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Abstract 

Mycobacteria are pathogens of great relevance due to their easy dissemination and ability 

to infect immunocompetent and immunocompromised people. Once inside the infected 

cells, the pathogens can multiply, being able to be transmitted to other individual or stay 

latent for years. The Mycobacterium tuberculosis (M. tuberculosis) is still one of the most 

important pathogenic microorganisms, being responsible for the high prevalence of 

pulmonary and extra-pulmonary tuberculosis (TB). The Mycobacterium leprae (M. leprae) 

is responsible for the leprosy disease, which is still endemic in several countries in the 

world. Other mycobacteria species, also known as non-tuberculosis mycobacterium 

(NTM), have shown to be relevant in the context of infectious diseases. For example, the 

Mycobacterium avium (M. avium), which is considered one of the most opportunistic 

pathogen that affects people with jeopardized immune system. Different diseases caused 

by mycobacteria may be treated with the same anti-mycobacterial drugs. 

The conventional treatment management present some disadvantages due to the 

associated severe side effects. Moreover, most of the times the long duration involving 

many dosages per day become uncomfortable to patient, leading to high incidence of 

desistance, ineffectiveness of the treatment and antimicrobial resistance. In parallel, many 

anti-mycobacterial agents have in common the low solubility, which may lead to their low 

bioavailability and treatment inefficiency. Thus, to reach satisfactory plasmatic 

concentration, higher dosages must be administered, leading to undesired effects and 

antimicrobial resistance. To overcome these issues, new nanotechnological strategies 

were used in this thesis aiming to overcome the limitations of some models of anti-

mycobacterial drugs, namely dapsone (DAP), rifampicin (RIF) and rifabutin (RFB). 

The first approach of this thesis was to statistically model the production of mannose (M) 

surface-functionalized solid lipid nanoparticles (SLNs) for improvement of the therapeutic 

index of DAP used in the treatment of leprosy. It was hypothesized by the attachment of 

mannose as a lectin receptor ligand conjugate would increase the internalization by the 

macrophages in which M. leprae may be housed. The formulation M-SLNs loaded with 

DAP was rationally designed through an experimental design tool namely Box-Behnken 

design, to reach an optimum formulation. Further physicochemical and characterization, 

in vitro drug release and storage stability ensured the suitability of the designed 

formulations. The second approach was to develop and characterize nanostructured lipid 

carriers (NLCs) functionalized with mannose to selective delivery RFB and RIF to alveolar 

macrophages. M-NLCs loaded with RFB provided a pH sensitive delivery of the drug, 
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which was higher in more acidic environment, potentially being able to delivery RFB to 

phagosomes (bacilli microenvironment) once inside macrophages. On the other hand, M-

NLCs loaded with RIF were more efficient in inhibit intracellular growth of mycobacteria 

through anti-mycobateria activity studies using primary mouse bone marrow-derived 

macrophages infected with M. avium. These outcomes evidenced the advantageous of 

use mannose as a ligand. 

The mannosylation strategy was also used for development to SLNs loaded with RIF (M-

SLNs-RIF) intended for pulmonary administration, aiming to increase the therapeutic index 

of RIF and selective delivery to alveolar macrophages. In addition to suitable 

physicochemical features of the obtained M-SLNs-RIF, the formulation was considered 

non-toxic for THP1 macrophages, and showed a high degree of internalization in human 

macrophages, especially for M-SLNs-RIF compared to non-mannosylated SLNs, 

suggesting an effective targeting of mannose receptors of the developed system. 

A different strategy using RIF was developed using chitosan as coating agent aiming to 

enhance the mucoadhesion of nanoparticles at the respiratory tract, increasing their 

residence time, favoring the drug uptake and controlled release. In vitro assessment of 

mucoadhesive property, cell viability and permeability studies were also documented 

showing that in vitro mucoadhesive properties and permeability in alveolar A549 epithelial 

cells was higher in the nanoparticles coated with chitosan. 

In conclusion, different nanocarriers were developed intended to be used as alternatives 

to the actual treatments of mycobacterial infections, and better management of patient 

compliance. The obtained nanodelivery systems can be considered promising platforms 

to delivery antimycobacterial agents, by different approaches namely oral and pulmonary 

route, aiming to minimize the drugs’ associated side effects. 

 

Keywords: Chitosan-coating; Dapsone; Mannose-coating; Mycobacterial Infections; 

Nanostructured lipid carriers; Rifabutin; Rifampicin; Solid lipid nanoparticles. 
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Resumo 
As micobactérias são patógenos de grande relevância devido à sua fácil disseminação e 
capacidade de infectar pessoas imunocompetentes e imunodeficientes. Uma vez dentro 
das células infectadas, os patógenos podem se multiplicar, podendo ser transmitidos a 
outros indivíduos ou permanecer latente por anos. O Mycobacterium tuberculosis (M. 
tuberculosis) ainda é um dos microrganismos patogênicos mais importantes, sendo 
responsável pela alta prevalência de tuberculose pulmonar e extrapulmonar (TB). O 
Mycobacterium leprae (M. leprae) é responsável pela doença da lepra, ainda endêmica 
em vários países do mundo. Outras espécies de micobactérias são conhecidas como 
micobactérias não-tuberculosas (NTM) e têm se mostrado relevantes no contexto das 
doenças infecciosas. O Mycobacterium avium (M. avium) é um exemplo de agente 
considerado como patogénicos mais oportunistas que afetam os indivíduos com sistema 
imune comprometido. As diferentes doenças causadas pelas micobactérias podem ser 
tratadas com os mesmos fármacos anti-micobacterianos. O tratamento convencional 
apresenta algumas desvantagens devido aos graves efeitos secundários associados. Os 
tratamentos em sua maioria são de longa duração e envolve muitas tomas ao dia, o que 
se torna desconfortável para o paciente e leva ao aumento de desistência ao tratamento 
e consequentemente na ineficácia da terapia e possível resistência antimicrobiana. 
Paralelamente, muitos agentes anti-micobacterianos têm em comum a baixa solubilidade, 
o que pode levar à sua baixa biodisponibilidade e ineficiência do tratamento. Assim, para 
se atingir uma concentração plasmática satisfatória, devem ser administradas dosagens 
mais elevadas, conduzindo a efeitos indesejáveis. Para superar estas questões foram 
utilizadas novas estratégias nanotecnológicas para superar as limitações de alguns 
modelos de fármacos anti-micobacterianos, nomeadamente dapsona (DAP), rifampicina 
(RIF) e rifabutina (RFB). A primeira abordagem desta tese foi reliazar um desenho através 
de ferramentas estatisticas a produção de nanopartículas de lipídicas sólidas (SLNs) 
funcionalizados com manose (M) na superfície para aumentar o índice terapêutico de 
DAP usado no tratamento da hanseníase. É sugerido que a ligação de manose como o 
receptor de lectina aumentaria a internalização pelas células M do trato intestinal e em 
seguida seriam fagocitados pelos macrófagos infectados com M. leprae alojados no 
ambiente após células M. A formulação M-SLNs carregada com DAP foi racionalmente 
desenvolvida através de uma ferramenta de design experimental, Box-Behnken design, 
na finalidade de desenvolver uma formulação ideal. Para além das caracterizações físico-
química, a libertação in vitro da do fármaco e a estabilidade de armazenamento sugerem 
que as formulações desenhadas são adequadas. A segunda abordagem foi desenvolver 
e caracterizar carreadores lipídicos nanoestruturados (NLCs) funcionalizados com 
manose com a RFB e a RIF com entrega seletiva para macrófagos alveolares. Os M-
NLCs carregados com RFB proporcionaram uma libertação do fármaco sensível ao pH, 
e foi mais elevada nos ambientes mais ácidos, podendo ser potencialmente as RFB 
libertadas nos fagosomas (microambiente dos Bacilos), dentro de macrófagos. Por outro 
lado, os M-NLCs carregados com RIF foram mais eficientes na inibição do crescimento 
intracelular de micobactérias através de estudos de atividade anti-micobateria utilizando 
macrófagos primários de medula óssea de rato infectados com M. avium. Estes 
resultados evidenciaram a vantajosa utilização de manose como ligando. A estratégia de 
manosilação também foi utilizada para o desenvolvimento de SLNs carregados com RIF 
(M-SLNs-RIF) destinados à administração pulmonar, com o objetivo de aumentar o índice 
terapêutico de RIF e entrega seletiva a macrófagos alveolares. Além das características 
físico-químicas adequadas obtidas nos sistemas M-SLNs-RIF, a formulação foi 
considerada não tóxica para macrófagos THP1 e mostrou um alto grau de internalização 
em macrófagos humanos, especialmente para M-SLNs-RIF em comparação com SLNs 
não manosilados, o que sugere um direcionamento eficaz para os receptores de manose 
da formulação desenvolvida. Uma estratégia diferente usando RIF foi desenvolvida 
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usando o quitosano como agente de revestimento visando o aumento da mucoadesão 
das nanopartículas no trato respiratório, aumentando seu tempo de residência, 
favorecendo a captação do fármaco e estratégia de uma liberação mais controlada. A 
avaliação in vitro foram realizadas tal como, estudos das propriedades mucoadesivas, 
viabilidade celular e permeabilidade. A formulação mostrou ser promissora demostrando 
suas propriedades mucoadesivas, a permeabilidade in vitro nas células epiteliais 
alveolares A549 foram maiores nas nanopartículas revestidas com quitosano. Em 
conclusão, os diferentes nanocarreadores foram desenvolvidos destinados a serem 
utilizados como alternativas aos tratamentos convencionais de infecções por 
micobactérias, e para um melhorar a adesão ao tratamento do paciente. Os 
nanocarreadores podem ser considerados plataformas promissoras para a entrega de 
agentes antimicrobianos, por diferentes abordagens, nomeadamente via oral e pulmonar, 
visando minimizar os efeitos colaterais associados aos fármacos. 

Palavras-chave: Dapsona; infecções micobacterianas; nanocarreadores lipídicos 
nanoestruturados; nanopartículas lipídicas sólidas, rifabutina; rifampicina; revestimento 
com manose, revestimento com quitosano. 

  



 xiv 

Contents 
 
List of Figures xxii 
List of Tables xviii 
List of Abbreviations xxxii 

CHAPTER I. INTRODUCTION 1 

1. Motivation 3 

2. Objectives 5 

3. Structure 5 

3.1. Chapter I: Introduction 5 

3.2. Chapter II: Theoretical background 5 

3.3. Chapter III: Methods 5 

3.4. Chapter IV: Scientific progress beyond the theoretical background 6 

3.5. Chapter V: Conclusion remarks and future perspectives 6 

4. References 7 

CHAPTER II. THEORETICAL BACKGROURD 9 
“Mycobacterium tuberculosis, Mycobacterium leprae and Mycobacterium avium as 

infectious agents: relevance, main aspects and new trends” 

1. Introduction 11 

1.1. General and morphological characteristics of Mycobacterium 11 

1.2. Mycobacterium classification 12 

2. Mycobacterium tuberculosis 15 

3. Mycobacterium leprae 17 

4. Nontuberculous mycobacteria or atypical mycobacteria 19 

4.1 Mycobacterium avium 20 

5. Conventional treatment 23 

6. Treatment limitations 24 

7. Trends in mycobacterial therapy 25 

8. Applications of nanotechnology 27 

8.1. Lipid Nanoparticles 27 

8.2. Solid lipid nanoparticles and nanostructure lipid carriers 27 

9. Utilization of nanoparticles in the treatment of mycobacteria 29 

9.1. Target strategies for mycobacterial infection diseases 30 

9.1.1. Macrophages as target 30 



 xv 

9.1.2. M-cells as target 31 

9.1.3. Mucoadhesion as strategy 32 

10. Concluding remarks 33 

11. References 34 

CHAPTER III. METHODS 49 

1. Methods 51 

1.1. Screening study 51 

1.2. Experimental design 52 

1.3. Method for lipid nanoparticles production 52 

1.3.1. Ultra-Turrax following ultrasonication 52 

1.3.2. Hot ultrasonication 53 

1.4. Lipid Nanoparticle characterization 53 

1.4.1. Diameter and polydispersity index 54 

1.4.2. Zeta potential (ZP)  54 

1.1.1. Fourier transform infrared (FTIR) spectroscopy 55 

1.1.2. Differential Scanning Calorimetry (DSC)  55 

1.1.3. Transmission electronic microscopy (TEM)  56 

1.1.4. UV-Vis spectrophotometry for drug quantification 56 

1.1.4.1. Efficiency encapsulation (EE) and Loading capacity (LC )  56 

1.1.5. Storage evaluation 57 

1.1.6. In vitro studies 57 

1.1.6.1. Drug release profile 57 

1.1.6.2. Mucoadhesion assay 57 

1.1.7. Cell studies 58 

1.1.7.1. Cell viability  58 

1.1.7.2. Permeation studies 58 

1.1.7.3. Uptake and internalization routes 59 

2. References  60 

CHAPTER IV. Scientific progress beyond the theoretical background 67 

1. Design and statistical modeling of mannose-decorated dapsone-
containing nanoparticles as a strategy of targeting intestinal M-cells 

  71 

1. Introduction 75 

2. Materials and methods 77 



 xvi 

2.1. Materials 77 

2.2. Methods 77 

2.2.1. Preformulation studies 77 

2.2.2. Production of SLNs 78 

2.2.3. Experimental design 78 

2.2.3.1.. Optimization and validation of SLNs 79 

2.2.4. Synthesis of M-SLNs 80 

2.2.5. Particle diameter, polydispersity (PDI), and zeta potential (ZP) analysis 80 

2.2.6. Entrapment efficiency (EE) and loading capacity (LC)  80 

2.2.7. Transmission electron microscopy (TEM) analysis 80 

2.2.8. Fourier transform infrared spectroscopy (FTIR)  81 

2.2.9. Differential scanning calorimetry 81 

2.2.10. In vitro release study 81 

2.2.11. Stability studies 82 

2.2.12. Statistical analysis 82 

3. Results and discussion 82 

3.1. Preformulation studies 82 

3.2. Experimental design 85 

3.2.1. Effect of the amount of drug 87 

3.2.2. Effect of the sonicator probe amplitude 88 

3.2.3. Effect of the amount of surfactant 89 

3.2.4. Optimization and validation of production of SLNs 89 

3.3. Synthesis and characterization of M-SLNs 93 

3.3.1. TEM analysis 94 

3.3.2. FTIR spectroscopy 94 

3.3.3. Differential scanning calorimetry 95 

3.3.4. In vitro release study 96 

3.3.5. Stability of SLNs-DAP and M-SLNs-DAP 97 

4. Conclusion 98 

5. References 100 

2. Design of a nanostructured lipid carrier intended to improve the treatment 
of tuberculosis 107 

1. Introduction 110 

2. Materials and methods 111 

2.1. Materials 111 



 xvii 

2.2. Preparation of the formulations 111 

2.2.1. Preparation of the NLC 111 

2.2.2. Preparation of mannosylated nanostructures lipid carriers 112 

2.2.3. Lyophilization 112 

2.2.4. Characterization of the formulations 112 

2.2.4.1. Encapsulation efficiency 112 

2.2.4.2. Particles’ diameter measurement 113 

2.2.4.3. Zeta-potential measurement 113 

2.2.4.4. FT-IR analysis 114 

2.2.4.5. In vitro drug release study 114 

2.2.4.6. Cytotoxicity 114 

2.3. Statistical analysis 115 

3. Results and discussion 115 

3.1. Particles’ diameter measurement 115 

3.2. Zeta-potential measurement 116 

3.3. Encapsulation entrapment 117 

3.4. Morphology evaluation 118 

3.5. Functionalization of NLC with mannose 119 

3.5.1. FT-IR studies 119 

3.6. In vitro drug release kinetics 119 

3.7. Effect of NLC on cell viability 120 

3.8. Long-term stability 121 

4. Conclusion 122 

5. References 124 

6. Supplementary materials 126 

3. Mannosylated Solid Lipid Nanoparticles for the Selective Delivery of 
Rifampicin to Macrophages 127 

1. Introduction 130 

2. Materials and Methods 131 

2.1. Materials 131 

2.2. Preparation of the formulations 131 

2.2.1. Preparation of SLNs 121 

2.2.2. Preparation of mannosylated SLNs 132 

2.2.3. Lyophilization 132 

2.3. Characterization of the formulations 132 



 xviii 

2.3.1. Particles’ diameter and polydispersity index 132 

2.3.2. Zeta potential 133 

2.3.3. Encapsulation efficiency and Loading capacity 133 

2.3.4. Transmission electron microscopy (TEM)  133 

2.3.5. Fourier transform infrared spectroscopy (FTIR)  133 

2.3.6. Differential scanning calorimetry (DSC)  134 

2.3.7. In vitro release study 134 

2.3.8. Storage stability 135 

2.4. Cellular studies 135 

2.4.1. In vitro cytotoxicity 135 

2.4.2. Cellular uptake studies and intracellular pathways 135 

2.5. Statistical Analysis 136 

3. Results and Discussion 136 

3.1. Characterization of the formulations 136 

3.2. Functionalization of SLNs with Mannose 137 

3.3. Transmission electron microscopy 138 

3.4. In vitro release study 139 

3.5. Lipid matrix analysed by DSC 141 

3.6. Storage stability 142 

3.7. In vitro cytotoxicity 143 

3.8. Cellular uptake studies and intracellular pathways 144 

4. Conclusion 146 

5. References 149 

4. Targeted Macrophages delivery of Rifampicin-loaded Lipid Nanoparticles 
to improve Tuberculosis treatment 153 

1. Introduction 156 

2. Materials and Methods 156 

2.1. Materials 157 

2.2. Preparation of the formulations 157 

2.2.1. Preparation of NLCs 157 

2.2.2. Preparation of mannosylated NLCs (M-NLCs)  158 

2.2.3. Lyophilization 158 

2.3. Characterization of the formulations 158 

2.3.1. Particle size measurement 158 

2.3.2. Zeta (ζ) potential measurement 159 



 xix 

2.3.3. Encapsulation efficiency (EE)  159 

2.3.4. Transmission Electron Microscopy (TEM) analysis 159 

2.3.5. In vitro drug release study 160 

2.3.6. Fourier Transform Infrared (FTIR) analysis 160 

2.3.7. Differential Scanning Calorimetry (DSC) analysis 160 

2.4. Cell culture studies 161 

2.4.1. Mice 161 

2.4.2. Bacteria 161 

2.4.3. Bone marrow-derived macrophages (BMDM)  161 

2.5. Cell viability 162 

2.6. In vitro infection of BMDM with M. avium  162 

2.7. Cellular uptake studies 163 

2.8. Statistical analysis 164 

3. Results and Discussion 164 

3.1. NLCs are suitable carriers for RIF encapsulation and drug controlled release

 164 

3.2. Mannose coating is efficiently achieved 166 

3.3. RIF-loaded NLCs are less cytotoxic than unloaded NLCs 168 

3.4. M-NLCs improve the cellular uptake by BMDM 171 

3.5. M-NLCs restrict intracellular growth of M. avium-infected BMDM  173 

4. Conclusion 174  

5. References 175 

5. Mucoadhesive chitosan-coated solid lipid nanoparticles for better 
management of tuberculosis 179 

1. Introduction 182 

2. Materials and Methods 183 

2.1. Materials 183 

2.2. Methods 183 

2.2.1. Preparation of solid lipid nanoparticles 183 

2.2.2. SLNs coated with chitosan 183 

2.2.3. Characterization of the formulations 184 

2.2.3.1. Particles diameter, polydispersity index and zeta potential 184 

2.2.3.2. Morphology analysis 184 

2.2.3.3. Encapsulation efficiency and Loading capacity 184 

2.2.3.4. Freeze-drying 185 



 xx 

2.2.3.5. Fourier transform infrared spectroscopy 185 

2.2.3.6. Differential scanning calorimetry (DSC)  185 

2.2.3.7. Storage stability studies 186 

2.2.3.8. In vitro drug release study 186 

2.2.3.9. In vitro assessment of mucosadhesive property 186 

2.3. Cellular studies 187 

2.3.1. Cell viability assay 187 

2.3.2. Permeation study 187 

2.4. Statistical analysis 188 

3. Results and discussion 188 

3.1. Characterization of the formulations 188 

3.2. In vitro RIF release study 191 

3.3. Storage stability assay 192 

3.4. In vitro assessment of mucoadhesive property 193 

3.5. Cellular studies 194 

3.5.1 Cell toxicity assay 194 

3.5.2 RIF permeability across lung epithelial monolayer 195 

4. Conclusion 196 

5. References 197 

CHAPTER V. CONCLUSIONS REMARKS AND FUTURE PERSPECTIVES 201 

1. Concluding remarks and future perspectives 203 

2. References 205 

  



 xxi 

  



 xxii 

List of Figures 
 
CHAPTER II. THEORETICAL BACKGROURD 

Figure 1. Mycobacterial cell wall composition 12 

Figure 2. Incidence of Tuberculosis in 2015 according to WHO 16 

Figure 3. Incidence of leprosy in 2015 according to WHO 19 

Figure 4. Models of drug incorporation in SLNs (A, B and C) and NLCs (D, E and F). 

