalveolar lavage (BAL) fluid 

was collected to an eppendorf and stored on ice. The total number of cells in the BAL fluid 

was determined by mixing 50 µL of BAL fluid with 50 µL Türk solution (Merck Chemicals, 

Darmstadt, Germany). Live cells were counted using a Neubauer haemocytometer (Fisher 

Scientific, Loughborough, UK). For differential cell counts, cytospin slides were prepared 

using 100 µL of BAL fluid per mouse, spun at 1000 g for 1 min. Slides were dried before 

differential staining (Reastain Quick-Diff Kit; Reagena Ltd., Toivala, Finland) and mounting 

according to manufactures’ instructions (DPX; Fisher Scientific, Leicestershire, UK). Using 

standard morphological criteria, a total of 100 cells were evaluated to determine the 

proportion of macrophages and neutrophils.  

 

! Statistical analysis  

The statistical analyses were performed using GraphPad Prism 6 software (La Jolla, 

California, USA). To compare the mean ranks of the different analysed groups, the non-

parametric Friedman test, using Dunn’s multiple comparisons test was performed, 

considering a p-value < 0.05 statistically significant.  
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Results and Discussion  

NLCs were design to be comprised in the mean aerodynamic diameter range for 

NPs deposition in the lower airways and also to be phagocytized by AMs, the main 

cellular target of TB infection. The NLCs composition and the synthesis method were 

chosen according to preliminary formulation studies performed in our group [12, 13, 15].   
 

! Characterization of the developed nanoparticles 

The results of the mean hydrodynamic diameter, polydispersity, and ζ-potential of 

NLCs and M-NLCs are presented in Table 1. The mean hydrodynamic diameter was 

155±5 nm for NLCs and 176±5 nm for mannosylated NPs (M-NLCs). These results 

indicate that the mannosylation process induced a significant increase in NPs’ size (p-

value <0.05), which goes in agreement with previous studies [24, 25]. Besides this 

difference, the obtained diameters were within breathable range, and therefore both 

formulations have potential to reach AMs. The polydispersity values were below 0.2, 

indicating a homogeneous distribution of the nanosuspensions. NLCs have a highly 

negative ζ-potential, while M-NLCs have a positive ζ-potential. This result was expected 

since the mannosylation process involves the addition of stearylamine residues to the 

NLCs, conferring a positive charge [13, 25]. Besides this difference, both formulations 

have high absolute ζ-potential values, and therefore can be considered physically stable 

[26].  

The mean hydrodynamic diameter, polydispersity, and ζ-potential of NLCs and M-

NLCs were assessed during 3 months. Results revealed stable nanoformulations with no 

significant changes over time on the analysed parameters within each formulation (data 

not shown). 

 
Table 1. Physicochemical properties of NLCs and M-NLCs. Values represent the mean ± 

standard deviation (SD) of n=3 individual batches.  

Sample  Size (nm) Polydispersity ζ-potential (mV) 

NLCs 155±5 0.15±0.01 -31±2 

M-NLCs 176±5 0.21±0.01 25±1 

 

The mannosylation of NLCs is characterized by ring opening of mannose and 

subsequent reaction of the aldehyde group with free amine functionalities present over the 
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surface of uncoated NLCs [13, 25]. This process occurs at acidic pH and leads to the 

formation of Schiff’s base (–NCH–). Comparing the FTIR spectra of NLCs and M-NLCs, a 

band at approximately 1566 cm-1 was detected on the FTIR spectra of M-NLCs 

(Supplementary Figure 2), confirming that the mannose coating was efficiently achieved.  

Surface coating of NPs has been associated with alterations in DSC parameters 

[13, 14]. Thus, a DSC analysis was performed to assess the effect of mannose 

functionalization on the lipid matrix of lipid NPs. DSC thermograms for NLCs and M-NLCs 

were done and the DSC parameters (i.e. melting point (peak maximum), melting enthalpy 

(ΔH), onset and end temperatures) were calculated (Supplementary Table 1). M-NLCs 

had lower values of ΔH, melting point and onset temperature, when compared to NLCs. 

These results are in agreement with previous studies that demonstrated that this 

functionalization process leads to the formation of lattice defects onto the lipid matrices, 

creating a disturbance in the crystal order of NPs lipid matrix that leads to a decrease of 

the lipid melting point [13, 25].  