 28 

 

CHAPTER III. METHODS 

Figure 1.  Scheme representation of solid lipid nanoparticles and nanostructure lipid 

carries produced by Ultra-Turrax following by ultrasonication 52 

Figure 2.  Scheme representation of solid lipid nanoparticles and nanostructure lipid 

carries production by ultrasonication with bath ice 53 

 

CHAPTER IV. MANUSCRIPTS 

6. Design and statistical modeling of mannose-decorated dapsone-
containing nanoparticles as a strategy of targeting intestinal M-cells 

Figure 1.  DSC thermograms of bulk drug (DAP), and physical mixtures of drug and eight 

different lipids (n=3) 83 

Figure 2.  Response surface analysis model (RSM) showing the influence of the 

independent variables on the selected responses (particle diameter, EE, and 

LC) 91 

Figure 3.  Linear correlation plots (A, B, C) between observed and predicted values and 

corresponding residual plots (D, E, F) for the three responses: particle 

diameter, EE, and LC 92 

Figure 4.  Transmission electron photomicrographs of (A) SLNs, (B) SLN-DAP, (C) M-

SLNs, and (D) M-SLN-DAP (n=3) 94 

Figure 5. Infrared spectra of DAP, SLNs, SLNs-DAP, M-SLNs and M-SLNs-DAP (n=3)

 95 



 xxiii 

Figure 6.  DSC thermograms of DAP (A, B), CP (A), PM (A), SLNs (A, B), SLN-DAP 

(A, B), M-SLNs (B), and M-SLN-DAP (B) (n=3) 95 

Figure 7.  In vitro DAP release profile of SLN-DAP and M-SLN-DAP in acid and intestinal 

conditions (A) and only in intestinal conditions (B) (n=3) 97 

Figure 8.  Effect of storage time (at room temperature) on particle diameter, PDI, ZP, EE, 

and LC of SLN-DAP and M-SLN-DAP formulations (mean ± SD, n=3) 98 

 

7. Design of a nanostructured lipid carrier intended to improve the 
treatment of tuberculosis 

Figure 1 Cryo-SEM images of (A) NLC, (B) M-NLC, and (C) M-NLC-RFB at 20,000× 

magnification 118 

Figure 2.  Second-derivative FT-IR spectra of M-NLC-RFB formulation 119 

Figure 3. In vitro RFB release profiles from NLC (A) and M-NLC (B) at three different pH 

values, pH =5.0, 6.2, and 7.4, at body temperature (37°C) 120 

 

8. Mannosylated Solid Lipid Nanoparticles for the Selective Delivery of 
Rifampicin to Macrophages 

Figure 1.  Infrared spectra of RIF, PM, SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF 

(n=3). (A) RIF, PM, SLNs and SLNs-RIF. (B) SLNs, SLNs-RIF, M-SLNs and 

M-SLNs-RIF. (C) M-SLNs-RIF and SLNs-RIF and Schiff´s base 138 

Figure 2.  Transmission electron photomicrographs of (A) SLNs, (B) SLN-RIF, (C) M-

SLNs, and (D) M-SLN-RIF (n=3). (Scale bar: 200 nm) 139 

Figure 3.  In vitro RIF release profile of SLNs-RIF and M-SLN-RIF in pH 7,4 (A), pH 6,2 

(B) and pH 4,5 (C), in order to simulate the release of the drug in following 

pulmonary administration until reach the acidic vesicles phagosomes and 

phagolysosomes (n=3) 140 

Figure 4.  DSC thermograms Infrared spectra of Glycerol palmitate, PM, SLNs, SLNs-

RIF, M-SLNs and M-SLNs-RIF (n=3) 141 

Figure 5.  Effect of storage time (at room temperature) on particle diameter, PDI and ZP 

of SLN-RIF and M-SLNs-RIF during 180 days (mean ± SD, n=3) 143 

Figure 6. Cell viability of THP1 differentiated macrophages upon exposure to SLNs and 

M-SLNs load and unload. Data expressed as average ± standard deviation 

(n=5 of three independent assays) 144 



 xxiv 

Figure 7. Uptake of SLNs by THP1 macrophages. (A) Role of energy in the 

internalization of SLNs (light grey) and M-SLNs (dark grey), using 37ºC as 

control. (B) Cellular uptake kinetic profiles obtained by flow cytometry for SLNs 

(o) and M-SLNs (n). Data expressed as mean ± SD (n = 3). Statistical 

differences in relation to control represented as ** P < 0.01 and *** P < 0.001

 145 

 

4. Targeted Macrophages delivery of Rifampicin-loaded Lipid 
Nanoparticles to improve Tuberculosis treatment 

Figure 1.  Transmission electron microscopy images of (A) NLCs, (B) NLCs-RIF, (C) M-

NLCs, and (D) M-NLCs-RIF lyophilized formulations at 25.000x magnification. 

The bar (____) represents 300 nm 164 

Figure 2. In vitro RIF release profiles from NLCs-RIF and M-NLCs-RIF, 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 5.0 165 

Figure 3.  Second Derivative FTIR spectra of NLCs-RIF and M-NLCs-RIF 166 

Figure 4.  DSC thermograms of (A) NLCs-RIF and (B) M-NLCs-RIF formulations 167 

Figure 5.  Effect of RIF-loaded formulations, corresponding placebos and RIF on BMDM 

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, and *****P<0.0001 compared to the untreated 

cells. •P<0.05, ••P<0.01, •••P<0.001, and ••••P<0.0001 compared to the 

corresponding placebo. ×P<0.05, ×××P<0.001, and ××××P<0.0001 compared 

to the corresponding non-functionalized formulation. °P<0.05, and °°°° 

P<0.0001 compared to RIF 169 

Figure 6.  M-NLCs-FITC are more efficiently internalized in primary macrophages after 

1 day of treatment. (A-E) NLCs or M-NLCs localization in BMDM by 

fluorescence microscopy. (A) Untreated BMDM. (B) NLCs-FITC 100 μgmL-1. 

(C) M-NLCs-FITC 100 μgmL-1. (D) NLCs-FITC 500 μgmL-1 (E) M-NLCs-FITC 

500 μgmL-1. (F-G) Flow cytometry analysis of BMDM. (F) Overlay histogram 

of BMDM untreated and treated with NLCs-FITC ou M-NLCs-FITC at 100 



 xxv 

μgmL-1. (G) Mean Fluorescence Intensity fold increase of BMDM-FITC+ after 

treatment with NLCs-FITC or M-NLCs-FITC at 100 μgmL-1 171 

Figure 7. Effect of RIF-loaded formulations, placebos and RIF in BMDM intracellular 

growth of M. 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, between treated 

infected cells at day 7 and untreated infected cells at T0. Data are expressed 

as means ± SD. Values represent mean ± SD. **P<0.01, and ****P<0.001 

compared to untreated cells. •P<0.05 compared to corresponding placebo. 

#P<0.05, ##P<0.01, ### P<0.001, #### P<0.0001, differences between 7 

days and 7 days Refresh 172 

 

5. Mucoadhesive chitosan-coated solid lipid nanoparticles for better 
management of tuberculosis  

Figure 1. Transmission electron photomicrographs of (a) SLNs, (b) SLNs-RIF, (c) C-SLNs, 

(d) C-SLNs-RIF, (e) C-SLNs and C-SLNs-RIF (f) (n=3). (Scale bar: 200 nm)

 188 

Figure 2. Infrared spectra of RIF, Chitosan, SLNs, SLNs-RIF, C-SLNs, C-SLNs-RIF (n=3)

 188 

Figure 3. DSC thermograms of SLNs, SLNs-RIF, C-SLNs and C-SLNs-RIF (n=3) 189 

Figure 4. In vitro RIF release profile of SLNs-RIF and C-SLNs-RIF in pH 7.4 in order to 

simulate the release of the drug in following pulmonary administration (n=3)

 190 

Figure 5. Effect of storage time (at room temperature) on particle diameter, PDI and ZP of 

SLN-RIF and C-SLNs-RIF during 3 months (mean ± SD, n=3) 191 

Figure 6. Mucoadhesion assay of SLNs and C-SLNs, to simulate the pulmonary mucus 

layer, were available for turbidimetric and ZP measurement (n=3) 192 

Figure 7. Cell viability of A549 upon exposure to RIF, SLNs, SLNs-RIF, C-SLNs and C-

SLNs-RIF. Data expressed as average ± standard deviation (n=5 of three 

independent assays) 193 



 xxvi 

Figure 8. In vitro cumulative permeability profile and Papp coefficient of SLNs-RIF and C-

SLNs-RIF across the A549 cells monolayer. The experiments were conducted 

from the apical-to-basolateral direction in culture medium at 37 °C. Data sets 

were compared to SLNs-RIF (*p < 0.05, **p < 0.01). Error bars represent mean 

± s.d. (n ≥ 3) 193 

  



 xxvii 

  



 xxviii 

List of Tables 
 
CHAPTER II. THEORETICAL BACKGROURD 

Table 1:  Classification of nontuberculous mycobacteria (NTM) 13 

Table 2.  Classification of mycobacteria according pathogenic potential 14 

Table 3. Relation between host and Mycobacterium 15 

Table 4.  Main aspects of the three most influent pathogenic species within the 

Mycobacterium genus 22 

 

CHAPTER IV. MANUSCRIPTS 

1. Design and statistical modeling of mannose-decorated dapsone-
containing nanoparticles as a strategy of targeting intestinal M-cells 

Table 1.  Variables with respective coded levels of the Box–Behnken design 79 

Table 2.  DSC parameters of the bulk drug (DAP) and the physical mixtures of drug and 

eight different lipids (n=3) 84 

Table 3.  Characterization of obtained pilot SLNs regarding particle diameter, PDI, ZP, 

EE, and LC (n=3) 84 

Table 4.  Formulation composition and the effects of different formulation variables on 

particle diameter (Y1), PDI (Y2), ZP (Y3), EE (Y4), and LC (Y5) 86 

Table 5. Summary of results of regression analysis for the considered responses Y1–

Y5 87 

Table 6.  ANOVA results from responses Y1–Y5 87 

Table 7.  Predicted versus observed values of optimized SLNs 89 

Table 8. Data obtained from SLNs, SLN-DAP, M-SLNs, and M-SLN-DAP (n=3) 93 

Table 9. DSC parameters of bulk drug (DAP), bulk lipid (cetyl palmitate), PM, and the 

obtained formulations (SLNs, SLN-DAP, M-SLNs, and M-SLN-DAP) (n=3)96 

 

2. Design of a nanostructured lipid carrier intended to improve the 
treatment of tuberculosis 

Table 1. Mean hydrodynamic diameter and PDI of NLC, M-NLC, NLC-RFB, and M-

NLC-RFB formulations 116 



 xxix 

Table 2. Characterization of the zeta-potential of the NLC, M-NLC, NLC-RFB, and M-

NLC-RFB formulations 117 

Table 3 Drug’s encapsulation efficiency of the NLC-RFB and M-NLC-RFB formulations

 118 

Table 4. Cell viability in RAW, A549, and Calu-3 cells as a function of NLC, M-NLC, 

and M-NLC-RFB in concentrations of the lyophilized formulations (1, 10, 100, 

and 1,000 mg/mL) expressed in log10 121 

Table 5.  Characterization of the hydrodynamic diameter, polydispersity index, and 

zeta-potential after 0, 1, and 6 months of the synthesis of NLC-RFB and M-

NLC-RFB lyophilized formulations 122 

Table S1. Value of R2 obtained from the release of RFB from the NLC-RFB lyophilized 

formulation for different models of mechanism of drug release 126 

Table S2. Value of R2 obtained from the release of RFB from the M-NLC-RFB lyophilized 

formulation for different models of mechanism of drug release 126 

 

3. Mannosylated Solid Lipid Nanoparticles for the Selective Delivery of 
Rifampicin to Macrophages 

Table 1 Mean hydrodynamic particle size, polydispersion index (PDI), zeta potential, 

EE and LC of SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF 137 

Table 2.  Results of the kinetic parameters of the drug release profile obtained for M-

SLN-RIF: determination coefficient (R2) 140 

Table 3.  Differential scanning calorimetry parameters of SLNs, SLNs-RIF, M-SLNs and 

M-SLNs-RIF 142 

 

4. Targeted Macrophages delivery of Rifampicin-loaded Lipid 
Nanoparticles to improve Tuberculosis treatment 

Table 1. Mean hydrodynamic particle size, polydispersity index (PDI), ζ-potential and 

encapsulation efficiency measurements of RIF-loaded NLCs and 

corresponding placebos 163 

Table 2. Differential scanning calorimetry parameters of RIF-loaded NLCs and 

corresponding placebos: onset and melting temperatures, melting enthalpies

 166 



 xxx 

Table 3. IC50 values of RIF-loaded NLCs and corresponding placebos. 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 non-linear 

regression, using the GraphPad Prism software 170 

 
5. Mucoadhesive chitosan-coated solid lipid nanoparticles for better 

management of tuberculosis 

Table 1. Characterization diameter, polydispersity index, zeta potential, efficiency 

encapsulation and loading of SLN, SLNs-RIF, C-SLN and C-SLNs-RIF 187 

Table 2. DSC parameters of SLNs, SLNs-RIF, C-SLNs and C-SLNs-RIF (n=3) 189 

  



 xxxi 

  



 xxxii 

List of Abbreviations and Symbols 

%  Percentage 

°C/min  Graus Celsius per minute 

> More than 

ABS  Absorbance 

ADC Albumin-dextrose-catalase 

ANOVA  One-way analysis of variance 

ATR Attenuated total reflectance 

BBD  Box–Behnken design 

BCG Bacillus Calmette-Guerin 

BCS Biopharmaceutical Classification System 

BMDM Bone marrow-derived macrophages 

C Chitosan 

C-SLNs Chitosan coated Solid Lipid Nanoparticles 

cm-1  Centimeter minus one 

DAP Dapsone 

DLS Dynamic light scattering 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

EE Encapsulation efficiency 

ELS Electrophoretic light scattering 

f2  Similarity factor 

Fcritic  Critic factor 

FDA  Food and Drug Administration 

FITC Fluorescein isothiocyanate 

FTIR Fourier transform infrared resonance 

GI Gastrointestinal 

GIT Gastrointestinal Tract 

HIV Human Immunodeficiency virus  

IC50 The half maximal inhibitory concentration 

J/g  Joule per gram 

kV  Kilovolts 

LC  Loading capacity 



 xxxiii 

LCCM L929 cell conditioned medium 

LNP Lipid nanoparticles 

LR Lectin receptor 

M Mannose 

M-Cell  Microfold cell 

M-NLCs Mannosylated nanostructure lipid carriers 

M-SLNs Mannosylated solid lipid nanoparticles 

M. Mycobacterium 

Maa Mycobacterium avium subspecies avium 

Mac Mycobacterium avium complex 

Mah Mycobacterium avium subspecies hominissuis 

Map Mycobacterium avium subspecies paratuberculosis 

Mas Mycobacterium avium subspecies silvaticum 

MAs Mycolic acids 

MB Multibacillary 

MDR Multidrug resistant 

MDT  Multidrug therapy 

mg  Milligrams 

mL  Milliliter 

mM  Millimolar 

MR Mannose receptor  

MTBC Mycobacterium tuberculosis complex 

mTorr Millitorr 

MTT  Thiazolyl blue tetrazolium bromide 

mV Millivolts 

NLC Nanostructured lipid carrier 

NLCs Nanostructured lipid carriers 

nm  Nanometer 

NP Nanoparticle 

NPs Nanoparticles 

NTM Non-tuberculous mycobacteria 

ºC Centigrade degrees 

PB Paucibacillary 

PBS Phosphate Buffer Solution 

PDI Poly-Dispersity iIndex 

PM Physical Mixture 

PP Peyer´s patches 



 xxxiv 

R2 Squared correlation coefficient 

RbpA RNA polymerase binding protein A 

RFB Rifabutin 

RIF Rifampicin 

RNA Ribonucleic acid 

RPM  Rotation per minute 

RSM Response surface methodology 

SA Stearylamine 

SD Standard Deviation 

SEM Scanning electron microscopy 

SLN Solid lipid nanoparticle 

SLNs Solid lipid nanoparticles 

TB Tuberculosis 

TEER Trans-epithelial electrical resistance 

TEM  Transmission Electron Microscopy 

UV-Vis Ultraviolet- visible 

vs  Versus 

w/v  Weight/volume 

w/w  Weight/weight 

WHO World Health Organization 

XRD  X-Ray Diffraction 

XRPD X-Ray powder diffraction 

ZP  Zeta potential 

α Alpha 

β Beta  

ζ Zeta 

μg mL-1  Micrograms per milliliter 

μg s-1  Micrograms per second 

μg/ml Microgram per milliliter 

μM Micrometer 

DH  Enthalpy variation 

DT  Temperature variation 

± Plus/minus 
 
 
 
 
 
 



 xxxv 

 



Nanocarriers as alternative strategies for treatment of mycobacterial infections 
 

 1 

Chapter I 

Introduction 
  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 
 

 2 

  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 
 

 3 

1. Motivation 
 
Infectious diseases account for an estimated 17 million deaths each year (2), remaining a 

major public health (2). The poor infectious diseases management mainly in hospital 

environment and community plays an important role in the increasing drug resistance due 

to the inappropriate use of antibiotics. One of the most relevant classes of 

microorganisms, that are responsible for the high incidence of infectious diseases are the 

ones belonging to the genus Mycobacterium. Therefore, mycobacterial infections are of 

constant public health interest and are always being emphasized by the world health 

organization (WHO). The mycobacteria are commonly known as being highly pathogenic 

and possess a high ability of dissemination and contamination. Potentially pathogenic 

Mycobacterium may infect animals and cause diseases also in humans, especially in 

immunocompromised persons (3). The most common mycobacteria species with higher 

pathological potential include Mycobacterium tuberculosis (M. tuberculosis), 

Mycobacterium leprae and more recently the Mycobacterium avium (4, 5). The M. 

tuberculosis causes pulmonary and extra-pulmonary tuberculosis (4). The mycobacterium 

leprae cause the leprosy disease. All the other mycobacteria species are also called non-

tuberculous mycobacteria (NTM). The main common characteristic of mycobacteria is the 

presence of a very complex cell wall envelope that is responsible for the remarkable low 

permeability of compounds, including hydrophobic antibiotics. Tuberculosis is the most 

common, world's oldest Infectious disease and a leading cause of morbidity and mortality 

worldwide. Although, the prevalence of NTM cannot be ignored as they may often cause 

progressive lung disease. 

In pulmonary tuberculosis, M. tuberculosis enters through the respiratory airways and 

infectious bacteria enter the alveoli, where they are phagocytosed by alveolar 

macrophages. However, M. tuberculosis has the remarkable capacity to survive and 

multiple within the hostile environment of the macrophages (6). People affected by 

pulmonary TB will suffer severe respiratory failure (7). On the other hand, extra-pulmonary 

tuberculosis contributes about 15-20 % and has a wider range of symptoms, producing 

systemic effects (8, 9). The WHO considers that a more effective diagnosis associated 

with a more effective treatment is needed control tuberculosis infection and propagation 

(10). M. leprae is the etiologic agent of leprosy which is a chronic infection with different 

clinical manifestations, ranging from cutaneous manifestations to disfigurement, 

deformity, stigma, and disability (neurologic and blindness). The bacilli are able to replicate 

only within the host cells, most commonly in macrophages and Schwann cells. The 

elimination of leprosy is a public health issue as defined by WHO (1). And continues to be 
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an important infectious disease in many endemic countries as demonstrated by a growing 

number of new cases. 

Other relevant NTM is the M. avium that gets a prominent role. Considerable as facultative 

intracellular, these bacteria are commonly found in the environment in water, soil, and 

biofilms, and are infectious when swallowed or inhaled. Them being a clinically important 

agent of pulmonary disease in immune-compromised patients, especially in people with 

immunodeficiency syndrome (AIDS) and can too to affect the digestive system (11, 12). 

First and second line drugs (rifapicin, rifabutin and dapsone) are used for the treatment of 

mycobacteria. However, some of the major drugs have low solubility and, therefore, 

inadequate bioavailability. In addition to the high toxicity leading to suspend treatment. 

To suppress this barrier, the advances in nanotechnology have expanded treatment 

strategies regarding the diversity of nanocarriers, the routes of administration and the 

delivery to the target (13, 14). Improvement of therapeutic index of existing mycobacteria-

drugs, through the encapsulation into nanocarriers systems should be considered to 

increase drug concentration at infected sites, reduce the severe toxic side effects, and 

decrease treatment duration (15, 16). Moreover, another important advantage of 

nanocarriers systems is the feasibility of more versatile routes of administration (17). 

The strategy of investing in the development of nanocarriers with drugs used in 

mycobacterial therapy, has becomes a novel approach and the novel nanocarrier can be 

used as a promising tool to the introduction of alternative therapies. 

Widely used nanocarriers include lipid nanoparticles as liposomes [90], solid lipid 

nanoparticles (SLNs), nanostructured lipid carries, and lipid-drug conjugate, polymeric 

nanoparticles, polymeric micelles, dendrimers, silica nanoparticles, metal nanoparticles 

as gold and silver, and other composition as hybrid nanoparticles. Lipid nanoparticles, 

SLNs and NLCs have many advantages because they are biocompatible, nontoxic, 

affordable technology, easily transposed to industrial scale and could use ligands for a 

more specific delivery for a specific target. In addition, these nanocarriers are able to 

encapsulate hydrophilic and lipophilic drugs, as is the case with pharmaceuticals used in 

the treatment of mycobacteria. All this characteristic, make the development the NP as 

strategy of treatment viable and promising. 
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2. Objectives 
 
The overall objective of this thesis was the development of nanocarriers systems to 

encapsulate anti-mycobacterial drugs to extend potential against these pathogens. 

The specific goals were the improvement of the mycobacterial infectious treatment 

exploiting different routes of administration, increase the availability of mycobacterial 

drugs through the encapsulation of anti-mycobacterial drugs in lipid nanoparticles, such 

as SLNs and NLCs. As well as, application of different targeting strategies, namely passive 

targeting (diameter) and active targeting, such as mannose to specific delivery for alveolar 

macrophages (pulmonary route) and M-cell (oral route) and chitosan to improve the 

interaction with the pulmonary mucus and increase permanence time of the nanocarriers 

in target tissue. 

 

3. Structure 
 
This thesis is organized in 5 chapters. 

 

3.1. Chapter I: Introduction 
 
In chapter I is included the motivation of the developed work, the objectives and structure 

of this thesis. 

 

3.2. Chapter II: Theoretical background 
 
In chapter II a revision work entitled “Mycobacterium tuberculosis, Mycobacterium leprae 

and Mycobacterium avium as infectious agents: relevance, main aspects and new trends” 

is described. A systematic approach on the mycobacterium genus was conducted, based 

on the pathogens of relevance to the world public health, regarding morbidity and 

mortality, incidence and prevalence, therapeutic and strategic combat. 

 

3.3. Chapter III: Methods 
 
In chapter III, general aspects are presented in the production of SLNs and NLCs by Ultra-

Turrax following ultrasonication and ultrasonication, as well as, methodologies and main 

characterizations techniques used. 
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3.4. Chapter IV: Scientific progress beyond the theoretical background 
 
In Chapter IV are presented the published and submitted papers for publication. All these 

works will be presented in text form. 

 
3.5. Chapter V: Conclusion remarks and future perspectives 
 
In Chapter V the final considerations relating the accomplished works are presented. 
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Chapter II  

Theoretical background 

“Mycobacterium tuberculosis, Mycobacterium leprae 
and Mycobacterium avium as infectious agents: 

relevance, main aspects and new trends” 
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1. Introduction 
 
Infectious diseases remain a major public health concern, accounting for an estimated 17 

million deaths each year (1), being one of the most leading cause of death globally (1-4). 

One of the most relevant classes of microorganisms, being an important cause of 

infectious diseases, includes the genus Mycobacterium. The Mycobacteria belongs to the 

family Mycobacteriaceae, order Actinomycetales and class Actinomycetes, being the only 

genus Family Mycobacteriaceae (5). 

The morphology and characteristics of Mycobacterium differ from each other depending 

on the hosts specie and upon the way of infection, and may involve pulmonary, skin or 

soft tissue lesions (6). 

Members of the genus Mycobacterium are characterized by a complex cell wall envelope 

that is responsible for the remarkable low permeability of their cells as well as the 

characteristic differential staining procedure known as Zhiel-Neelsen acid-fast stain, which 

specifically stains all members of the genera (7). 

Potentially pathogenic Mycobacterium may infect animals and can cause diseases also in 

humans, especially in immunocompromised persons (6). The most common mycobacteria 

species with higher pathological potential include Mycobacterium tuberculosis (M. 

tuberculosis), Mycobacterium leprae (M. leprae) and more recently the Mycobacterium 

avium (M. avium) (8, 9). 

 

1.1. General and morphological characteristics of Mycobacterium 
 

The Mycobacterium morphology varies from species to species. In general, they are static 

bacteria, not sporulated, being aerobic or microaerobic (10). Generally, Mycobacterium is 

straight or slightly curved bacilli, 1 - 4 mm long by 0.3 - 0.6 mm wide although they may 

be present in filamentous form (7, 11). The bacilli with major similarities are M. tuberculosis 

and M. leprae (12, 13). The M. avium cells are frequently coccoids and some cells are 

often filamentous structure (7, 11). 

The thickness and composition of the cell wall renders mycobacteria impermeable to 

hydrophilic nutrients and resistant to heavy metals, disinfectants, and antibiotics (14). The 

waxy coating on the surface of their cell wall (Figure 1), contains a thick conventional 

peptidoglycan covalently linked to arabinogalactan polysaccharides that are esterified to 

mycolic acids (MAs) (15, 16). MAs are long 2-alkyl and 3-hydroxyl fatty acids that are 

typically 70-90 carbon atoms long. It also includes complex lipids, lipo-polysacharides 

anchored in the cell wall, and proteins (16). The outer surface of the cell wall contains 

surface-exposed proteins that are unique to each species (17). The lipid layer of the 
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mycobacterial cell walls acts as a strong permeability barrier and so is responsible to 

govern the resistance of pathogenic mycobacteria to potent antibiotics (15, 16). 

 
Figure 1. Mycobacterial cell wall composition. Adapted from (18). 

 

Transport of molecules across the membrane into the mycobacterial cell is partly 

controlled by porins, which are channel proteins that cross the outer membrane. In 

mycobacteria, porins are important in nutrient acquisition but their number is significantly 

lower than in gram negative bacteria (19). 

 
1.2. Mycobacterium classification 
 
The Mycobacterium genus is usually divided into two groups based on their growth rate, 

namely slow growing and fast growing. M. tuberculosis, M bovis and M. leprae, constitute 

the etiological agents of human tuberculosis, bovine tuberculosis and leprosy, 

respectively. They are the slow-growing species and considered the strictly pathogenic. 

The fast-growing species are less known, once that, commonly not affect the human (7). 

The clinical importance of tuberculosis distinguishes the M. tuberculosis complex from all 

other mycobacteria. Excepting M. tuberculosis complex and M. leprae, mycobacteria are 

referred to collectively as nontuberculous mycobacteria (NTM) also known as 'atypical 

mycobacteria' or 'mycobacteria other than tuberculosis' (20, 21). The most widely 

classification used in the past for NTM was the Runyon system (Table 1). This 

classification is based on microbiologic characteristics, such as growth rate in culture, and 

colony pigment formation in the presence or absence of light (13, 14, 21, 22). The 

classification systems have been an important tool for years, allowing an easier 

identification of species of mycobacteria. However, the Runyon classification has become 
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less relevant nowadays due to advances in mycobacteriology, including faster culturing 

techniques, DNA probes, and high-pressure liquid chromatography. In addition, this 

system is of little value to the clinician, due to the particularity of each species in the 

different clinical diseases (20, 21). 

 

Table 1: Classification of nontuberculous mycobacteria (NTM). 

Characteristics 

Group Growth Denomination Exemple 

1 Slow (> 7 days) Photochromogens 

M. kansasii 

M. simiae 

M. marinum 

2 Slow (> 7 days) Scotochromogens 

M. gordonae 

M. flavescens 

M. szulgai 

M. gordonae 

M. xenopi 

3 Slow (> 7 days) Nonphotochromogens 

M. avium 

M. terrae 

M. triviale 

M. gastri 

4 Fast (3 -7 days) - 

M. fortuitum 

M. chelonae 

M. abscessus 

M. thermoresistibl 

M. neoaurum 

 

Another way to classify mycobacterium in general (Table 2) based on the pathogenic 

potential of the species), classifies the mycobacteria into three groups (7, 14, 21): strictly 

pathogen, opportunistic pathogen, and not or rarely pathogenic. Among them, M. 

tuberculosis and M. leprae are of great relevance due to their pathogenicity and high 

prevalence, and M. avium have been shown deserve attention due to its increasing 

incidence among immunocompromised people (23). 

Mycobacteria can also be categorized according to their interaction with the host, differing 

from species to species. Some species of Mycobacterium are considered obligatory 

intracellular , optional intracellular and saprophyte parasite (24). In Table 3 we can find 

examples of characteristics of the mycobacterium according their agent-host relationship. 
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Table 2. Classification of mycobacteria according pathogenic potential 

 

Level pathogenicity 

Strictly pathogenic  Potentially pathogenic Rarely pathogenic 

M. tuberculosis 

M. leprae 

M. africanum 

M. bovis 

M. harmaphilum 

M. ulcerans 

 

 

M. avium 

M. intracellulare 

M. scrofulaceum 

M. kansasii 

M. ulcerans 

M. xenopi 

M. haemophilum 

M. genavense 

M. simiae 

M. malmoense 

M. asiaticum 

M. shimoidei 

M. celatum 

M. fortuitum 

M. chelonae 

M. peregrinum 

M. abscessum 

M. szulgai; 

M. marinum; 

M. thermoresistibile 

M. gordonae 

M. triviale 

M. gastri 

M. terrae 

M. flavenscens 
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Table 3. Relation between host and Mycobacterium 

Agent-host relationship 

Obligatory intracellular Optional intracellular Saprophytic parasite 

M. leprae 

M. lepraemurium 
M. tuberculosis 

M. avium 

M. bovis 

M. fortuitum 

M. marinum 

M. ulcerans 

M. kansasii 

M. intracellulare 

M. scrofulaceum 

M. fortuitum 

M. phlei 

M. smegmatis 

M. butyricum 

M. gordonae 

 

2. Mycobacterium tuberculosis 

 

The M. tuberculosis complex (MTBC) consists of closely related species with higher than 

99% similarity at the DNA level that causes tuberculosis in both humans and animals (7, 

25). The MTBC refers to group of species: M. tuberculosis, M. africanum, M. canettii, M. 

bovis, M. microti, M. orygis, M. caprae, M. pinnipedii, M. suricattae and recently 

recognized M. mungi (26). Typical human-associated pathogens include M. tuberculosis 

and M. africanum (27). 

The M. tuberculosisis is the etiologic agent of the tuberculosis infections (1, 28), and is a 

slender bacilli not able to move spontaneously and actively and measure approximately 

0.5-3 μm (15). 

According to the World Health Organization (WHO), globally in 2015, there were 

approximately 10.4 million new cases of tuberculosis and 1.4 million deaths, including 0.4 

million human immunodeficiency virusHIV) )-Positives individuals (29). The burden of the 

disease in the form of active tuberculosis persists at an alarming rate in low and middle 

income countries with an estimated 580,000 new cases due to multiple drug resistant 

tuberculosis (29, 30). 

In general, the disease caused by M. tuberculosis infection more frequently affects the 

lungs, being known as pulmonary tuberculosis and when affects other part of the body is 

considered as extra-pulmonary tuberculosis (31). In humans, the most usual clinical 

presentation is pulmonary tuberculosis in which the transmission and colonization of bacilli 
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occurs via inhalation of aerosol droplets released from an infected individual, typically 

through coughing, sneezing, spitting, or speaking (18, 32, 33). 

 

 
Figure 2. Incidence of Tuberculosis in 2015 according to WHO (29). 

 

Particularly, M. tuberculosis has the remarkable capacity to survive within the hostile 

environment of the alveolar macrophages (34). Inside of macrophages, the M. 

tuberculosis prevents fusion of the phagosomes with lysosomes. At the same time, the 

phagosomes are able to fuse with other intracellular vesicles, permitting access to 

nutrients and facilitating intra-vacuole replication (34). This is due to the capacity of M. 

tuberculosis to survive and persist in alveolar macrophages, once that it is the main 

entrance and exit door of the infection by bacillus (15). M. tuberculosis persists in 

macrophages within a granuloma formed in the lungs of the infected hosts (35). 

Granulomas are compact, organized aggregates of immune cells, consisting of blood-

derived infected and uninfected macrophages, foamy macrophages, epithelioid cells 

(uniquely differentiated macrophages), and multinucleated giant cells (Langerhans cells) 

surrounded by a ring of lymphocytes (36). 

The infection by M. tuberculosis is controlled in 25-50% cases with contacts with the bacilli. 

The infected individuals can develop a symptomatic and infectious state know as active 

tuberculosis (5-10% of the cases), or an asymptomatic and non-infectious state, namely 

latent tuberculosis (90-95%) (37). 

M. tuberculosis can persist for decades within the granuloma structures and, due to some 

intervening (e.g., HIV infection, diabetes, cancer, malnutrition, aging, etc.) and/or genetic 

factors, bacteria can reactivate. A balance of pro-inflammatory and anti-inflammatory 

immune responses is essential for controlling bacterial proliferation within granulomas and 
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the resolution of these granuloma lesions over time (38, 39). A dysregulation in the 

immune response will lead to granuloma progression and disease. The granuloma is the 

classic pathologic feature of tuberculosis. In the pulmonary inflammation the bacillus 

interacts with macrophages and other cells resulting in the recruitment of monocytes, 

neutrophils, and primed T cells and B cells to the lungs, and reaches the highest point with 

the formation of a granuloma. A granuloma is an organized and structured collection of 

immune cells that forms in response to chronic antigenic stimulation, in the context of 

macrophage-mediated factors (40). 

An accumulation of cells in the center of the granuloma promotes an increase in necrotic 

tissue and the collapse of the granuloma center, which releases virulent bacilli to other 

parts of the tissue where more lesions will be formed. In the lungs, breakdown of the 

granuloma into the airways can lead to transmission of bacteria to other individuals (36, 

38, 39). 

In pulmonary tuberculosis, 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 (39).  

Extra-pulmonary tuberculosis has a wider range of symptoms, depending on which organ 

is affected and in many cases, infection produces systemic effects, rather than local ones 

(31, 41). The extra-pulmonary tuberculosis contributes with about 15-20% of the total 

cases of tuberculosis worldwide. A major obstacle to the diagnosis of extra-pulmonary 

tuberculosis is the atypical presentation, often simulating neoplasia and/or inflammatory 

disorders (26). 

To control tuberculosis infection and propagation, a more effective diagnosis associated 

with a more effective treatment is needed. In 2015, WHO reported that “without new 

tuberculosis drugs and regimens, it will be very difficult to improve treatment outcomes in 

the near future”, adding “intensified research and development is one of the three pillars 

of WHO is Post-2015 Global Tuberculosis Strategy, and will play a crucial role in 

accelerating the reductions in tuberculosis incidence and mortality required to reach global 

tuberculosis targets by 2035” (42). 

 

3. Mycobacterium leprae 

 

The discovery of the M. leprae bacillus by Hansen happened in 1873 (43). M. leprae is 

unable to grow as axenic culture and has an extremely slow doubling time in tissues 

(approximately 14 days) (25). 
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Genetically, M. leprae is very similar to M. tuberculosis, and they seem to be originated 

from a common ancestor (17). Many metabolic pathways found in other Mycobacterium 

species, including respiratory electron transport systems, are lacking in M. leprae, and its 

ability to generate energy in the form of adenosine triphosphate (ATP) is severely 

compromised (17). Despite M. leprae can occasionally be found extracellularly, the bacilli 

is able to replicate only within the host cells, most commonly in macrophages and 

Schwann cells (43). Hence, M. leprae is an obligate intracellular pathogen. In host cells, 

the bacilli are found singly or in clumps referred to as globe. In human tissues it is a straight 

or slightly bent bacilli of 1 to 8 µm in length and 0.2 to 0.5 µm in width (43). 

The M. leprae is the etiologic agent of leprosy, which is a chronic infection with different 

clinical manifestations, ranging from cutaneous lesions to disfigurement, deformity, 

stigma, and disability (neurologic and blindness) (44). 

Leprosy is still considered by WHO a public health issue as it is still endemic in several 

regions around de world (44). It is estimated to affect 10–12 million individuals worldwide, 

with predominance in tropical and subtropical regions (43). Its elimination has not been 

achieved in any meaningful and sustainable manner (44). The early detection of leprosy 

is very important for the disease control and treatment efficiency. In 2015, WHO reported 

more than 200.000 newly diagnosed cases, corresponding to a detection rate of 3.0 per 

100,000 populations (Figure 3). These statistics was based on annual leprosy studies 

received from 121 countries (45). 