The surface hydrophobicity of lipid NPs was quantified using hydrophobic interaction 

chromatography (HIC), and classified according to a previous described scale [18]. Three 

different column chemistries were used to enhance the discriminatory power of the 

method. The hydrophobic ligands butyl and octyl have straight alkyl chains, showing a 

"pure" hydrophobic character. The aryl ligands (phenyl) show a mixed-mode behavior in 

which both aromatic and hydrophobic interactions, as well as lack of charge, play a role in 

the final chromatographic properties. Results revealed a high surface hydrophobicity for 

both analysed nanoformulations in the three tested columns (Table 2). These results were 

expected due to the hydrophobic nature of the lipid matrix composition of the developed 

NPs. The increment of hydrophobicity usually increases the cellular uptake [27] thus, due 

to their physical characteristics, the developed NLCs are expected to be easily uptaken.  
 

Table 2. NLCs and M-NLCs particle retention in each column and corresponding HIC index 

value. Values represent the mean ± SD of n=3 individual batches.  

Sample  %R butyl  %R phenyl %R octyl HIC index value 

NLCs 91±4 90±6 91±4 0.91±0.04 

M-NLCs  84±6  82±6 89±1 0.87±0.02 

 

The HIC index value of M-NLCs was lower than the HIC index of NLCs (Table 2).  

However, this difference was not statistically significant, and thus the mannosylation 

process did not interfere with NPs hydrophobicity. Jones et al [18] have demonstrated that 

NPs with high hydrophobicity (HIC index> 0.8) induced significant acute respiratory 
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toxicity, while NPs with low or intermediate hydrophobicity (HIC index< 0.7) caused little to 

no inflammatory response or tissue damage [18]. According to the obtained HIC results, 

the developed NPs have potential to induce inflammation and tissue damage in the lungs.  

To test this possibility, in vivo biocompatibility studies were performed.  
 

! Internalization studies  

Prior to in vivo biocompatibility studies, the efficacy of the active targeting approach 

was tested, performing internalization studies using primary human macrophages.  

As described above, M-NLCs have a positive surface charge (Table 1) and thus, 

higher electrostatic interactions with negatively charged membranes are expected when 

compared to NLCs. This fact may enhance the cellular uptake and the internalization of 

these NPs. To test this possibility, internalization studies using flow cytometry and imaging 

flow cytometry were performed. According to the obtained results, NLCs and M-NLCs 

were internalized by primary human macrophages, after 1h incubation, in percentages 

that increase with concentration, and for the higher concentration increased percentage of 

cells had taken up M-NLCs than NLCs (Figure 1A). When background corrected, 

fluorescence intensity levels across different macrophage donors are compared, only the 

M-NLCs, at the highest tested concentration (750 µg/mL) showed statistically significant 

increase in fluorescence, when compared to negative control (Figure 1B).  These results 

were expected and are in agreement with the results obtained in other studies that 

showed that mannosylated NLCs are more efficiently internalized by macrophages than 

non-mannosylated NLCs [13, 24].   

To further confirm that NPs were being internalized, imaging flow cytometry was 

performed. The results obtained show that cells without NPs (negative control, Figure 2A), 

stained only for the macrophages lineage marker CD14 (channel 5), and do not emit 

fluorescence on Coumarin6 channel, while cells that had been incubated with NLCs 

(Figure 2B) or with M-NLCs (Figure 2C) clearly showed internalized NPs. In agreement 

with the conventional flow cytometry results, when percentage of cells with internalized 

NPs was quantified across different donors, and despite both NLCs and M-NLCs being 

efficiently internalized, only cells incubated with M-NLCs had statistically significantly 

higher percentage of internalization than the negative control (Figure 2D). This result may 

be explained since NLCs interact with cells through a passive targeting approach and 

thus, 1h incubation at the tested concentrations of NLCs, may not be enough to achieve a 

significant NPs uptake. Taken together, these results validate that the active targeting 

approach (i.e. mannosylation) of M-NLCs contributes to a higher rate of uptake, when 

compared to non-mannosylated NLCs.  
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Figure 1. Internalization studies of NLCs and M-NLCs using flow cytometry. Macrophages 

were differentiated for 7 days before incubation with two different concentrations (75 and 750 