The transmission of the bacilli occurs person-to-person with close contacts, mainly by 

through nasal secretions or skin lesions which is considered a major risk factor for 

developing leprosy among susceptible individuals (44). 

The burden of leprosy infection in humans is due to the ability of this pathogen to induce 

severe injury of peripheral nerves (Schwann cells) and skin (keratinocytes and histiocytic) 

(44). Infected people may develop long-term neurologic dysfunction and disability 

originated by irreversible peripheral nerve injury (44). About 20–30% of patients with 

untreated or neglected infections develop crippling deformities of hands and feet, which 

become a social stigma among patients with leprosy (43). Suicide is also a common cause 

of death among infected individuals, particularly during episodes of exacerbation of the 

lesions (erythema nodosum leprosum) (43). 
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Figure 3. Incidence of leprosy in 2015 according to WHO (45). 

 

The prevalence of leprosy globally decreased from >5 million cases in the mid 1980’s to 

less than 200,000 in 2015 with the introduction of multidrug therapy (45). Lower 

prevalence rates do not mean necessarily the reduction in the number of new cases found 

nor a decrease in M. leprae transmission, rather, it may be related to the shorter period of 

treatment recommended by WHO or to the exclusion from registries of patients who have 

been cured or who have died (46). To address issues related to stagnation in leprosy 

control, new strategies have been proposed and included the improved political 

commitment, and inclusion of persons affected by leprosy until 2020 (45). 

 

4. Nontuberculous mycobacteria or atypical mycobacteria 
 
NTM are environmental organisms found in soil and water around the planet. They are 

considered opportunistic pathogens, and several species are associated with human 

disease, which can affect lungs, skin/soft tissue and lymph (21). About 160-different 

species of NTM have been described (11, 22), and the list of clinically important slow-

growing NTM continues to expand as another new species are continuing to be identified 

with potential to be pathogenic (8, 11, 22). 

NTM infections start to have a high importance due to the rapid increase of incidence in 

individuals with deficient immune system as people with HIV, cystic fibrosis or 

transplanted, although it can affect healthy individuals (20, 47). People with congenital 

disorder including specific deficiencies and genetic mutation, old age, male sex, warm 

climate, solid tumors and hematologic malignancy, cytotoxic chemotherapy or 
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radiotherapy, immunosuppressive therapy, transplantation, intravascular catheters and 

neutropenia are more likely to be infected (48). 

The prevalence of NTM diseases caused by these organisms in general (exemplo: M. 

avium) was reported to be between 1.6 to 1.8 per 100,000 populations in the 1980s, but 

recent studies have reported a higher prevalence of 14.1 per 100,000. Even though, this 

rate may be even greater as more than 70% of NTM cases are underreported, making the 

true incidence still unknown (49, 50). 

Human disease caused NTM is classified into distinct clinical syndromes namely 

pulmonary disease, lymphadenitis, cutaneous disease, and disseminated disease; among 

these, chronic pulmonary disease is the most common localized clinical condition (14, 20, 

21). NTM are an important cause of morbidity and mortality, often in the form of 

progressive lung disease. Despite this, few are known and available on diseases caused 

by NTM in the world (14, 47). The incidence and prevalence variation of NTM across 

different locations may be influenced by environment, genetics and socioeconomics, and 

can differ according the geographic area (47). 

Epidemiologic factors of NTM diseases are particularly important in diagnosis and 

management when compared to other diseases. NTM diseases frequently present at 

various points of disease severity ranging from asymptomatic to critical and at risk of 

death. In many cases, demographic, geographic, and comorbid host factors may 

determine where one falls within this range (48, 50). 

 

4.1 Mycobacterium avium 

 

In the genus Mycobacterium, there are some species of mycobacteria with very close 

relations to each other, which are grouped by complex of species. The most important 

non-tuberculous mycobacterial species complexes are the M. avium complex (MaC), 

which is a group of opportunistic pathogens of major public health concern and capable 

of causing diseases in animals and humans (51-53). MaC is the most common pathogen 

in most areas of the world (54). The M. avium complex includes the species M. avium and 

M. intracellulare. M. avium is the more important pathogen in disseminated disease, 

whereas M. intracellulare is the more common respiratory pathogen (9). 

Within the above-mentioned species, M. avium was proposed as subspecies M. avium 

subspecies avium (Maa), M. avium subspecies silvaticum (Mas), M. avium subspecies 

paratuberculosis (Map) and M. avium subspecies hominissuis (Mah) (55-57). 

These bacteria are commonly found in the environment in water, soil, and biofilms, and 

are infectious when swallowed or inhaled (56, 58). The mode of transmission occurs 

through inhalation, ingestion, or inoculation via the respiratory or gastrointestinal tract. 
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Household or close contacts of those with Maa disease do not appear to be at increased 

risk of disease, and person-to-person transmission is unlikely (59). 

The bacilli of M. avium gets a prominent role, being a clinically important NTM causal 

agent of pulmonary disease in immune-compromised patients, lymphadenitis in small 

children and disseminated disease in patients with acquired immunodeficiency syndrome 

(AIDS) (53, 57). 

The initial symptoms caused by M. avium infection appear in the form of fever, night 

sweats, abdominal pain, diarrhea and weight loss (60, 61). M. paratuberculosis causes 

Johne's disease, an infection of the small intestine in ruminants, and is prime suspects in 

contributing to Crohn's disease, an inflammatory disease of the digestive system in 

humans (56, 61, 62). 

Due to the clinical and histologic similarities between Johne's disease and Crohn's disease 

(chronic granulomatous enteritis) that occurs in humans, it is believed that M. 

paratuberculosis can also be involved in Crohn's disease (51, 60). Crohn's disease is a 

chronic inflammatory degeneration that mainly affects a lower part of the small intestine 

(ileum) and large intestine (colon), however it can affect any part of the gastrointestinal 

tract (60, 61). 

Infection by Mah and Maa can result in (i) disseminated disease in people with impaired 

immune systems, (ii) pneumonia in people with underlying lung diseases and rarely, (iii) 

pneumonia in people who are otherwise healthy, while M. intracellulare causes lung 

disease (53, 56). 

MaC live and replicate in macrophages and cause disease dissemination in 

immunocompromised individuals. In macrophages, MaC thrives in vacuole that acidifies 

but does not fuse with lysosomes. As a host response to help control the disease, many 

macrophages enters in apoptosis 3 to 7 day after the infection (56). MaC is the most 

common cause of clinically significant infections. 

There have been reports in Australia, South Korea, Japan, Thailand, Singapore and 

Taiwan, North America and the United Kingdom (51, 55). Organisms of the MaC are 

ubiquitous in the environment. M. avium is the etiologic agent in >95% of patients with 

AIDS who acquire disseminated MaC disease.  An estimated 7% to 12% of adults have 

been previously infected with MaC although rates of disease vary in different geographic 

locations (59, 62). 

Although epidemiologic associations have been identified, no environmental exposure or 

behavior has been consistently linked to subsequent risk of developing MaC disease (53, 

56). 

Table 4 summarizes the main features and differences of each mycobacterium mentioned 

along the previous sections namely M. tuberculosis, M. leprae and M. avium. 
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Table 4. Main aspects of the three most influent pathogenic species within the Mycobacterium genus. Adapted from (44, 63, 64) 

 Etiological agent 
Main features M. tuberculosis  M. leprae  M. avium  

Morphology Straight or slightly curved bacilli 
Bacilli 0.5-3 μm 

Straight or slightly bent bacilli of 1 
to 8 µm in length and 0.2 to 0.5 µm 
in width 

Frequently coccoids 

Transmission 
Through the environment. A 
person contaminated by coughing 
or sneezing releases bacilli into the 
air. 

Through nasal secretions or skin 
lesions under circumstances such 
as overcrowding, inadequate 
housing and poor hygiene 

Through ingestion/ inhalation of 
water, particles or aerosols, 
(Respiratory tract or intestinal tract). 
Being rare the spread from person 
to person 

Clinical classification  
(bacterial virulence) Strictly pathogenic Strictly pathogenic Potentially pathogenic 

Agent-host relation Facultative intracellular Obligatory intracellular Facultative intracellular 

Target cells 

Macrophages (alveolar) and in the 
reticuloendothelial system; 
Non-classical immune cells 
(epithelial cells, endothelial cells, 
fibroblasts, adipocytes, glia and 
neurons) 

Keratinocytes, Histiocytic and 
Schwann cells 

Cells of the small intestine, mainly 
enterocytes of the terminal ileum. 
Mononuclear cell (monocytes and 
lymphocytes) 

Pathogenic mechanisms 

Intracellular persistence in 
macrophages causes necrotizing 
granulomas that lead to tissue 
destruction in the lung or other 
organs. 

Schwann cells: leads to peripheral 
nerve dysfunction secondary to 
demyelination; 
Reprogramming of Schwann cells 
linked to disseminated disease 

Cells of the small intestine: mainly 
invade enterocytes of the terminal 
ileum. 
In the intestine: it can result in 
gastrointestinal bleeding or 
obstruction. The infection spreads 
through lymphatic vessels into the 
lymph nodes, where phagocytosis 
of bacteria by macrophages occurs 
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5. Conventional treatment 

 

Mycobacterial infections often require treatment with drugs that are not commonly used in 

the treatment of infections caused by other bacteria and often have small therapeutic 

windows (65). 

The treatment of adults infected with M. tuberculosis requires a long period of 6-9 months 

of chemotherapy, with combination of multiple agents to achieve bacterial clearance, to 

reduce the risk of transmission, and to minimize the emergence of drug resistance (66, 67). 

Rifampicin has been the backbone of tuberculosis chemotherapy, and consequently other 

mycobacteria diseases, for 40 years, acting by targeting the beta subunit of RNA 

polymerase, thereby preventing transcription (18). 

The treatment of pulmonary tuberculosis includes an initial phase of 2 months of daily 

administration of a four-drug combination isoniazid, rifampin, pyrazinamide and ethambutol. 

A continuous phase of 4 to 7 months of daily administration of both isoniazid and rifampicin 

is also required (68, 69). These four drugs, together with streptomycin, constitute the first-

line therapy for tuberculosis (67, 70). 

Second-line drug used generally when the treatment with first-line drugs fails or in presence 

of multidrug resistant tuberculosis are rifabutin, ethionamide, amikacin, kanamycin A and 

levofloxacin. The second-line drugs are less effective, more toxic, and more expensive than 

first-line drugs (68, 70). In some cases, more severe drug resistance can occur, responding 

to even fewer available antibiotics, including the most effective second-line anti tuberculosis 

drugs (68). 

In addition to the first-line and second line anti-tuberculosis drugs, there are the third line 

drugs used mainly in the cases of drug resistant tuberculosis as clofazimine, linezolid, 

clarithromycin, among other current in clinical trials (18). Although, the use of these drugs 

often lead to undesired effects, or are costly compared to conventional drugs (18, 68). 

For treatment purposes, WHO classifies leprosy disease in two major groups, based on the 

number of skin lesions dividing patients as having paucibacillary leprosy (< 5 lesions) or 

multibacillary (> 5 lesions) (71). For paucibacillary treatment, the recommendation is to 

administer a monthly dosage of rifampicin, added to daily dosages of dapsone; while for 

multibacillary the multidrug therapy consists in monthly dosages of rifampicin and 

clofazimine, associated with daily dosages of dapsone plus clofazimine. For child treatment, 

the dosages for each drug are adapted. Normally, a fixed-duration treatment of 6 or 12 

months for paucibacillary and multibacillary is used in worldwide, respectively (72). Other 

alternative drugs are ofloxacin, minocycline, and clarithromycin have displayed significant 

activity against M. leprae and are among the drugs used as second-line treatments in 

humans (73-75). 
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Currently recommended treatment regimens and outcomes differ according to the NTM 

species as M. avium, with the most important distinction being that between slow and rapid 

growing NTM, and management is a lengthy complicated process with limited therapeutic 

options (19, 54).  

For slow-growing mycobacterium (e.g., M. tuberculosis and M. leprae), the recommended 

regimen consists of rifampicin (or rifabutin), ethambutol and a macrolide antibiotic and 

during between 18–24 months; amikacin or streptomycin can be added in the initial 3–6 

months in cases of severe disease. For the rapid growers, regimens are primarily based on 

in vitro drug susceptibility test sexually transmitted disease results (19). 

Drug therapy of MaC pulmonary disease in HIV negative patients with anti-tuberculosis 

medications has yielded inconsistent results. The major therapeutic advance in the 

treatment of pulmonary MaC disease was the introduction of the newer macrolides, 

clarithromycin and azithromycin, which have substantial in vitro and clinical activity against 

MaC (9). 

 

6. Treatment limitations 

 

The therapy of mycobacterial infections is challenging for many reasons. Because 

mycobacteria are generally slow to succumb to antimicrobial agents, therapy must be given 

with multiple drugs for prolonged periods of time, making it necessary to monitor for drug 

toxicity, drug interactions, and patient nonadherence (65). 

Natural drug resistance in mycobacteria is related, in large part, to mechanisms that affect 

the content, hydrophobicity and thereby permeability of the lipid-rich cell wall that forms an 

important barrier to the penetration of antimicrobial compounds (19). 

In 2014, multidrug resistant tuberculosis accounted for 3.3% of new tuberculosis cases and 

20% of previously treated cases. Only half of these patients will successfully complete 

treatment (42). Of those patients with outcome data: death (16%), loss to follow-up (16%), 

and treatment failure (10%) are the most common due to weaknesses in current treatment 

regimens, national programs, and operational challenges (42). 

The drug resistance can give occur in mycobacterial through either mutations or horizontal 

gene transfer mediated by phages, plasmids or transposon elements. The increased 

resistance to mycobacterial drugs is caused by the sum of several successive situations as 

indiscriminate drug use and abandonment treatment (for toxicity and for long treatment 

time) (19). 

For example, an inducible mechanism by which mycobacteria can increase their tolerance 

to rifampicin is the RNA polymerase binding protein A (RbpA), which has been 

characterized in M. tuberculosis; this protein binds to the RNA polymerase, where it 
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hampers binding of rifampicin. The impact on regimen efficacy including rifampicin in the 

treatment of NTM diseases remains unknown as the presence of this protein in other 

mycobacteria is still not confirmed (19). 

In the leprosy treatment, the number of dapsone-resistant cases was responsible to the 

introduction of other drugs clofazimine and rifampicin in the therapy. Other limitation to the 

use of dapsone is the toxicity of its major metabolites, which are associated with a set of 

adverse effects called “sulfone syndrome”, characterized as fever, malaise, jaundice, 

exfoliative dermatitis or morbilliform rash, hepatic dysfunction, lymphadenopathy, 

methemoglobinemia, hemolysis, agranulocytosis, and hemolytic anemia (18, 76, 77). 

Regarding NTM, the major limitations for effective therapy are the absence of antimicrobial 

agents with low toxicity and good in vivo activity against the organism. The antibiotics 

regimens are commonly prescribed for treating NTM lung disease is sometimes suboptimal 

(54). Moreover, the multidrug therapy that is applied for MaC diseases commonly lead to 

adverse drug reactions and/or toxicities in relatively high level (9). Most of the first-line anti-

tuberculosis drugs have 10 to 100 times less in vitro activity against MaC isolates than 

against M. tuberculosis (9). Despite their highly pharmacological potential, there are 

limitation of the antimycobacteria drugs is associated with their physicochemical features. 

Their high lipophilic nature makes solubilisation difficult and consequently this fact may lead 

to poor bioavailability, being one of the causes for treatment inefficiency and drug resistance 

(75, 78). Among the antibiotics, the rifamycins, dapsone, clofazimine, and macrolides are 

lipophilic drugs (19), classified as class II drugs, according to the Biopharmaceutical 

Classification System, presenting low solubility (79, 80). 

 

7. Trends in mycobacterial therapy 

 

Nowadays, resistance to antibiotics has been reaching a critical level, hampering the 

application of the major antimicrobial drugs currently used in the clinic (2). This is particular 

relevant for intracellular pathogens as mycobacteria, that have been developing the ability 

to take shelter and persist inside cells, making the infection latent or recurrent (81). The 

intracellular location provides a preferential niche for bacteria because they are protected 

not only from host defenses, but also from antimicrobial therapy (81). 

On the other hand, the activity of antibiotics might also be influenced by factors such as pH, 

enzymatic inactivation, etc. Even if they can diffuse into cells, sometimes display low 

intracellular retention as in the case of fluoroquinolones and macrolides ref. Therefore, the 

subcellular distribution of antibiotics is not uniform, leading to a low intracellular active 

concentration, which is often subtherapeutic, resulting in low effectiveness, highlighting the 

emergence of antibiotic resistance (81). 
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In this context, the resistance of mycobacteria drugs, especially anti-tuberculosis drugs 

have been receiving attention. The high numbers of doses have consequently hard adverse 

effects and the patients end up abandoning the therapy ahead of time, favoring the 

resistance to mycobacteria (79). Adjustment of the administered dosage, aim to reach the 

therapeutic range, which aggravate toxicity and high level of desistence by complete 

treatment. Minimize this effect, controlled the amount of drug for dosage, specific 

vectorization using target are an ideal is the key for treatment success (82). 

The aims of WHO to end the global tuberculosis epidemic, intend to reduce tuberculosis 

deaths by 95% and the incidence rate by 90% between 2015 and 2035 (29). To advance 

to the 2035 goals, it is necessary to ensure the availability of new tools as: a vaccine that 

protects people of all ages who are not yet infected, more accessible and highly sensitive 

diagnostic tests for all forms of tuberculosis that can be implemented at the point of care, 

and more effective and shorter drug treatment regimens (29). 

Several approaches have been used to overcome drawbacks associated, albeit, 

nanotechnology approach present interesting advantages compared to other techniques, 

and seem to have promising strategies as drug delivery systems (80). 

Improvement of therapeutic index of existing mycobacteria-drugs, through the 

encapsulation into nanocarriers systems should be considered to increase drug 

concentration at infected cells, reduce the severe toxic side effects, and decrease treatment 

duration (67, 83). Moreover, it may allow drugs to be targeted and to reach therapeutic 

intracellular levels, due to their sustained release; and prevent undesired interactions and 

drug degradation prior reaching the target tissue or cell. At the same time, drug delivery 

systems improve the physicochemical limitations of drugs, allowing their clinical use or 

administration through more patient-friendly routes. Besides, they can carry different drugs 

in a single formulation, which is extremely useful for mycobacterial regimens that include 

multi-drug administration (84). 

Moreover, they are versatile regarding routes of administration, allowing administration by 

inhalatory route (pulmonary), oral route, topical route and intravenous route (85). Thus, 

nanotechnology has been emerging as an attractive platform for advanced intracellular 

mycobacteria drug therapy.  
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8. Applications of nanotechnology 

 

The nanotechnology is becoming increasingly successful in the development of drug 

delivery systems to overcome challenges found for several drug therapies, through new 

approaches of targeting, new carriers with more quality, safety and efficacy. In addition, 

advances in diagnostics and theranostics have been described (86, 87). 

The nanocarriers may improve the bioavailability of the active pharmaceutical ingredient 

(API), reduce the systemic side effects, protect the API against physical-chemical factors 

and allow its in vivo controlled release (86, 87). 