µg/mL) of NLCs and M-NLCs during 1h. Cells were then harvested, surface stained for the lineage 

marker CD14 and analyzed by flow cytometry. A) The pseudocolor plots of a representative donor 

profile shows the electronic gate used to identify CD4+ NPs+, gated on single cells. Numbers 

indicate the percentage of each population. B) The median fluorescence intensity (MFI) of CD14, 

and nanoparticles was determined by subtracting the fluorescence intensity of the respective 

unstained control. Data of 3 donors is represented in scatter plots, where the horizontal line 

indicates the mean. In all cases, comparisons were performed using the Friedman test followed by 

Dunn’s multiple comparison test relative to untreated and unstained cells (*p < 0.05).   
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Figure 2. Internalization studies of NLCs and M-NLCs using imaging flow cytometry 

(ImageStreamx). Macrophages were differentiated for 7 days before incubation with 750 µg/mL of 

NLCs and M-NLCs during 1h. Cells were then harvested, surface stained for the lineage marker 

CD14 and analyzed by ImageStreamx. A) Representative images of CD14 positive (red) 

macrophages without nanoparticles; B) CD14 positive (red) macrophages incubated with 750 

µg/mL of NLCs (green); and C) CD14 positive (red) macrophages incubated with 750 µg/mL of M-

NLCs (green). D) Values of the percentage of cells in gate R2 (CD14+ and nanoparticles+) of 5 

donors, represented in scatter plots, where the horizontal line indicates the mean. In all cases, 

comparisons were performed using the Friedman test followed by Dunn’s multiple comparison test 

relative to untreated and unstained cells (*p < 0.05).   
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! In vivo pulmonary biocompatibility  

Following o.a. administration of two different doses (20 and 175 µg per mouse) of 

mannosylated and non-mannosylated lipid NPs to mice, no significant changes were 

observed, when compared to vehicle control, with regard to the total number of BAL cells 

(Figure 3A), number of BAL monocytes and neutrophils (Figure 3B), percentage of BAL 

monocytes (Figure 3C), and percentage of BAL neutrophils (Figure 3D). These results are 

not in agreement with what would be expected from the surface hydrophobicity results, 

and support that the developed NLCs, despite being very hydrophobic, did not induce 

acute inflammation in mouse healthy lungs. Accordingly, histopathology results confirmed 

a reduced inflammatory response in lung tissue (data not shown).  

 

 

 
Figure 3. Pulmonary biocompatibility after nanoparticles administration. Nanoparticles 

administration was done via oropharyngeal aspiration. After 24h of the administration, mice were 

humanely euthanized and their bronchoalveolar lavage (BAL) fluid was collected. The total number 

of cells in the BAL fluid were counted. Differential cell counts were performed based on standard 

morphological criteria. A total of 100 cells were evaluated to determine the proportion of 

macrophages and neutrophils. Values of (A) total number of cells, (B) total number of BAL 

monocytes and neutrophils, (C) percentage of BAL monocytes, and (D) percentage of BAL 

neutrophils were represented. In all cases, comparisons were performed using the Friedman test 

followed by Dunn’s multiple comparison test relative to PBS vehicle (*p < 0.05).   
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Conclusions  

The use of NPs for the delivery of therapeutic agents has been receiving 

considerable interest for pharmaceutical applications. Among potential cellular targets, 

AMs are considered due to their central role in inflammation, and also because they act as 

reservoirs for bacteria involved in deadly infectious diseases, such as pulmonary 

tuberculosis. In this context, the main goal of the present work was to assess the potential 

use of macrophage-targeted NLCs as safe pulmonary drug delivery systems.  

The obtained results revealed homogeneous NPs within the mean aerodynamic 

diameter range for deposition in the lower airways, with high absolute ζ-potential values. 

The mannose coating was efficiently achieved and M-NLCs were efficiently internalized by 

primary human macrophages. Despite the indication of respiratory toxicity promoted by 

their HIC value, when administered to mice, NLCs were well tolerated in the lungs and did 

not exacerbate the inflammatory response. In conclusion, macrophage-targeted NLCs can 

be considered safe nanocarriers for the pulmonary delivery of anti-TB drugs.  
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Supplementary Information 

 
 

Supplementary Figure 1. Workflow for the determination of percentage of lipid nanoparticles 

internalization. A) Gates define population in focus, B) excluding cell duplets and other 

complexes. C) CD14 negative and positive cells and D) Coumarin6 intensity were defined. Gate 

NLCs+ shows the positive events for nanoparticles internalization. These representative graphics 

were obtained using one donor where the cells were incubated with mannosylated nanoparticles 

(M-NLCs).  
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Supplementary Figure 2. Second derivative of Fourier transform infrared spectra of non-

mannosylated (NLCs) and mannosylated (M-NLCs) lipid nanoparticles. 
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Supplementary Table 1.  Differential scanning calorimetry (DSC) parameters of NLCs and M-

NLCs: melting enthalpy (ΔH), the onset, the melting point (peak maximum), and the end 

parameters.  

Samples ΔH (J/g) ΔTonset (°C) Melting point (°C) ΔTend (°C) 

NLCs 88.87 57.9 59.8 60.9 
M-NLCs 83.04 50.8 56.2 68.4 
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Chapter 5 
 

Concluding Remarks  

The “End TB strategy” reinforces the need to develop new approaches for a proper 

TB control and eradication [1]. The 3 areas mostly accepted as critical are the 

development of novel vaccines, improved diagnostic tools, and better treatment options 

[2, 3]. The main motivation of the present thesis was to use nanotechnology to improve 

the current TB treatment. Considering this, different strategies were followed to ensure a 

significant contribution to this field (Figure 1). The first strategy consisted in the 

optimization of NLCs design to develop suitable carriers of anti-TB drugs with appropriate 

size and improved drug EE and LC (Chapter 4.1). Then, macrophage-targeted NLCs 

were synthetized to increase their uptake by macrophages, in TB infected sites, and their 

antimycobacterial efficacy was assessed (Chapter 4.2). Finally, the third and fourth 

strategies provided a proof-of-concept of the biocompatibility and safety profile of the 

developed NLCs, where the pulmonary route was explored (Chapters 4.3 and 4.4). 

Figure 1 - Schematic representation of the strategies involved in the present thesis with the 

main goal of improving TB treatment.  
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This thesis has also reviewed the current scientific knowledge about the advantages 

and limitations of nanodelivery systems for the oral (Chapter 2.1) and pulmonary 

(Chapter 2.2) administration of anti-TB drugs, as an alternative to the classical treatment.  

The first-line anti-TB drugs are mainly administered through the oral route, but an 

effort has been made to develop alternative systems targeting the main site of TB 

infection (i.e., the lung) [4]. Pulmonary drug delivery is an non-invasive route that has 

several advantages, including the large surface area, thin epithelial barrier, extensive 

blood supply, avoidance of liver first-pass metabolism, and lower enzymatic activity than 

GI tract [5]. Therefore, this thesis integrated the design and development of NLCs with 

appropriate characteristics to be exploited as carriers of anti-TB drugs for pulmonary 

administration.  

In addition to explore the pulmonary route of administration, some of the challenges 

associated with two anti-TB drugs were addressed. The first approach of the present work 

included a quality by design strategy to optimize the synthesis of RPT-loaded NLCs. 

Quality by design approaches, namely box-behnken design, evaluate the influence of 

independent factors with fewer number of experiments based on a collection of 

mathematical and statistical techniques. Using this response surface methodology, the EE 

and LC of RPT-loaded NLCs was increased and their size was fine-tuned to be 

appropriate for both oral and pulmonary delivery forms. Results revealed that the 

optimized RPT-NLCs were appropriate for RPT encapsulation and no harmful effect on 

MDMs viability was observed (Chapter 4.1).  

The anti-TB activity of rifamycins is dependent on their capacity to achieve the 

target cells at the site of infection (i.e. AMs) and penetrate the bacterial cell envelope [6]. 

RIF is a first-line anti-TB drug involved in the two phases of the long-term multidrug 

combination used for TB current treatment [7]. In this context, macrophage-targeted RIF-

loaded NLCs were synthetize and their antimycobacterial efficacy was tested in M. avium-

infected BMDMs. Results support that M-NLCs constitute a promising strategy for the 

delivery of RIF selectively to macrophages, which contribute to reduce dosages and 

improve RIF therapeutic efficacy. In addition, although more complex studies are required 

to validate this result, RIF-loaded M-NLCs were able to restrict the intracellular growth of 

M. avium-infected BMDMs in a more pronounced decreased effect than free RIF 

administration (Chapter 4.2). With this study, a new strategy to improve RIF 

antimycobacterial efficacy was provided. 