Treatment of several diseases have made an important progress by the application of drug 

delivery systems (88). Widely used nanocarriers in nanotechnology are (15) lipid 

nanoparticles as liposomes (89), solid lipid nanoparticles (SLNs) (80), nanostructured lipid 

carries (NLCs) (80), and lipid-drug conjugate (LDC) (90); polymeric nanoparticles (91), 

polymeric micelles (92); dendrimers (93); silica nanoparticles (94); metal nanoparticles 

(gold and silver) (95, 96), and other composition as hybrid nanoparticles (15, 97). 

 

8.1. Lipid Nanoparticles 

 

Lipid-based nanoparticles present important advantages as drug delivery systems. Lipids 

are a large group of organic compounds that play a key role in life on Earth. Indeed, lipids 

have several functions including, energy storage in our bodies, being the building blocks of 

cell membranes, playing a key role in different physiological and biochemical processes 

(88, 98, 99). The most common lipid nanoparticles (LNP) are liposomes (100), SLNs (80) 

and NLCs (80). 

 

8.2. Solid lipid nanoparticles and nanostructure lipid carriers 

 

SLNs and NLCs are colloidal lipid systems (101). These nanoparticles generally have sizes 

in the nanometer range, approximately between 50 nm to 1000 nm (102, 103) and are 

based on solid lipids, however they can be distinguished by their inner structure (103). 

The SLNs are the first generation of lipid nanoparticles. SLNs have in their composition 

solid lipids or a blend of solid lipids (room and body temperature), thus making the lipid 

matrix more compacted, when dispersed in an aqueous phase of surfactant solution the 

stabilizing agent (104, 105). 

The NLCs are the second generation of lipid nanoparticles. They have a similar composition 

to SLNs, but in addition they have a phase composed of liquid oil, added on the solid lipid. 

The same liquid lipid present in solid form at room and body temperature (104, 105). 
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Several methods for SLNs and NLCs production are widely described in the literature, and 

can be divided into different form, according to (i) the energy involved (high or low), (ii) 

temperature (cold or hot), and (iii) the presence or absence of organic solvents (88, 101). 

The methods mostly quoted in the literature are high-pressure homogenization (hot or cold 

homogenization), spray drying, microwave, ultrasonication (hot or cold homogenization), 

double emulsion (w/o/w), nanoprecipitation, solvent emulsification (evaporation) or solvent 

diffusion (emulsification) (5, 88, 106-108). 

The selection of the method depends on the properties of the drug, such as its temperature 

stability, volatility, solubility, and molecular weight (109). These properties are determinant 

for localization the drug in lipid matrix (Figure 4). 

 

 
Figure 4. Models of drug incorporation in SLNs (A, B and C) and NLCs (D, E and F). 

 

Figure 4 represent the models generally proposed to explain the incorporation of drugs into 

SLNs are: (A) homogeneous matrix of solid solution, (B) the core (drug-free) with drug-

enriched shell (middle) and (C) drug-enriched core with lipid shell (lower) (88). In the case 

of NLCs the models proposed are: (D) highly imperfect matrix, (E) multiple oil phase type, 

(F) non-crystalline amorphous (110). 

The advantages and disadvantages of SLNs and NLCs are commonly reported. These 

nanocarriers have several advantages, including (i) the use of biodegradable lipids and/or 

excipients of physiological origin (with a low cytotoxicity), (ii) can be used as a drug 

controlled release systems, (iii) allow the encapsulation of lipophilic and hydrophilic drugs, 

SLNs

NLCs
Imperfect Type Multiple type Amorphous Type  

Solid solution Drug shell Drug core
A B C

D E F
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(iv) provide drug protection and physical-chemical stability, (v) are easy to obtain, (vi) 

increase the bioavailability of the encapsulated active compound, (vii) have a low-cost 

production with high reproducibility, and (viii) can be lyophilized and sterilized (111-118). 

The SLNs and NLCs can be administrated by different routes, such as oral (119, 120), 

pulmonary (121, 122), topical (123, 124), rectal (125), ophthalmic (126) and parenteral (127, 

128) routes. However, each route has its own characteristics. For example, in the oral route 

the nanoparticles will contact with different pH values from administration to absorption, 

suffering the first-pass metabolism (98). The pulmonary pathway has many obstacles, such 

as the mucus barrier and the ciliary epithelium that expel antigens (104). 

In the last years, an increase of the number of nanocarriers for encapsulating drugs was 

observed aiming to improve their therapeutic index. However, some of these nanocarriers 

can have important limitations, such as lack of specificity (129). To overcome this, SLNs 

and NLCs can be modified with the addition of ligands, being the vectorization strategy a 

promising alternative to directly delivery the drugs inside the target cells (130). 

 

9. Utilization of nanoparticles in the treatment of mycobacteria 

 

Several studies on the treatment of mycobacteria with nanocarriers are gaining importance 

in the last years. These nanocarriers have as main limitations the low length of bloodstream 

circulation and the low specificity to the target tissue (129, 131-133).  

The use of SLNs and NLCs exploiting different strategies, such as the passive targeting, 

the active targeting and the triggering may overcome problems related with drugs and 

therapies (131-133). In this context, lipid nanoparticles become multifunctional, capable of 

being versatile, efficient and capable of delivering therapeutic concentrations of drugs with 

greater specificity and with the potential to improve the treatment of infections caused by 

M. tuberculosis, M. leprae and M. avium (130). 

Although considerable effort be made to develop new vaccines (135, 136), the best form to 

control the M. tuberculosis is the vaccine Bacillus Calmette-Guerin (BCG) (134).  

The vaccination is administrated as preventive form, however, even so can be infected by 

M. Tuberculosis, because them are agent strictly pathogenic, easy transmission and 

immunologic opportunist (1, 49, 136-137). For this reason, new strategies are necessity for 

combat with efficiency not only the M. tuberculosis, but the other species (M. leprae and M. 

avium). 

 

9.1. Target strategies for mycobacterial infection diseases 
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The term targeted drug delivery is used to denominate specific interaction between a drug 

and its receptor at the molecular level, independent of the method and route of 

administration (138). Effective drug delivery systems require some specifications, such as 

retention, targeting and release. In other words, drug delivery systems must remain in the 

circulation to reach the intended places of the body, allow retention in the desired tissues 

through specific interactions and release the drug at the desired site over a period that 

allows the efficacy of the therapy (138). 

Several parameters are determinant for the efficacy of the targeting. These factors are close 

related with the selected route of administration and the characteristics of the disease. In 

general, key factors include the diameter of the nanoparticles, the superficial charge, the 

ability to overcome as physiological barriers and the affinity of the ligand to the target (139). 

 

9.1.1. Macrophages as target 

 

The main characteristic of M. tuberculosis and M. avium infection is the bacteria intracellular 

replication primarily in mononuclear cell (monocytes and lymphocytes), and then in 

macrophages, keratinocytes, histiocytic and Schwann cells (24). Thus, exploiting the active 

target through the use of ligands on the surfaces of SLNs and NLCs aiming to directly target 

the drug inside the infected cells is a very promising strategy (140, 141). 

Alveolar macrophages infected with M. tuberculosis or M. avium present on the surface 

mannose receptors (MR) or lectin receptors (LR) (142). Thus, adding mannose in surface 

of SLNs and NLCs promotes a higher affinity to these receptors of sugars. The binding 

between mannose and lectin receptor (142), facilitates the entry of the nanoparticles inside 

the alveolar macrophages and consequently the release of the drug in the same place 

where the bacilli is located (80). The use of mannose as ligand can be a promising strategy 

for the vectorization of the nanoparticles to the alveolar macrophages using the pulmonary 

route of administration (80). 

Local lung therapy associated with the delivery of the drugs direct to the alveolar 

macrophages may have a favorable risk-to-benefit outcome in patients with pulmonary 

tuberculosis as it offers high drug concentrations at target site, rapid clinical response and 

reduced systemic adverse effects (28). 

9.1.2. M-cells as target 

 

The oral route is the most commonly employed route of drugs administration since it is a 

non-invasive route of administration. Oral route in comparison with other administrations 

routes (e.g., parenteric) have a higher effective cost, lower sterility constraints and is more 

flexible in the design of the dosage form (79). 
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The intestinal mucosa plays an effective role as a physical barrier of the Gastrointestinal 

tract, allowing selective absorption of nutrients, electrolytes, and fluids and at the same time 

protects the host from environmental pathogens (80, 143). 

The protective role of the intestinal epithelium is mainly due to the presence of organized 

immune-inductive tissues namely, the Peyer’s patches (PP) (144). This epithelium is 

characterized by the presence of microfold cells (M-cells), which take up the antigens and 

microorganisms from the intestinal lumen to the underlying immune system of mucosa (80, 

145).  

The M-cells have unique morphological features, as the presence of a reduced glycocalyx, 

small cytoplasm, irregular brush border and reduced microvilli. Furthermore, in contrast to 

the enterocytes, M-cells are highly specialized for the phagocytosis and transcytosis of gut 

lumen macromolecules, particulate antigens and pathogenic or commensal 

microorganisms across epithelium (144, 146). After to passing by M-Cells, inside the PP, 

the several cell populations can be found, namely lymphocytes, mononuclear phagocytes, 

a heterogeneous population of macrophages, and classical dendritic cells that and a more 

direct contact with lymphatic and blood vessels (144, 147). 

Moreover, M-cells may be exploited by some pathogenic microorganisms, such 

as Salmonella, Yersinia, Typhimurium (Salmonella typhimurium), Mycobacterium sp. (M. 

Avium, M. leprae), and retrovirus, as a portal for the host organism, too can mediate 

infection by bacteria such as Staphylococcus aureus, Streptococcus pyogenes and Bacillus 

anthracis (146, 148, 149). 

A specific targeting effect can be achieved by attaching specific ligands as carbohydrate 

(lecithin receptor), the protein Claudin 4 (150), Imunoglobulins IgA ang IgG (151) the 

surface of NPs, to target the receptors that are expressed at the apical region of M-cells 

(146, 147). It becomes a promising strategy to arrive faster at the site of the infection and 

release the drug to eliminate the microorganisms and allow the drug to directly diffuse 

through the lymphatic and circulatory systems (144, 146, 147). 
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9.1.3. Mucoadhesion as strategy 

 

The Mucus is a viscoelastic and adhesive gel that protects the lung airways, gastrointestinal 

(GI) tract, female reproductive tract, nose, eye and other mucosal surfaces (152). 

The pulmonary route allows a direct form to contact with infect macrophages. This route 

presents several advantages as patient compliance for M. tuberculosis and M. avium 

treatment, decrease the systemic effect, exhert local action (80). The first barrier that must 

be crossed is the mucus bilayer, which covers and protects the epithelium. Mucoadhesive 

nanoparticles, particularly positively charged have been designed to promote strong 

interactions with the pulmonary mucus and prolong the retention time of nanoparticles at 

the mucosal surface (153). 

To overcome the pulmonary barrier and ensure the close contact of NPs with the lung 

environment and a greater interaction with mucus and in reaching the infected 

macrophages, some alternatives must be applied. Parameters, such as the diameter, the 

composition and coatings of NPs can be modified according to the desired goals. The 

bioadhesion may be achieved through the use of reagents that bind either to mucus 

(mucoadhesins) or to the apical surfaces of the cells. 

NPs properties determine their deposition within the lung, the interactions with mucus or 

the pulmonary surfactant. Pulmonary mucus with glycosylated oligosaccharides represent 

40–80% of the mucin mass. Since the glycosylated regions of mucin have negative charges, 

mucus can bind to positively charged particles with high affinity (152). The NPs with surface 

modified with chitosan can be used to improve mucoadhesion, increase the time of 

permanence on the pulmonary mucosa (154), and also to improve drug delivery to the AMs.  

The oral route can be used for combat the Mycobacterium, which have been shown to 

specifically attach to and pass through M-cells without modifications or died M-cells (155). 

When pass through the M-Cell barrier, in basolateral pocket region, are attacked by 

mononuclear phagocyte cell as monocytes, macrophages and lymphocytes containing a 

mononuclear phagocyte and B lymphocytes (156, 157). In spite of macrophages some 

pathogens can survive and start the proliferation and they become targeted. NPs coated 

with chitosan can too be a mechanism high time permanency for pass by M-cell and 

enterocyte for interaction with infect macrophages (155, 156, 158). 

The chitosan is a biocompatible and mucoadhesive polymer that avoid mucociliary 

clearance from the airways, when NPs are coated. (159). In addition, chitosan is known for 

its activity against a wide range of microorganisms, including pathogens or administration 

of vaccines (160). NPs can be coated with chitosan by adsorption or association since 

chitosan have positive charge due to the protonated amino groups and for that reason can 

be adsorbed onto the negatively charged surface through the electrostatic interactions (161, 
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162), and as have the advantage to act as a mucoadhesive, as it may enhance the 

residence time of drug substances in the Peyer's patches (PP) or increase level penetring 

(149). 

In addition, NPs can be develop to be comprised in the optimal mean aerodynamic diameter 

range for deposition in the lower airways and to be phagocytized by the pulmonary 

macrophages, using the passive targeting based in the natural propensity of macrophages 

to engulf the nanoparticles (163). 

 

10. Concluding remarks 

 

Several efforts have been done in the last decades for a more effective treatment for M. 

tuberculosis, M. leprae and M. avium infectious. However, the improvement remains a great 

challenge, due to the long-term multidrug treatment required and the associated side 

effects. The oral route is the main route of administration of drug and the most used in 

classical therapy mycobacterial. The arises need of development of new strategy of 

targeted, for overcome the classical treatment of drug delivery. The useful of these 

nanocarriers systems in the clinic remains to be demonstrated, and will probably depend 

on the design of biosafety and cost-effective formulations that address different limitations 

of classical pharmacotherapies. Technologies involving the use of LNPs seem to offer a 

suitable economic solution for the pulmonary administration of anti-tuberculosis drugs. 

In conclusion, the pursuit of lipid nanoparticles with higher specificity to target the infected 

cells may improve M. tuberculosis, M. leprae and M. avium infection treatments. Indeed, 

the above-discussed results are very promising, and should inspire new research for new 

approaches, new routes of administration to have a more specificity, quality and safety in 

the treatment with an overall gaining of patients quality of life, reducing the side effects and 

the short the of treatment. 
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Chapter III 

Methods 

 

The chapter III will focus on the techniques used in this work for 

the development and characterization of the lipid nanoparticles 
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1. Methods 

 

1.1. Screening study  

 

The screening study is the name given to all the experiments carried out before the 

beginning of the preformulation of lipid nanoparticles (LNPs). This approach is a key to 

avoid unexpected events during and after the process of development. The screening study 

can be made with tests with low specificity and without specific equipment (1, 2). Visually it 

is possible to check the solubility of the drug in different lipids and the compatibility between 

lipids and surfactants. Specific assays for the application of thermal analyses are the most 

common for solubility analyses of hydrophobic drugs in lipids or lipid mixtures, excipient-

excipient compatibility and drug-excipient compatibility tests (1, 2). 

 

1.2. Experimental design 

 

Experimental design is the methodology used to systematically conduct and plan 

experiments, aiming to extract the maximum amount of information with the lowest number 

of analyses (3, 4). To start an experimental design, it is necessary and important to select 

the variables that will be investigated. The variables that should be investigated are the 

ones that can be changed independent of each other (independent variables) within the 

experimental domain. Experimental domain describes the experimental field that must be 

investigated and can be defined by the minimum and maximum limits of the experimental 

variables studied, also called levels (5). When the experimental variables and the responses 

have been defined, the experiments can be planned and performed in such a way that a 

maximum of information is gained from a minimum of experiments (6). The type of design 

is chosen depending on the proposed model and the objectives of the study, which may be 

screening, factor influence, optimization, among others (6, 7). For the development of this 

work, a Box–Behnken design (BBD) was chosen. The BBD has three or more levels and 

can be applied to problems, having three or more factors (8) [67]. In BBD, the designs are 

more efficient and economic, mainly for many variables (5, 9). The construction of this 

design requires that all factor levels should be adjusted only at three levels with equally 

spaced intervals between these levels (5, 9). The BBD can provide in response, the 

response surface methodology (RSM) (5). The RSM is a collection of mathematical and 

statistical techniques, and bring forth 2D and 3D images that must help to better understand 

the behavior of experimental collection, aiming to make statistical previsions. The RSM is 

useful when a response or a set of responses of interest are influenced by several variables, 
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and allows to simultaneously optimize the levels of these variables to achieve the best 

system performance (5). 

 

1.3. Method for lipid nanoparticles production 

 

The SLNs and NLCs have some advantage as incorporate hydrophobic and hydrophilic 

drugs (1, 2, 10, 11), controlled drug release, provide physical-chemical stability, and 

economic preparation (10-13). Because that have been several production methodologies 

of SLNs and NLCs are describe in literature as High pressure homogenization (14, 15), 

spray drying (16, 17), double emulsion (solvent evaporate) (18, 19) and as techniques used 

in this thesis as the Ultra-Turrax fowling ultrasonication (20) and hot ultrasonication method 

(21). 

 

1.3.1. Ultra-Turrax following ultrasonication 

 

For these thesis, the drugs used are hydrophobic because that were add lipid phase. 

The lipids were heated above the lipid melting point. The aqueous phase in the same 

temperature was add a lipid phase. The hot pre-emulsion is formed with an aqueous 

solution by high shear homogenization, under a time and speed of rotation using an Ultra-

Turrax to the formation of a micro-emulsion. Immediately, this micro-emulsion is converted 

into the nano-emulsion with utilization of ultrasonic probe (untrasonication), under a certain 

time and power. In the end, the lipid nanoparticles are transferred for a sterile recipient and 

hermetically sealed, leading to recrystallization of lipid during cooling in environment 

temperature (Figure 1) (20). 

 

 
Figure 1. Scheme representation of solid lipid nanoparticles and nanostructure lipid 

carries produced by Ultra-Turrax following by ultrasonication 

1.3.2. Hot ultrasonication 
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This method of producing SLNs and NLCs is very with similar previous method (1.3.1.). In 

the recipient, the lipids are heated to approximately above the lipid melting point. The 

aqueous phase, at the same temperature, was add to the lipid phase. 

The pre-emulsion was transferred to the ultrasonic probe (hot ultrasonication) are formed 

as lipid nanoparticles (ultrasonics), under a time and power conditions. In the end, the SLNs 

and NLCs formulation can be cooling in ice bath with agitation, leading to fast 

recrystallization fast of lipid during cooling. After that, the developed lipid nanoparticles are 

transfer to a recipient sterile and hermetically sealed, figure 2 (21-27). 

 
Figure 2. Scheme representation of solid lipid nanoparticles and nanostructure lipid 

carries production by ultrasonication with bath ice. 

 

1.4. Lipid Nanoparticle characterization 

 

The lipid nanoparticles (SLNs and NLCs) are generally characterized by several different 

techniques that allow characterizing the nanoparticles in detail. These nanometrics colloids 

are complexes systems. Simply, a single characterization technique is not conclusive, but 

a combination of them will give a more concrete and coherent result. Numerous parameters 

need to be considered to assess the lipid nanoparticles, such as diameter, polydispersity 

index, zeta potential, efficiency of encapsulation, loading capacity, in vitro release studies, 

morphology, lyophilization process, lipid structure by thermals analysis (differential 

scanning calorimetry), Fourier transform infrared spectroscopy, storage evaluation, cell 

studies (cell viability, permeation, uptake and internalization routes), among others. 
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1.4.1. Diameter and polydispersity index 

 

There are several physical properties associated with lipid nanoparticles, such as diameter 

and dispersion that must be characterized. Dynamic light scattering (DLS) was the 

technique chosen to measure the size/diameter of lipid nanoparticles (SLNs and NLCs) (2, 

28). The DLS consist of determination of the diameter of micro and nanoparticles (20, 21). 

DLS is based in a laser beam that illuminates the sample, which consists of a 

dispersion/suspension of particles, contained in the apparatus cell. A lens collects the light 

scattered from these particles and the detector measures its fluctuation in intensity (29). 

The fluctuations in light scattered are caused by the random Brownian motion of the 

particles and those fluctuations could be faster in case of small particles or slower occurring 

over a longer time scale in case of big particles (2, 28). The polydispersity index (PDI) can 

be determinate using the same equipment. The PDI describes the distribution width of the 

nanoparticles diameter. The range varies from 0 to 1, where 0 corresponds to homogenous 

monodisperse sample and 1 indicates a very large diameter distribution (19). In the 

literature, samples with a PDI less than 0.3 are considered homogenous, indicating a 

narrow diameter distribution of the nanoparticles (30). 

 

1.4.2. Zeta potential (ZP) 

 

The ZP is an important physical parameter to understand electrostatic dispersion stability 

and it is a measurement of the surface charge (31). There is an electrical double layer 

constituted by the charged surface and the counter-ions distributed in a diffuse way in the 

aqueous medium (19, 32). To the measurement of the zeta potential, the particles are 

placed in an electric field, being the charged particles in suspension attracted towards the 

electrode of the opposite charge. The electrostatic stabilization particles have sufficiently 

high repulsion to resist to aggregation. It is dependent upon the pH, ionic strength or 

concentration of the component. The ZP gives indication of the long-term stability of lipid 

nanoparticles and predicts interaction between the nanoparticles and cellular membranes 

that can occur due to electrostatic interaction. Therefore, nanoparticles are stable by 

electrostatic repulsion if they have an absolute value of zeta potential higher than ± 30 mV 

(28, 33). 
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1.1.1. Fourier transform infrared (FTIR) spectroscopy 

 

The FTIR is an important technique of characterization of materials, being very used in the 

identification of the chemical nature of several types of materials, such as lipid nanoparticles 

(SLNs and NLCs). The technique measures the vibrational frequency of specific chemical 

bonds in the infrared region medium (4000 to 400 cm-1). Basically, there are two types of 

molecular vibrations, namely axial (stretch) and angular (34, 35). These vibrations are the 

nature of the normal vibration and may or may not be modified and when unaltered or 

altered, it is called symmetrical and asymmetrical, respectively (28, 36). The FTIR analyses 

was used for identify functional groups in bulk material, bond formation, presence of specific 

ligands on the nanoparticles surface, study phases of polymorph stability of the drugs after 

preparation, assessment of chemical interactions between drugs, excipients or excipients-

drug. 

 

1.1.2. Differential Scanning Calorimetry (DSC) 

 

The DSC is a thermoanalytical technique used to investigate the physical and energetic 

properties states of materials, such as lipid nanoparticles (SLNs and NLCs).  In general, 

DSC is used for studying thermal transitions occurring during heating under an inert 

atmosphere. Thermal events, such as the physical state, melting, recrystallization, 

desolvation, decomposition and glass transitions can be determined (35, 37). The DSC 

thermal analytical technique measures how physical properties of a sample change along 

with temperature against time, allowing measuring the heat capacity of a substance and the 

enthalpy variation, ΔH, calculated from the area under the transition peak (38). During a 

change in temperature, DSC measures a heat quantity, which is radiated or absorbed 

(exothermic or endothermic, respectively) by the sample based on a temperature difference 

(38). The thermograms are obtained by specific equipment when samples contained in pans 

are heated in a regulated scan on constant discs compared to references. Additionally, 

quantitative mixture analysis can be performed. It also may allow the measurement of heat 

capacities and the characterization of reversible/non-reversible thermal transitions (35, 37, 

39). In this thesis, DSC measurements were performed to assess physical state of drug 

after production of either lipid nanoparticles (SLNs and NLCs), identify potential chemical 

interactions between the drug and other constituents of the formulation. The DSC was also 

used in pre-formulation studies to verify the level of porosity the formulation, in presence 

and absence of ligand or another constituent. 

 

1.1.3. Transmission electronic microscopy (TEM) 
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TEM is a microscopic technique used to obtain images of the particles on a nanometer to 

micrometer scale. The electrons are emitted in the electron gun and focused by a 

condenser-lens system onto the nanoparticles. The operation requires an ultra-high 

vacuum and high voltage. Briefly, the SLNs and NLCs were in grip, treated with uranyl 

acetate in few minutes and observed. The TEM microscopy is based on the observation of 

thin real image samples obtained by the passage of a radiation beam projected in a 

fluorescent screen (34). 

 

1.1.4. UV-Vis spectrophotometry for drug quantification 

 

The UV-Vis spectrophotometry technique was applied to quantify the selected drugs in the 

developed drug delivery systems and to estimate the encapsulation efficiency and loading 

capacity in lipid nanoparticles formulations. The simple linear relationship between 

absorbance and concentration and the simplicity in measurement ultraviolet-visible (UV-

Vis) light made UV-Vis spectroscopy the basis for several quantitative analytical methods 

(40). The method consists in a certain amount of light absorbed that is proportional to the 

number of absorbing molecules through which the light passes and may be expressed 

either by transmittance or absorbance (40). 

 

1.1.4.1. Efficiency encapsulation (EE) and Loading capacity (LC) 

 

The EE and LC was determined indirectly (41) after separation of lipid nanoparticles (SLNs 

and NLCs) from the aqueous medium containing non-associated drug. The 

nanosuspension were dilute for achieve sink conditions. In this technique, nanoparticles are 

retained in the ultrafiltration membrane, while the drug and vehicle cross the membrane 

during centrifugation (20, 21). The EE and LC was determined second the equation 1 and 

2, respectively. 

 

!!(%) =
	'()*	+,+-+./	– '()*	(12341(15	

'()*	+,+-+./
6100																																							(1) 

9:	(%) =
	'()*	+,+-+./	– '()*	(12341(15	

;3-./	.<3),-	3=	/+>+5
6100																																								(2) 
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1.1.5. Storage evaluation 

 

The storage evaluation of the nanoparticles is a key factor to understand the physical-

chemical variations of the particles during time. Factors, such as temperature, time, pH, 

expulsion of the drug, surface charge, drug degradation, excipients compatibility, and others 

can modify the characteristics of the nanoparticles. Therefore, after production of the lipid 

nanoparticles (SLNs and NLCs), the nanoparticles in suspension or after the lyophilization 

were stored at room temperature. The stability of suspensions and powders were monitored 

over time for diameter, PDI and zeta potential (21). 

 

1.1.6. In vitro studies 

 

1.1.6.1. Drug release profile 

 

The drug in vitro release studies are commonly performed by cellulose dialysis bag diffusion 

technique with an appropriate medium that simulates several different biological conditions, 

such as the gastrointestinal and the pulmonary tract in vitro conditions. In the dialysis, the 

lipid nanoparticles loaded with drug are placed inside a dialysis bag with a specific 

molecular weight cutoff, filter and the drug molecules released diffuse out of the bag into a 

specific buffer, under controlled rotation and temperature and at regular times, aliquots are 

collected and replaced by fresh medium to maintain the sink conditions. The quantification 

can be performed by spectrophotometric detection. 

 

1.1.6.2. Mucoadhesion assay 

 

Mucoadhesive drug delivery systems, particularly positively charged nanoparticles have 

been designed to promote strong interactions with the mucus and prolong the retention time 

of nanoparticles at the mucosal surface (42, 43). The mucus represents 40–80% of the 

mucin mass and inside the glycosylated regions of mucin exist negative charges (42, 43). 

The mucin in buffer and the lipid nanoparticles were mixed and incubated at 37 °C with 

continuous stirring with predetermined times of 1, 2, 3 and 4 hours. The mucoadhesion of 

lipid nanoparticles (SLNs and NLCs) were measured by UV-VIS spectrophotometer and 

zeta potential. 
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1.1.7. Cell studies 

 

For the cell studies, different cell lines as A549, Caco-2, HT29-MTX and THP1 were used. 

The A549 cell line represents pulmonary tissue (44), while the Caco-2 and HT29-MTX 

represents intestine tissues (45). The THP1 cells were differentiated in macrophages, 

aiming to obtain representative cells from phagocytic systems to be used in cell viability 

studies and uptake process (46). 

 
1.1.7.1. Cell viability 

 

Generally, to assess the biocompatibility of lipid nanoparticles it is very common to perform 

viability studies using cell lines. Cell viability studies were conducted to assess the 

citotoxicity of lipid nanoparticles, using different cell lines representative of the 

gastrointestinal tract, namely Caco-2 and HT29-MTX, while A549 cell line represents 

pulmonary tissue and THP1 differentiated macrophages were used as representative of the 

phagocytic system (20, 47, 48). The cellular viability was assessed by a colorimetric assay 

that measures the activity of cellular enzymes (mitochondrial) through the reduction of the 

thiazolyl blue tetrazolium bromide (MTT) substrate to formazan, resulting in a dark purple 

color which is spectrophotometrically quantified (49). 

 

1.1.7.2. Permeation studies 

 

The use of lipid nanoparticles to delivery drugs directly to a target cell site is more effective, 

being essential as a first step to understand the distinct endocytic mechanisms that a 

specific lipid attached to the nanoparticles use to enter the target cells. Permeability studies 

are important for simulating the mechanism of lipid nanoparticles transport through 

biological barriers, such as pulmonary barrier. These experiments are performed on 

transwell cell monolayers by seeding cells into membrane inserts. When cells reach 

adequate confluence (which depends on cell type), the integrity of monolayers can be 

assessed by measuring transepithelial electrical resistance (TEER) with a voltmeter. 

Permeability assays are performed in A549 cell monolayers, incubating nanoparticles on 

the apical side of the monolayer and collecting aliquots from the basolateral side at regular 

times (50). Drug quantification was performed by spectrophotometric detection. 
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1.1.7.3. Uptake and internalization routes  

 

Phagocytosis is restricted to specialized cells, such as neutrophils, monocytes and 

macrophages (51). These cells engulf and digest cellular debris and pathogens, being 

essential to keep the immune system healthy. The uptake of lipid nanoparticles was 

evaluated using THP1 differentiated macrophages, to unravel the characteristics of this 

transport system related to intracellular drug delivery (52, 53). Cellular uptake kinetics was 

assessed by intracellular fluorescence over an incubation period using flow cytometry. The 

knowledge of the mechanisms of internalization of the developed nanoparticles in tissues 

is of the utmost importance. The passive and active transport were evaluated through 

temperature (4 ºC) and sodium azide (54). To study the endocytic pathways mechanisms 

involved in the active NPs internalization process, cells were pre-incubated with three 

pharmacological pathway inhibitors, namely chlorpromazine and filipin, respectively for 

clathrin and caveolae dependent endocytosis, and cytochalasin D for macropinocytosis (55-

58). The control cells were incubated with no inhibitor at 37° C. 
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Chapter IV 

Scientific progress beyond the 

theoretical background 
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Abstract: The aim of the present work was to develop and optimize surface-functionalized 

solid lipid nanoparticles (SLNs) for improvement of the therapeutic index of dapsone (DAP), 

with the application of a design of experiments. The formulation was designed to target 

intestinal microfold (M-cells) as a strategy to increase internalization of the drug by the 

infected macrophages. DAP-loaded SLNs and mannosylated SLNs (M-SLNs) were 

successfully developed by hot ultrasonication method employing a three-level, three-factor 

Box–Behnken design, after the preformulation study was carried out with different lipids. All 

the formulations were systematically characterized regarding their diameter, polydispersity 

index (PDI), zeta potential (ZP), entrapment efficiency, and loading capacity. They were 

also subjected to morphological studies using transmission electron microscopy, in vitro 

release study, infrared analysis (Fourier transform infrared spectroscopy), calorimetry 

studies (differential scanning calorimetry), and stability studies. The diameter of SLNs, 

SLNs-DAP, M-SLNs, and M-SLNs-DAP was approximately 300 nm and the obtained PDI 

was <0.2, confirming uniform populations. Entrapment efficiency and loading capacity were 

approximately 50% and 12%, respectively. Transmission electron microscopy showed 

spherical shape and nonaggregated nanoparticles. Fourier transform infrared spectroscopy 

was used to confirm the success of mannose coating process through Schiff’s base 

formation. The variation of the ZP between uncoated (approximately –30 mV) and 

mannosylated formulations (approximately +60 mV) also confirmed the successful coating 
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process. A decrease in the enthalpy and broadening of the lipid melting peaks of the 

differential scanning calorimetry thermograms are consistent with the nanostructure of the 

SLNs. Moreover, the drug release was pH-sensitive, with a faster drug release at acidic pH 

than at neutral pH. Storage stability for the formulations for at least 8 weeks is expected, 

since they maintain the original characteristics of diameter, PDI, and ZP. These results pose 

a strong argument that the developed formulations can be explored as a promising carrier 

for treating leprosy with an innovative approach to target DAP directly to M-cells. 

 

Keywords: Box–Behnken design, leprosy, drug delivery, targeting, oral route, solid lipid 

nanoparticle 
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1. Introduction 

 

The oral route is still considered the most convenient and safest route of drug administration 

with higher patient compliance, lesser complications, and lower cost, in comparison with 

parenteral drug delivery (1–5). Besides all the advantages of the oral route, factors like low 

aqueous solubility of drugs, limited gastrointestinal (GI) absorption, rapid metabolism of 

drug, and low mucosal permeability play a major role in the disappointing in vivo results (5–

8). The intestinal mucosa plays an effective role as a physical barrier that covers the 

surfaces of the GI tract, allowing selective absorption of nutrients, electrolytes, and fluids, 

at the same time protecting the host from environmental pathogens (1,4,7,9). The first 

barrier encountered by such drugs is the mucus layer, which functions as a diffusional and 

enzymatic barrier (10). After oral administration, a drug must infiltrate through the unstirred 

layer of mucus before reaching the surface of the intestinal epithelium, the second barrier 

(9). The protective role of the intestinal epithelium is mainly due to the presence of 

organized immune-inductive tissues, namely, the Peyer’s patches (PP), which can trigger 

immune responses after antigenic stimulation (11).This epithelium is characterized by the 

presence of microfold cells (M-cells), which take up the antigens and microorganisms 

derived from the intestinal lumen and then deliver them to the underlying immune system 

of mucosa (9, 10). Following their transcytosis across the follicle-associated epithelia of PP, 

the antigens move to the intraepithelial pocket beneath the M-cell basolateral membrane, 

which contains several populations of lymphocytes and mononuclear phagocytes, a 

heterogeneous population of macrophages, and classical dendritic cells (12). These unique 

features make M-cells attractive targets for oral drug and vaccine delivery studies (11). 

Many attempts have been made to deliver nonspecific and specific drugs targeting 

specialized M-cells (13). A specific targeting effect can be achieved by attaching specific 

ligands on the surface of drug delivery systems, in order to target the receptors that are 

expressed at the apical region of M-cells (10). Significant advances have been made in 

identifying “M-cell–specific surface marker” receptors (12), although the most investigated 

family of M-cell targeting molecules is the C-type lectins. Among the C-type lectin receptors, 

there are some prototypes that recognize specific carbohydrates and certain endogenous 

glycoproteins, including mannose (10,14–16). Once recognized by mannose receptors, the 

M-cells increase the uptake process (15,17). Besides its specific conjugation with the C-

type lectin receptors, mannose has the additional advantage to act as a mucoadhesive, as 

it may enhance the residence time of drug substances in the gut (18,19). In this context, 

mannosylated nanocarriers obtained by the decoration of particulates with mannose or its 

derivatives have been considered promising non-live vectors (4,10,13,20). 
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Moreover, M-cells may be exploited by some pathogenic microorganisms, such as 

Salmonella, Yersinia, Typhimurium (Salmonella typhimurium), Mycobacterium sp., and 

retrovirus, as a portal for the host organism (11, 12, 21). M. leprae is an intracellular 

pathogen and the endocytic/phagocytic pathway may represent an interesting approach to 

allow targeted drug delivery intracellularly. In this context, M. leprae is the causative agent 

of leprosy, a chronic infectious disease (8, 22). M. leprae is phagocytized by numerous cell 

types; monocyte-derived macrophages are one of the most abundant host cells to come in 

contact with the mycobacteria (23). The backbone of current treatment of leprosy is a 

multidrug therapy consisting of dapsone (DAP), clofazimine, and rifampicin as first-line 

drugs (24, 25). Although multidrug therapy shows good effectiveness, many patients 

experience reactive episodes, potentially serious events that may occur during or after 

treatment (26); for example, hemolytic anemia, hepatitis, and agranulocytosis are more 

frequently reported during DAP treatment (27). Despite its therapeutic potential, DAP’s low 

solubility was found to result in a low therapeutic index and high microbial resistance (8). 

Hence, some efforts have been made to improve the treatment efficacy and reduce the 

duration of treatment (27). 

Several studies have reported on the use of mannose coating of different nanocarriers such 

as liposomes (28,29), dendrimers (30–32), nanoemulsions (33), nanogels (34), solid lipid 

nanoparticles (SLNs) (35) and nanostructured lipid carriers (36) to target specific cells 

containing mannose receptors, although some studies have reported on the use of this 

sugar to target the mannose receptors present on M-cell surface to enhance cellular uptake 

(13,18). This transport is performed by fluid-phase or receptor-mediated endocytosis, 

wherein the content is transported in vesicles across the cytoplasm and suffers exocytosis 

in the basolateral membrane (11). On the other hand, it reaches the underlying lymphoid 

tissues and the content may be transported to the mesenteric lymph nodes and may reach 

the systemic circulation through lymphatic vessels (11). In addition, glycoconjugates similar 

to the mannose residues present have been found to promote a high interaction with 

mucosa tissue of the GI tract (17,37). It has previously been described that nanoparticles 

decorated with D-mannosamine may enhance the absorption of the particles within PP, in 

particular, on the M-cells by specific interaction with mannose receptors by receptor-

mediated endocytosis on the M-cells’ apical membranes (13,18). 

SLNs are one of the most promising particulate delivery systems to improve the oral 

bioavailability of hydrophobic drugs (3, 38). After oral administration, these nanosystems 

may interact with the gut surface. The lipid core of SLNs has been reported to stimulate 

chylomicron formation and facilitate lymphatic uptake by the M-cells (3,13,37,39,40). The 

purpose of this investigation was to develop mannosylated SLNs (M-SLNs) loaded with 

DAP, a first-line drug used in the treatment of leprosy, to form M-SLNs-DAP, in order to 
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promote bioadhesion of the systems, increasing the residence time in the gut mucosa, 

combined with specific binding to mannose receptors expressed on M-cells. The SLNs were 

developed and optimized through an experimental design and statistical modeling, and the 

mannosylation was carried out from the optimized SLNs. All the obtained formulations were 

further characterized. 

 

2. Materials and methods 

 

2.1. Materials 

 

DAP was purchased from CHEMOS GmbH (Regenstauf, Germany). The solid lipids, cetyl 

palmitate, Compritol® 888 ATO, Precirol® ATO 5, and Gelucire® 43/01, were kindly provided 

by Gattefossé (Saint-Priest, France). Softisan® 142 was purchased from Cremer Care 

(Hamburg, Germany), Glycerol Tripalmitate® from Alfa Aesar (Haverhill, MA, USA), 

Witepsol® E85 from Sasol (Johannesburg, South Africa), and stearic acid was from Merck 

& Co., Inc. (Whitehouse Station, NJ, USA). Tween® 80, D-(+)-mannose, and stearylamine 

were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). All other chemicals used in 

the study were of analytical grade. 