To have a deeper knowledge about the cellular uptake and biocompatibility profile of 

NLCs, a TCCC model of the human alveolar epithelial barrier was selected. This 3D in 

vitro model has been widely used to simulate the air-blood barrier of the respiratory tract 
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and has been applied to test a wide variety of particles [8-12]. Our results revealed that 

upon exposure to NLCs, the cell layer integrity of the TCCC model was maintained and 

MDMs were able to internalize mannosylated and non-mannosylated NLCs without 

evidence of cytotoxic or pro-inflammatory responses (Chapter 4.3). Moreover, 

internalization studies using the innovative ImageStreamX technique confirmed that 

macrophage-targeted NLCs were more efficiently internalized than NLCs (Chapter 4.4). 

Lastly, to demonstrate the feasibility of NLCs as safe nanocarriers for pulmonary 

delivery, in vivo studies using BALB/C mice were performed. Despite the indication of 

respiratory toxicity promoted by their HIC value, when administered to mice, NLCs were 

well tolerated in the lungs and did not exacerbate the inflammatory response (Chapter 

4.4). 

In conclusion, this thesis contributed to the development of nano-based systems for 

the delivery of anti-TB drugs to infected areas with the challenges of reducing the required 

dose and minimize their dose-dependent side effects, which may contribute to decrease 

TB treatment duration and improve patient’s compliance to therapy. Despite the significant 

advances that open new directions for TB treatment, there are challenges and limitations 

that still need to be covered.  

 

Challenges and Limitations  

One of the main obstacles to TB elimination is the low patient’s compliance to 

therapy that leads to the appearance of MDR strains of M. tuberculosis [13]. In addition, 

the difficulty to treat TB remains in the fact that the majority of anti-TB drugs fail to reach 

the lungs or penetrate into AMs, the reservoir of M. tuberculosis. Traditional drug 

chemotherapy has also other limitations, including difficulties of drug internalization and 

cytosolic availability on the infected phagocytic cells [14]. In this regard, the present thesis 

contributed for the development of macrophage-targeted NLCs with antimycobacterial 

activity. Despite this significant contribution, the antimycobacterial efficacy studies were 

performed in M. avium-infected BMDMs and therefore, studies using M. tuberculosis-

infected human MDMs should be performed to better mimic the host-pathogen 

microenvironment of TB pathology. Similarly, the cellular uptake and biocompatibility 

profile of NLCs were assessed using a 3D lung model that does not reflect the complete 

microenvironment and process of TB pathogenesis. So, further studies are needed to 

demonstrate the ability of infected-cells to internalize the developed NLCs.  
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Another limitation of the present thesis was the lack of in vivo efficacy studies. 

Indeed, in vivo biodistribution studies in normal mice were performed but the 

antimycobacterial efficacy of NLCs was not tested.  Animal models provide valuable 

information on the mechanisms of TB disease and also serve as pre-clinical proof-of 

concept for new drug delivery systems applicability [15]. However, the data obtained using 

animal models needs to be carefully interpreted before making assumptions concerning 

humans. Mice are not a natural host for M. tuberculosis and the formation of granuloma, a 

key characteristic of TB microenvironment in humans, does not occur in the 2 most-used 

mouse strains (BALB/C and BL6) [16, 17]. Rabbits and guinea pigs have a tissue 

response more comparable to that of humans, but they are more difficult to maintain in the 

animal facilities and less tools and reagents are available to study the immune response 

in these animals [17-19].  Zebrafish has unique advantages including the genetic 

tractability, optical transparency of the embryos, and the similarities in cellular and 

molecular levels presiding M. marinum (a natural fish pathogen) and M. tuberculosis 

infection [20, 21]. This model is very useful to study innate immunity responses involved in 

granuloma formation but not appropriate to study the later stages of infection. Moreover, 

the vast physiological differences between zebrafish and humans impose limitations to the 

use of this model. Nonhuman primates (rhesus monkeys and macaques) are the most 

representative models of TB pathogenesis but ethical issues, the high operational and 

maintenance costs limit their use [22, 23].  