 

2.2. Methods 

 

2.2.1. Preformulation studies 

 

The interaction of DAP was evaluated in four different lipids commonly used to formulate 

SLNs. Known amounts of physical mixtures of lipid and DAP (1:1 w/w) were heated at 

100°C and then left at room temperature (25°C) until solidification. The obtained melted 

mixtures were further analyzed by differential scanning calorimetry (DSC) (DSC 200 F3 

Maia®; Netzsch-Gerätebau GmbH, Selb-Germany), in order to investigate the lipid–drug 

interaction phenomena. 

Subsequently, four lipids were chosen to produce pilot nanoparticles, as given in the 

“Production of SLNs” section, at fixed amounts of lipid (200 mg) and surfactant (60 mg), 

and process parameters (70% of sonicator amplitude during 5 minutes) (VibraCell VCX 130 

equipped with a VC 18 probe, Sonics & Materials Inc., Newtown, CT, USA), in order to 

evaluate the influence of the type of lipid on entrapment efficiency (EE) and loading capacity 

(LC). 

2.2.2. Production of SLNs 
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DAP-loaded SLNs and placebo SLNs were prepared by hot ultrasonication method. Briefly, 

the lipid phase containing the lipid and DAP was heated to 75°C until complete drug 

solubilization in the lipid matrix. The aqueous phase containing the surfactant (Tween 80) 

in double-deionized water was previously heated in a water bath at the same temperature. 

The aqueous phase (6 mL) was poured into the lipid phase and homogenized using a probe 

sonicator (VCX130; Sonics & Materials, Inc., Newtown, CT, USA), varying the amplitude 

frequency according to the experimental design, for 5 minutes. The nanosuspension 

obtained was rapidly cooled in an ice bath. Placebo SLNs were prepared in a similar way 

without the drug. 

 

2.2.3. Experimental design 

 

A three-level, three-factor Box–Behnken design was applied to maximize the experimental 

efficiency, requiring a minimum number of experiments, in order to optimize SLNs and study 

the effects of independent variables on dependent variables (Table 1). Independent 

variables were the amount of drug (X1), the sonicator amplitude (X2), and the amount of 

surfactant (X3). Other parameters, that is, the amount of solid lipid, the sonication time, and 

the volume of aqueous phase, were set at fixed levels. The established dependent variables 

were: Y1 = mean particle diameter, Y2 = polydispersity index (PDI), Y3 = zeta potential 

(ZP), Y4 = EE, and Y5 = LC. For each factor, the lower (−1), medium (0), and higher values 

(+1) were chosen on the basis of tested lower and upper values for each variable, according 

to preformulation studies and literature research. The data were analyzed using analysis of 

variance (ANOVA). 
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Table 1. Variables with respective coded levels of the Box–Behnken design 

Factors Coded Levels 

 

Independent variables 

Low Level 

(-1) 

Medium Level 

(0) 

High Level 

(+1) 

X1 = Amount of drug (mg) 10 30 50 

X2 = Sonicator probe amplitude 50 70 90 

X3 = Amount of surfactant (mg) 40 60 80 

Dependent variables Constrains 

Y1 = Mean particles size Optimum (250nm) 

Y2 = Polydispersity index Minimum 

Y3 = Zeta potential ≤ -30 mV 

Y4 = Entrapment efficiency Maximun 

Y5= Loading Capacity Maximun 

 

The polynomial equation generated from the experimental design is given below: 

 

@A = BC + BEFE + BGFG + BHFH + BEHFEFH + BGHFGFH + BEGFEG + BGGFGG + BHGFHG 

 

where Yn is the dependent variable, b0 is the intercept, X1, X2, and X3 are the coded levels 

of independent variables, and b1–b33 are the regression coefficients computed from the 

observed experimental values of the respective response (Yn); the terms X1X2 and Xi2 (i = 

1, 2, or 3) represent the interaction and quadratic terms, respectively. The polynomial 

equation was statistically evaluated by finding the statistical significance of coefficients 

using ANOVA (P-values ≤0.05). Best-fitting experimental model (linear, two-factor 

interaction, quadratic, and cubic models) was statistically evaluated according multiple 

correlation coefficient (R2) provided by STATISTICA 10 software. 

 

2.2.3.1. Optimization and validation of SLNs 

 

In order to establish the reliability of the developed model, optimum variables were used to 

prepare a checkpoint SLN formulation. The observed results were compared with the 

predicted values to calculate the predicted error. The graphical and numerical analyses 
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were performed by STATISTICA 10 to obtain the optimum values of the variables based on 

the criteria of desirability (Table 1). 

 

2.2.4. Synthesis of M-SLNs 

 

M-SLNs were obtained as given in the “production of SLNs” section, with some 

modifications. Stearylamine (SA) was added in lipid phase at a concentration of 2% w/w of 

the lipid, and all the subsequent steps were exactly carried out as described earlier for 

obtaining a modified SLN (M-SLN). The mannose coating was carried out according to the 

method of Jain et al. (41). Briefly, a known volume of a solution of D-mannose (50 mM) in 

acetate buffer (pH 4) was added to the SLNs, and the mixture was maintained in agitation 

with magnetic stirring at room temperature for 48 hours to achieve maximum conjugation 

(41). Mannosylated nanoparticles (M-SLNs) were subjected to dialysis (Cellu.Sep® T3 with 

a nominal molecular weight cut off of 12,000–14,000. Seguin, TX – USA) with a high volume 

of double-distilled water for 30 minutes, in order to remove unreacted mannose or other 

impurities. 

 
2.2.5. Particle diameter, polydispersity (PDI), and zeta potential (ZP) analysis 

 

The particle diameter, PDI, and ZP of all SLNs nanosuspensions were analyzed using a 

ZetaPALS zeta potential analyzer (Brookhaven Instruments, Holtsville, NY, USA). All 

samples were diluted with double-distilled water to reach a suitable concentration before 

measurement. All analyses were carried out with an angle of 90° at room temperature. 

 

2.2.6. Entrapment efficiency (EE) and loading capacity (LC) 

 

The EE (%) of DAP within SLNs was determined by the indirectly method, as previously 

described (42). Briefly, a known aliquot of nanoparticles was properly diluted and subjected 

to centrifugation with Amicon® Ultra-4 Centrifugal Filter Devices (Millipore, Billerica, MA, 

USA). The non-entrapped drug was quantified by ultraviolet spectroscopy at 291 nm 

(40,42). A standard curve was used to determine the concentration of DAP and the results 

are expressed as mean ± standard deviation (n=3). 

 

2.2.7. Transmission electron microscopy (TEM) analysis 

 

The morphology of the optimized SLNs and M-SLN was observed by TEM (TEM Jeol JEM-

1400; JEOL Ltd., Tokyo, Japan). Images were obtained after one drop of nanoparticle 
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suspension was placed over a grid followed by negative staining with uranyl acetate and 

subjecting it to an accelerating voltage of 60 kV. 

 

2.2.8. Fourier transform infrared spectroscopy (FTIR) 

 

The freeze-dried optimized SLNs and M-SLNs with and without DAP and pure DAP were 

evaluated using an FTIR spectrophotometer (Frontier™; PerkinElmer Inc., Waltham, MA, 

USA) equipped with a horizontal attenuated total reflectance sampling accessory with a 

diamond crystal. The samples were transferred directly to the attenuated total reflectance 

compartment, and the result was obtained by combining the 16 scans. The spectra were 

recorded between 4,000 and 600 cm−1 with a resolution of 4 cm−1. 

 

2.2.9. Differential scanning calorimetry 

 

DSC measurements were performed using DSC 200 F3 Maia (Netzsch). Approximately 10 

mg of binary mixtures or an equivalent amount of DAP was weighted in an aluminum pan 

and sealed. For the nanoparticles, known amounts of the selected formulations were 

weighed and sealed in aluminum pans similarly. The reference pan was left empty. Heating 

curves for the drug and the mixtures of drug and lipid were recorded with a heating rate of 

10°C/min from 25°C to 200°C. Then they were cooled to 25°C under liquid nitrogen, with a 

cooling rate of 40°C/min. The onset, melting point (peak maximum), and melting enthalpy 

(ΔH) were calculated using the (NETZSCH Proteus® Software – Thermal Analysis – 

Version 6.1) software provided for the DSC equipment. 

 

2.2.10. In vitro release study 

 

The release profiles of DAP from SLN- and M-SLN-loaded nanoparticles were investigated 

by simulating the release of drug through the GI tract and its movement from the stomach 

to the small intestine, changing the buffer solution from pH 1.2 (firsts 2 hours) to 6.8 (during 

3 hours) and 7.4 (until 10 hours), respectively. The influence of the acidic environment of 

the stomach on the nanoparticles was also investigated by evaluating only the passage of 

nanoparticles in physiological conditions of the small intestine that is, subjecting the 

nanoparticles only to pH 6.8 and 7.4. 

In vitro release studies were performed using the dialysis bag method in sink conditions (8). 

The formulations were first poured into the dialysis bag (Cellu.Sep® T2 with a nominal 

molecular weight cut off of 6,000–8,000) with the two ends fixed by thread and were placed 

in preheated dissolution media. The suspension was stirred at 37°C using a heating and 
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magnetic stirring plate (RT 15 Power IKAMAG Multiposition Magnetic Stirrer, Staufen, 

Germany) at 350 rpm. At fixed time intervals, 200 μL of sample was withdrawn and the 

same volume of fresh buffer was added according to the conditions. At specified time 

periods, the dialysis bags were withdrawn from one medium and poured into the 

subsequent buffer solution. The samples were read in an ultraviolet 96-well plate reader at 

291 nm. All the analytical conditions were previously optimized, and standard curves were 

obtained in triplicate. 

 

2.2.11. Stability studies 

 

In order to evaluate the stability of optimized DAP-loaded SLN and M-SLN nanoparticles, a 

brief study was carried out by evaluating the particle diameter, PDI, and ZP for a period of 

60 days while they were stored at room temperature, in comparison to the first day of 

production, as described earlier. 

 
2.2.12. Statistical analysis 

 

All experiments/determinations were performed in triplicate. Comparison of diameter, PDI, 

ZP, and EE was performed using two-tailed, Student’s t-test and assuming equal variance 

of both groups (95% confidence interval). Suitability analysis of the equation regressions 

from the results of Box–Behnken design was performed by one-way ANOVA using 

STATISTICA 10 software. 

 

3. Results and discussion 

 

3.1. Preformulation studies 

 

Assessment of the interactions of the drug in the lipid matrix was the first step to formulate 

suitable nano-lipid carriers, since it is one of the most important factors for determining drug 

EE of the SLNs (43–45): 

Different methods are reported in the studies of drug excipient compatibility and stability. 

However, DSC has proven to be an important tool during preformulation of pharmaceuticals, 

since it permits evaluation of the interactions among the formulation components according 

to shift, appearance, or disappearance of the peaks (exothermic or endothermic), and/or 

variations in enthalpy values in the thermal curves of drug–excipient mixture (46). More 

specifically, DSC analysis may provide information about the value of the enthalpy of mixing 

between the drug and lipid candidates during SLN design, indicating the amount of energy 
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required to achieve mutual solubility, taking into account the differences in polarity of 

different components, and allowing selection of the most promising lipid candidates for 

loading drugs (47). When the enthalpy involved in the melting peak of the drug decreases, 

it means that the presence of the lipid causes a decrease in crystallinity of the drug and, 

consequently, leads to a higher interaction at the molecular level. The smaller the energy 

involved, the greater is the interaction (46). Several interactions occur between the drug 

and the lipid, including hydrogen bonding, electrostatic, and hydrophobic (47). Eight lipids 

with different physicochemical characteristics were evaluated as shown in Table 1. 

The thermograms of pure DAP and the physical mixtures are shown in Figure 1, and the 

DSC parameters are depicted in Table 2. DAP shows an endothermic event at 179°C and 

75 J/g of enthalpy involved (ΔH). Based on the results obtained from the DSC analysis of 

the binary mixtures, it was possible to infer that all the lipids caused a decrease of 

approximately 50% of the ΔH of DAP melting point. The values ranged from 34.08 (Glycerol 

Tripalmitate) to 41.32 J/g (cetyl palmitate). In addition, all the lipids did not alter the 

temperature of DAP melting point. Therefore, all the studied lipids were found to be suitable 

in terms of stability to produce SLNs and presented great potential to load DAP. In this way, 

it was decided to select four lipids based on phase transition temperature to produce pilot 

batches in order to evaluate mainly the EE, besides the diameter, PDI, and ZP values. 

 
Figure 1. DSC thermograms of bulk drug (DAP), and physical mixtures of drug and eight 

different lipids (n=3). 
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Table 2. DSC parameters of the bulk drug (DAP) and the physical mixtures of drug and 

eight different lipids (n=3). 

 
Melting Point 

(°C) 

ΔH 

(J/g) 

ΔTonset 

(°C) 

ΔT end 

(°C) 

Dapsone 179.1 75.17 175.1 181.7 

Dapsone-Cetyl palmitate 179.7 41.32 176.7 182.4 

Dapsone-Comprito 888 ATO 178.9 36.43 175.3 181.6 

Dapsone-Precirol ATO 5 178.2 37.44 174.2 181.1 

Dapsone-Stearic acid  178.9 36.09 176.2 183.3 

Dapsone-Gelucire 43/01 180.1 37.50 177.2 183.2 

Dapsone-Softisan 142 179.8 37.79 176.3 182.4 

Dapsone-Glycerol tripalmitate 180.1 34.08 177.0 182.9 

Dapsone-Witepsol E85 179.9 38.45 176.5 182.5 

 

A prerequisite for the SLNs to be successfully used as drug carriers is to remain solid at 

normal human body and room temperatures. For this purpose, it is recommended that the 

lipids have phase transition above 40°C (48). In addition, for production purposes, it is ideal 

that lipids resist physical stress after the freeze-drying process. 

Thus, the lipids with higher phase transition temperature were selected to develop pilot 

batches, that is, cetyl palmitate, Compritol 888 ATO, Precirol ATO 5, and stearic acid. The 

pilot SLNs were obtained as given in the “Preformulation studies” section, and all the 

variables were maintained constant. 

The obtained data are shown in Table 3. As could be seen, the secondary parameters 

studied (diameter, PDI, and ZP) were in good agreement with the desired profile, although 

cetyl palmitate showed a higher value of EE and seemed to be the best choice for the 

subsequent design. 

 

Table 3. Characterization of obtained pilot SLNs regarding particle diameter, PDI, ZP, EE, 

and LC (n=3). 

  

Samples Diameter (nm) PDI ZP (mV) EE (%) LC (%) 

Cetyl palmitate 203 (±2) 0,12 (±0.01) -28.4 (-0.5) 53.2 (±5.0) 2.7 (±0.4) 

Compritol 888 ATO 216 (±1) 0,18 (±0.02) -29.6 (-1.3) 34.0 (±4.3) 1.7 (±0.5) 

Precirol ATO 5 228 (±2) 0,18 (±0.01) -26.1 (-1.1) 42.6 (±5.5) 2.1 (±0.6) 

Stearic Acid 321 (±2) 0,05 (±0.01) -30.2 (-2.0) 49.4 (±5.0) 2.5 (±0.4) 



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 85 

3.2. Experimental design 

 

The preliminary study is also important to identify the critical factors that directly affect the 

main parameters of evaluation, that is, diameter, PDI, and EE, during development of SLNs 

(45). Some of the variables studied were amount of lipid, amount and type of surfactant, 

time and amplitude of the sonication probe, amount of drug, and volume of the aqueous 

phase. Based on the data obtained, three critical factors were considered to affect the 

responses: amount of drug, amount of surfactant, and amplitude of the sonication probe. 

All other parameters were maintained constant, as described in the “Preformulation studies” 

section. These three variables were thoroughly studied. 

The use of experimental design allows reducing the number of experiments, the amount of 

material, and the time consumed (49, 50). Optimization and characterization of the 

preparation procedure of nanoparticles was performed using a Box–Behnken experimental 

design. This response surface methodology was selected because, among other 

advantages, it allows avoiding extreme combinations of the studied factors. In this last case, 

the formation of nanoparticles could have been compromised. Also, the Box–Behnken 

design requires the performance of a minimum number of experiments when three factors 

are considered, as compared to others, namely, the central composite design (51). 

The Box-Behnken experimental design allowed us to obtain 13 different formulations, with 

a triplication of the central point, resulting in a total of 15 formulations. The replication of the 

central point enables to estimate the experimental error (8, 52). The results of the five 

selected responses (Y1–Y5) are shown in Table 4. 
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Table 4. Formulation composition and the effects of different formulation variables on 

particle diameter (Y1), PDI (Y2), ZP (Y3), EE (Y4), and LC (Y5) 

Note: X1 = amount of drug, X2 = sonicator probe amplitude, X3 = amount of surfactant. 

Based on the data obtained, the fitting models of polynomial equations involving the main 

effects and interaction factors for diameter, PDI, ZP, EE, and LC were statistically analyzed 

by calculating the P-values with a 95% confident level (Table 3). 

The intercept corresponds to the mean of the responses. The magnitude of coefficients in 

polynomial equation has either a positive sign, indicating synergistic effect, or a negative 

sign, indicating antagonistic effect (43, 45). Interaction terms or quadratic relationships are 

represented by more than one factor or higher order terms in regression equations, 

respectively. Nonlinearity between factors and responses is also suggested, that is, the 

variance of one factor can produce a different degree of response at different levels or more 

than one factor is varied (8, 51, 52)The polynomial equations were statistically validated 

using ANOVA and were considered statistically significant when F was higher than Fcritic for 

all responses. Results of the statistical analysis are summarized in Table 4. 

The values of the obtained responses varied from 200.7 to 346.2 nm for the diameter, from 

0.098 to 0.223 for PDI, from −35.15 to −25.05 mV for ZP, from 24.44% to 78.57% for EE, 

and from 1.22% to 17.96% for LC. 

  

Samples Factors  Responses 

X1 
(mg) 

X2 
(W) 

X3 
(mg) 

Y1 (nm) 

 

 Y2 
 

Y3 (mV) Y4 (%) Y5 (%) 

1 10 50 60 200.7 0.118 -35.15 24.44 1.22 
2 50 50 60 277.5 0.147 -31.51 68.10 17.02 
3 10 90 60 273.1 0.223 -27.11 45.12 2.26 
4 50 90 60 303.7 0.18 -25.5 67.33 16.83 
5 10 70 40 322.9 0.201 -27.25 24.62 1.23 
6 50 70 40 346.2 0.183 -28.04 69.29 17.32 
7 10 70 80 236.7 0.198 -26.94 43.03 2.15 
8 50 70 80 290.9 0.139 -29.04 71.84 17.96 
9 30 50 40 266.6 0.153 -25.13 67.62 10.14 

10 30 90 40 308.3 0.198 -28.46 58.43 8.76 
11 30 50 80 257.9 0.133 -27.84 59.10 8.87 
12 30 90 80 299.7 0.098 -25.03 64.60 9.69 
13 30 70 60 291.6 0.133 -26.38 61.90 9.29 
14 30 70 60 310.8 0.15 -25.05 73.17 10.97 
15 30 70 60 312 0.158 -25.09 78.57 11.79 
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3.2.1. Effect of the amount of drug 

 

The effect of the amount of drug (X1) in the dependent parameters may be inferred from the 

coefficients shown in Tables 5 and 6. For the diameter, EE, and LC, the effects were 

statistically significant, when as the P-values were ≤0.05, with a 95% confidence interval. 