Pre-clinical studies exploring the inhalatory route will require an inhaler device that 

produces an appropriate aerosol [14, 24]. There are a wide variety of devices with distinct 

properties and specifications, which complicates the choice of the most appropriate one to 

ensure drug efficacy for a specific nanoformulation [14, 25]. Moreover, the implementation 

of special delivery devices contributes to more difficult industrial setups and more 

expensive productions.  

Despite all these challenges and limitations, nano-based inhalatory approaches are 

promising in the treatment of TB, and will be especially valuable to fight MDR strains. 

 

 

Future Perspectives  

Taken together, the results of this PhD thesis highlight new questions and 

hypothesis that point for future research. Among the several studies that can be 

performed to deepen the knowledge regarding the potential application of NLCs to 

improve TB treatment, it would be useful to:  
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! Test if the developed NLCs are suitable carriers for other first-line anti-TB drugs 

(i.e. isoniazid, pyrazinamide and ethambutol) and assess their combined effect. This could 

aid in establishing an alternative to the current first phase of TB treatment, which may 

contribute to reduce treatment duration and side effects.  

! Perform in vitro studies mimicking the infection environment as well as the host-

pathogen interactions. The TCCC model used in this thesis is appropriate to simulate the 

human alveolar epithelial barrier in normal conditions but does not reflect the overall 

environment of TB infection. The use of AMs would be ideal but access to these cells 

requires lengthy ethical approvals and is a costly procedure. In this regard, the human 

primary cells used in the TCCC model can efficiently be infected with M. tuberculosis and 

stimulated with relevant immune mediators. The host-pathogen interactions should also 

be addressed using in vitro models that simulate the mycobacterial granuloma formation. 

Moreover, bioengineering approaches combining M. tuberculosis-infected cells in a 3D 

extracellular matrix with microfluidic systems will allow monitoring the efficacy of new 

antibiotic regimens.  

! Implement more realistic ALI exposures to 3D in vitro models using sophisticated 

instruments that can deliver NPs aerosols in a dose-controlled manner, such as the 

ALICE system or the commercially available Vitrocell® Cloud. 

! Perform in vivo efficacy studies in TB clinically relevant models. As above-

mentioned, there are several animal models in TB research and all of them have 

limitations that restrict their use. A more rational approach involves the combination of 

human-based in vitro techniques and experiments in animal models. In this regard, 

dynamic lung organoids derived from healthy and patient donors may, in the near future, 

be a closer experimental system of human TB pathophysiology.  

! Lastly, select an easy to handle, accurate, and user-friendly inhaler device that 

produces an appropriate aerosol. This will be a key step to ensure acceptance by both 

patients and clinicians, and determinant to improve patient compliance to the new TB 

treatment form.  

In summary, these further studies will contribute for the design of cost-effective 

nanoformulations addressing different limitations of TB therapy and making the treatment 

more practical and reasonable to all patients. So far, despite the recent advances in 

nanotechnology, there is a long pathway to demonstrate the therapeutic relevance of 

nano-based systems in pre-clinical models and clinical trials. Therefore, more investment 

in TB research is necessary to achieve the WHO proposed goals for TB control and 

eradication.  
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provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions: Posting of the full chapter online by the author is not permitted. You
may post a summary of the book with a link to the Elsevier website www.elsevier.com , or to
the chapter on ScienceDirect if it is available on that platform.
 
v1.9
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Book: "Nanoparticles in Life Sciences and Biomedicine" (ISBN: 978-981-4745-98-7) 
Chapter 8: "New approaches from nanomedicine and pulmonary drug delivery for the treatment 
of tuberculosis" 
  
Thesis title: "Nanostructured lipid carriers as drug delivery systems for the treatment of 
tuberculosis " 
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Host institution: Abel Salazar Biomedical Sciences Institute and Faculty of Pharmacy, University 
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of Porto, Portugal 
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Future Medicine Ltd LICENSE
TERMS AND CONDITIONS

Mar 14, 2019

This is a License Agreement between Joana Magalhaes ("You") and Future Medicine Ltd
("Future Medicine Ltd") provided by Copyright Clearance Center ("CCC"). The license
consists of your order details, the terms and conditions provided by Future Medicine Ltd,
and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 4547560956305

License date Feb 28, 2019

Licensed content publisher Future Medicine Ltd

Licensed content title Nanomedicine

Licensed content date Jan 1, 2006

Type of Use Thesis/Dissertation

Requestor type Author of requested content

Format Print, Electronic

Portion chapter/article

The requesting
person/organization is:

Joana Fernandes da Silva Magalhães

Title or numeric reference of
the portion(s)

Targeted macrophages delivery of rifampicin-loaded lipid
nanoparticles to improve tuberculosis treatment.

Title of the article or chapter
the portion is from

Targeted macrophages delivery of rifampicin-loaded lipid
nanoparticles to improve tuberculosis treatment.

Editor of portion(s) N/A

Author of portion(s) Vieira, Alexandre CC ; et al

Volume of serial or
monograph.

12

Issue, if republishing an
article from a serial

24

Page range of the portion

Publication date of portion Dec 1, 2017

Rights for Main Product, any product related to main product, and other
compilations/derivative products

Duration of use Life of current and all future editions

Creation of copies for the
disabled

no

With minor editing privileges no

For distribution to Worldwide

In the following language(s) Original language of publication

With incidental promotional
use

no
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The lifetime unit quantity of
new product

Up to 999

Title Nanostructured lipid carriers as drug delivery systems for the
treatment of tuberculosis

Institution name Abel Salazar Biomedical Sciences Institute and Faculty of Pharmacy,
University of Porto

Expected presentation date Apr 2019

Billing Type Invoice

Billing Address Joana Magalhaes
Rua Nova 88 3D

Vila Real, Portugal 
Attn: Joana Magalhaes

Total (may include CCC user
fee)

0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
The following terms are individual to this publisher:

None
Other Terms and Conditions:

STANDARD TERMS AND CONDITIONS
1. Description of Service; Defined Terms. This Republication License enables the User to
obtain licenses for republication of one or more copyrighted works as described in detail on
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. (“CCC”)
grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means the
inclusion of a Work, in whole or in part, in a new work or works, also as described on the
Order Confirmation. “User”, as used herein, means the person or entity making such
republication.
2. The terms set forth in the relevant Order Confirmation, and any terms set by the
Rightsholder with respect to a particular Work, govern the terms of use of Works in
connection with the Service. By using the Service, the person transacting for a republication
license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on
behalf of User, and (b) shall inform User of all such terms and conditions. In the event such
person is a “freelancer” or other third party independent of User and CCC, such party shall
be deemed jointly a “User” for purposes of these terms and conditions. In any event, User
shall be deemed to have accepted and agreed to all such terms and conditions if User
republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1 All Works and all rights therein, including copyright rights, remain the sole and
exclusive property of the Rightsholder. The license created by the exchange of an Order
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not
expressly granted are hereby reserved.
3.2 General Payment Terms: You may pay by credit card or through an account with us
payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable
upon their delivery to you (or upon our notice to you that they are available to you for
downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-
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1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise
specifically set forth in the Order Confirmation or in a separate written agreement signed by
CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights
licensed immediately upon issuance of the Order Confirmation, the license is automatically
revoked and is null and void, as if it had never been issued, if complete payment for the
license is not received on a timely basis either from User directly or through a payment
agent, such as a credit card company.
3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is
“one-time” (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions
(such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the
licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at
the end of such period).
3.4 In the event that the material for which a republication license is sought includes third
party materials (such as photographs, illustrations, graphs, inserts and similar materials)
which are identified in such material as having been used by permission, User is responsible
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be
used.
3.5 Use of proper copyright notice for a Work is required as a condition of any license
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: “Republished with permission of
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice
must be provided in a reasonably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice
results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated
damages for each such failure equal to twice the use fee specified in the Order Confirmation,
in addition to the use fee itself and any other fees and charges specified.
3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.
4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and
their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR
INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,
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EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their
respective employees and directors) shall not exceed the total amount actually paid by User
for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of
a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price
therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most
closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses
incurred in collecting such payment.
8. Miscellaneous.
8.1 User acknowledges that CCC may, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
User by electronic mail or otherwise for the purposes of notifying User of such changes or
additions; provided that any such changes or additions shall not apply to permissions already
secured and paid for.
8.2 Use of User-related information collected through the Service is governed by CCC’s
privacy policy, available online here:
http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.
8.3 The licensing transaction described in the Order Confirmation is personal to User.
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any kind) the license created by the Order Confirmation and these terms
and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in the new material which includes the Work(s) licensed
under this Service.
8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.
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8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.
v 1.1
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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