Table 5. Summary of results of regression analysis for the considered responses Y1–Y5 

 

As mentioned earlier, a positive sign means a synergic effect, that is, the value of the 

responses increases with an increase in the level of the independent variable; the opposite 

is true with a negative sign. For the three responses influenced by the amount of drug, in 

all cases, the increasing amount of drug led to an enhancement in the responses. 

The increase in particle diameter accompanying an increase in EE and LC may be 

correlated with the saturation of the external media with the drug, due to its low solubility in 

aqueous phase. Thus, the lipid matrix seems to be enriched with the drug in a linear way, 

as can be observed from the linear coefficient of the LC (X1), leading to an increase in 

particle diameter. On the other hand, the lipid: drug ratio seems to present a nonlinear 

relationship, as the quadratic coefficient of EE is also significant. 

  

Factor Diameter (Y1) ZP (Y2) PDI (Y3) EE (Y4) LC (Y5) 
Coeff. p-value Coeff. p-value Coeff. p-value Coeffi. p-value Coeff. p-value 

bo 282.017 0.000 -28.083 0.000 0.164 0.000 55.291 0.000 9.455 0.000 

X1  46.225 0.029 0.590 0.769 -0.023 0.280 34.836 0.001 15.569 0.000 

X1
2 12.500 0.317 2.757 0.106 -0.027 0.105 15.104 0.012 0.524 0.324 

X2 45.525 0.031 3.383 0.136 0.037 0.106 4.057 0.485 0.072 0.916 

X2
2 28.550 0.052 1.554 0.318 0.007 0.617 4.860 0.274 0.824 0.146 

X3 -39.700 0.048 0.008 0.997 -0.042 0.077 4.653 0.427 0.302 0.663 

X3
2 -6.875 0.567 -0.446 0.763 -0.006 0.689 3.916 0.368 0.492 0.352 

X1X2 -23.100 0.334 -1.015 0.722 -0.036 0.234 -10.727 0.218 -0.613 0.535 
X1X3 15.450 0.506 -0.655 0.817 -0.021 0.476 -7.929 0.345 -0.141 0.884 
X2X3 0.050 0.998 3.070 0.306 -0.040 0.193 7.341 0.379 1.101 0.285 

R
2
 0.874 0.663 0.795 0.927 0.991 
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Table 6. ANOVA results from responses Y1–Y5 

Notes: Particle diameter (Y1), PDI (Y2), ZP (Y3), EE (Y4), and LC (Y5). 

As mentioned earlier, a positive sign means a synergic effect, that is, the value of the 

responses increases with an increase in the level of the independent variable; the opposite 

is true with a negative sign. For the three responses influenced by the amount of drug, in 

all cases, the increasing amount of drug led to an enhancement in the responses. 

The increase in particle diameter accompanying an increase in EE and LC may be 

correlated with the saturation of the external media with the drug, due to its low solubility in 

aqueous phase. Thus, the lipid matrix seems to be enriched with the drug in a linear way, 

as can be observed from the linear coefficient of the LC (X1), leading to an increase in 

particle diameter. On the other hand, the lipid: drug ratio seems to present a nonlinear 

relationship, as the quadratic coefficient of EE is also significant. 

 

3.2.2. Effect of the sonicator probe amplitude 

 

The effect of the sonicator probe amplitude (X2) in the dependent variables is shown 

in Tables 5 and 6. This factor only positively influenced the diameter of the nanoparticles 

(Y1), since the P-values were ≤0.05, with a 95% confidence interval. It means that this 

response increases with an increase in amplitude of the sonicator probe. 

The possible explanation for this phenomenon may be due to the increase in the energy on 

the surface of the nanoparticles, which may disrupt the outer core of lipid, causes the drug 

molecule to reach the external phase and form aggregates, resulting in a higher diameter 

and PDI. In addition, these results are supported by other researchers who found that this 

enhancement in particle diameter happens when the amplitude goes beyond a given 

Response Source df Sum of squares Mean of squares F Fcritic 

Y1 Model  9 16104,10 16104,10 34.55 4.77 
 Error 5 2330,54 466,11   
 Cumulative total 14 18436,61    
Y2 Model  9 72,17 62,749 8.66 4.77 
 Error 5 36,21 7,242   
 Cumulative total 14 107,54    
Y3 Model 9 0,01 0,012 17.7 4.77 
 Error 5 0,00 0,001   
 Cumulative total 14 0,02    
Y4 Model 9 3721,34 3667,442 63.36 4.77 
 Error 5 289,42 57,884   
 Cumulative total 14 3940,87    
Y5 Model 9 491,02 489,805 577.35 4.77 
 Error 5 4,24 0,848   
 Cumulative total 14 494,72    
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sonication energy threshold, leading to formation of aggregates, which is generally known 

as “sonication-induced aggregate formation” (45,53). 

 

3.2.3. Effect of the amount of surfactant 

 

The effect of the amount of surfactant (X3) was only statistically significant (P-value ≤0.05, 

with a 95% confidence interval) for the particle diameter (Y1), as expressed in Tables 

5 and 6. The coefficient of the regression analysis presented a negative sign, which means 

that the response decreases with an increase in the level of the variable X3, that is, higher 

amounts of surfactant generate smaller particles. 

It is already known that higher amounts of surfactant may promote formation and 

stabilization of smaller particles due to the decrease in interfacial tension between the lipid 

and the aqueous phase (51) and, consequently, controls the aggregation of lipid particle 

(45). 

 

3.2.4. Optimization and validation of production of SLNs 

 

Based on the polynomial models, the results of three-dimensional response surface 

analysis were plotted (Figure 2), representing the effect of significant independent factors 

on each observed response (8).The correlation coefficients of the obtained models are 

presented in Table 7. 

 
Table 7. Predicted versus observed values of optimized SLNs 

 

 

 

 

The qualities of the models were evaluated by plotting correlation plots (predicted vs 

experimental data) and residual plots (residual vs experimental data) (Figure 3). The 

obtained models for the dependent variables showed high predictability coefficients with 

few outliers (8).Desirability function is a way of overcoming the difficulty of multiple, or 

sometimes opposing, responses in which each response is associated with its own partial 

desirability function. The point possessing the highest value for desirability is termed as 

optimum (54). 

M-SLNs were produced adopting the method to obtain nonfunctionalized nanoparticles. The 

intermediate step in the production of M-SLNs was based on the addition of SA, which is a 

lipophilic cationic molecule with a primary amine group, into the lipid matrix (6), which 

Dependent variables Predicted Observed 
Y1 = Particle Diameter 309.0 nm 308.6 nm 

Y2 = Encapsulation Efficiency 69.8% 68.1% 
Y3= Drug Loading 17.7% 17.2% 
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generates positively charged nanoparticles due to the presence of amino groups on the 

surface of SLNs (38). 

The reaction of unprotected sugars with long-chain fatty amine has been describe (41). In 

this procedure, the reaction was achieved by ring opening of the unprotected anomeric 

hydroxyl group of mannose with the amino groups present on the surface of the 

nanoparticles in acetate buffer (pH 4.0), resulting in the formation of Schiff’s base (–N=CH–

) (13, 41). A deeper discussion regarding this linkage and the equilibrium is given in the 

FTIR spetroscopy detction, wherein FTIR analysis is discussed. 
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Figure 2. Response surface analysis model (RSM) showing the influence of the 

independent variables on the selected responses (particle diameter, EE, and LC). 
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Figure 3. Linear correlation plots (A, B, C) between observed and predicted values and 

corresponding residual plots (D, E, F) for the three responses: particle diameter, EE, and 

LC. 

 

In order to validate the models, the formulation given as the best was selected as the 

checkpoint. The values obtained for the amount of lipid, surfactant, and drug were 200, 70, 

and 50 mg, respectively. The predicted values for the three models were reasonably similar 

to experimental data (Table 7). In addition, the residual plots provided a better visual 

comprehension of the capability of the models, since all the data were widely scattered in 

predicting the responses, as all the points were tightly distributed along the horizontal axis 

(Figure 3). Thus, they can be judged as suitable models, with no trend in the data. These 

data reflect greater robustness. 
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3.3. Synthesis and characterization of M-SLNs 

 

The values of particle diameter, PDI, and ZP of the M-SLNs-DAP obtained and those of 

respective unloaded nanoparticles, together with the optimized SLNs are given in Table 8. 

It was observed that both unloaded SLNs and M-SLNs presented inferior values of particle 

diameter (283.5 and 228.6 nm, respectively), while the loaded nanoparticles showed slightly 

higher diameter (308.6 and 333.2 nm, respectively). This is expected and points to a 

rearrangement of the lipid matrix caused by the entrapment of the drug. All the PDI values 

were approximately 0.2, which is considered a good value for SLN, as it proves the 

homogeneous distribution of the particles (55). The ZP values of SLNs and SLN-DAP were 

−28.11 and −28.45, respectively. When mannose was added, the ZP changed to positive, 

being the obtained values for M-SLNs and M-SLNs-DAP +61.83 and +65.66 respectively, 

providing evidence of mannose coating. However, a higher ZP is considered to provide 

stronger electrostatic repulsion and, thus, better stability of nanoparticles (19). 

 

Table 8. Data obtained from SLNs, SLN-DAP, M-SLNs, and M-SLN-DAP (n=3) 

 

The EE and LC of M-SLNs-DAP were lower, compared to those of SLNs-DAP. This may 

be explained by a small drug release during the functionalization process. Although the 

mannosylation process decreased the EE and LC, the drug loading was still high, being the 

nanoparticles able to charge high amounts of drug.  

The positive charge of ZP observed for M-SLNs compared to SLNs suggests the successful 

mannose coating on the surface of the nanoparticles. This phenomenon has already been 

described earlier (18). Surface charge of the nanoparticles plays an important role in the 

nonspecific interactions with the surrounding media. Positively charged surfaces enhance 

interactions with the mucus, and the ammonium groups may strengthen adhesiveness and, 

thus, increase the residency time by forming electrostatic interactions with the mucus and 

subsequent binding to M-cells within PP (18). Moreover, the presence of basic or acidic 

functional groups leads to pH-dependent behaviors that are useful for targeting different 

regions of the GI tract (10, 18) 

3.3.1. TEM analysis 

 
Diameter 

(nm) 
PDI 

ZP 

(mV) 

EE  

(%) 

LC  

(%) 

SLNs 283.5 (±1.9) 0.21 (±0.01) - 28.11 (±0.85) - - 

SLNs-DAP 308.6 (±2.5) 0.14 (±0.01) - 28.45 (±1.13) 68.1(±0.3) 17.0(±0,1) 

M-SLNs 228.6 (±2.2) 0.17 (±0.04) +61.83 (±1.04) - - 

M-SLNs-DAP 333.2 (±2.3) 0.10 (±0.01) +65.66 (±0.84) 48.5(±0.5) 12.1(±0.1) 
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In order to evaluate the morphological characteristics of SLNs and M-SLNs, loaded and 

unloaded, TEM studies were performed (Figure 4). The images show that the particles 

obtained were spherical in shape, which is typical of SLNs systems (56). Moreover, the 

images demonstrated that the nanoparticles presented a narrow diameter distribution with 

particle diameter near 200 nm, which was in accordance with the DLS measurement. The 

presence of regular particles and the absence of particle aggregation corroborate the PDI 

results, showing only one population. From the images, it may be concluded that the drug 

incorporation and the mannose coat did not affect the particle shape and the diameter to a 

large extent. 

 

 
Figure 4. Transmission electron photomicrographs of (A) SLNs, (B) SLN-DAP, (C) M-

SLNs, and (D) M-SLN-DAP (n=3). 

 

3.3.2. FTIR spectroscopy 

 

Figure 5 shows the spectra of SLN, SLN-DAP, M-SLN, and M-SLN-DAP, respectively. 

Regarding mannosylation, the mannose coating was done by ring-opening reactions 

followed by the reaction of aldehyde groups of mannose in acidic buffer solution (pH 4.0) 

with the amino groups of the SA, leading to the formation of Schiff’s base (41). It is already 

reported that Schiff’s bases may remain in an equilibrium stage by reduction of the 

secondary amine, especially in lower pH. In the spectra of M-SLNs, the presence of N–H 

bending of secondary amines at 1,558.56 cm−1 and C=N stretch at 1,410.01 cm−1 are 
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observed (13,41,57,58), confirming the formation of the Schiff’s base and the linkage 

between mannose and amine termination present in SA in the SLNs. 

 

 
Figure 5. Infrared spectra of DAP, SLNs, SLNs-DAP, M-SLNs and M-SLNs-DAP (n=3). 

 

3.3.3. Differential scanning calorimetry 

 

DSC thermal analysis can be utilized to study and characterize the matrix state consisting 

of polymorphism, drug entrapment, and component interactions (18). 

In Figure 6, the DSC thermograms of DAP, cetyl palmitate, the physical mixtures (without 

any process), and both SLNs (a) and M-SLNs (b) loaded and unloaded with DAP are given. 

 

 
Figure 6. DSC thermograms of DAP (A, B), CP (A), PM (A), SLNs (A, B), SLN-DAP (A, B), 

M-SLNs (B), and M-SLN-DAP (B) (n=3). 

 

The differences between the thermograms of the nanoparticles and the bulk lipid, as well 

as the physical mixture, show that there was a change in the crystallinity of the lipid matrix 

during the process. Lipid molecules may show different polymorphic forms: α, β′, and the 

most stable β form (59). Depending on the chemical nature of the lipid and the parameters 
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established for the production of lipid nanoparticles, different fractions of α and β′ 

modification will be obtained, as they were achieved through cooling process (60,61) (see 

“Production of SLNs” section). In addition, none of the SLN-DAP thermograms show 

endothermic peak at 179.1°C relative to DAP melting point, which may be attributed to the 

amorphous state of the entrapped drug. 

On the other hand, it is possible to observe an endothermic event in the thermograms of M-

SLNs-DAP (176°C). This event may be explained by the melting of the nonentrapped drug, 

which was higher compared to SLN-DAP (Table 9). 

 

Table 9.  DSC parameters of bulk drug (DAP), bulk lipid (cetyl palmitate), PM, and the 

obtained formulations (SLNs, SLN-DAP, M-SLNs, and M-SLN-DAP) (n=3) 

 

 

 

 

 

 

 

 

 

 

The enthalpies of all SLN formulations are much lower than for bulk lipid, which could be 

related to the presence of interactions between solid lipid and surfactants, or to the increase 

in surface area of the nanoparticles (56). Changes in crystallinity of the lipid have been 

already reported (62). Changes in polymorphic state of the lipid from crystalline to 

amorphous may provide the drug accommodation and higher drug entrapment (45). 

 

3.3.4. In vitro release study 

 

The in vitro release profile of DAP from SLNs and M-SLNs was evaluated by the diffusion 

of DAP through the dialysis membrane for 8 hours in different pH conditions simulating the 

GI tract. 

Figure 7 shows the obtained profiles, in which the amounts of DAP released from the 

functionalized and non-functionalized SLNs were plotted as a function of time in two 

different conditions. Figure 7A simulates the passage of the nanoparticles in the acidic 

environment of the stomach (pH 1.2), while Figure 7B shows the release of DAP, assuming 

 
Melting Point 

(°C) 

ΔH 

(J/g) 

ΔT onset 

(°C) 

ΔT end 

(°C) 

Dapsone  179.1 74.78 175.1 181.7 

Cetyl palmitate 55.4 197.0 51.2 57.3 

PM 55.7 148.0 52.4 57.5 

SLNs 54.9 125.4 51.0 57.1 

SLNs-DAP 55.2 117.0 51.7 58.0 

M-SLNs 55.0 120.5 51.0 59.4 

M-SLNs-DAP 56.6 97.4 52.1 60.1 
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that the first contact of the SLNs is with the intestinal environment. In both conditions, SLN 

and M-SLN showed overlapping profiles, proving that the presence of mannose on the 

surface of the nanoparticles did not interfere with the release of the drug (63). 

 

 
Figure 7. In vitro DAP release profile of SLN-DAP and M-SLN-DAP in acid and intestinal 

conditions (A) and only in intestinal conditions (B) (n=3). 

 

In Figure 7A, the initial burst effect (almost 60% released in the first hour) may be attributed 

to the disintegration of the lipid matrix in acidic conditions. This issue can be surpassed 

using gastro-resistant capsules to incorporate the formulations, until they reach the intestine 

(64). 

From Figure 7B, the influence of the acidic microenvironment on the release of DAP from 

nanoparticles can be confirmed. During the first 30 minutes, approximately 30% of the drug 

was released, which may be attributed to the non-entrapped drug. This percentage was 

maintained for 3 hours. This period simulates the passage of nanoparticles through the 

small intestine, showing that the particles remain essentially unchanged and may be 

available to adhere to the intestinal mucosa for a drug-controlled release favorable for 

subsequent internalization. Furthermore, the mannose coat may improve the internalization 

by the M-cell, targeting the drug to the intestinal lymphatic system. When the pH of the 

medium was changed to pH 7.4, the drug was released faster, reaching 100% of drug 

release in a total of 6 hours. The sustained release phase of the drug is also not prolonged 

for longer hours because of the smaller diameter of the particles, which provides a larger 

surface area for the drug-loaded particles (65, 66). 
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3.3.5. Stability of SLNs-DAP and M-SLNs-DAP 

 

Physical stability of both SLNs-DAP and M-SLNs-DAP was assessed by analyzing the 

changes in all the parameters studied before, that is, particle diameter, PDI, ZP, EE, and 

LC, for 60 days, storing them at room temperature (Figure 8). 

Changes in diameter and PDI are usually accepted as indicators of formulation instability. 

In all samples, no particle aggregation was found through visual observations up to 60 days, 

which suggests that the nanoparticles were quite stable with no significant changes in the 

mean particle diameter and PDI. 

Overall, all the SLN formulations presented good stability after 60 days, with only slight 

changes in particle diameter, PDI, and ZP. The EE and LD were also unaffected. 

 

 
Figure 8. Effect of storage time (at room temperature) on particle diameter, PDI, ZP, EE, 

and LC of SLN-DAP and M-SLN-DAP formulations (mean ± SD, n=3). 

 

4. Conclusion 

 

DAP-loaded SLNs and M-SLNs were successfully developed by hot ultrasonication method 

by employing a three-level, three-factor Box–Behnken Design, after the preformulation 

study was conducted with different lipids. All the variables studied influenced statistically, at 

least, one response. Through the response surface methodology, it was possible to identify 

and obtain particles with optimum diameter distribution, PDI, ZP, satisfactory loading, and 

high EE. Linearity was found between the observed and the predicted responses, and a 

very low predicted error was observed in the responses of the optimized formulation, 
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suggesting a very good predictive ability of the design. From the optimized SLNs, it was 

possible to obtain mannosylated nanoparticles to target the M-cells in the PP of GI tract. All 

the formulations were characterized. Morphological studies using TEM images showed 

spherical shape and non-aggregated nanoparticles. We checked if there was any difference 

between decorated and non-decorated nanoparticles. FTIR analysis showed the 

characteristic peaks of Schiff’s base, confirming successful mannose coating. A decrease 

in the enthalpy and broadening of the lipid melting peaks of the DSC thermograms are 

consistent with the nanostructure of the SLNs. In vitro release profile of DAP revealed that 

in both pH conditions, the full amount of the drug was released within 6 hours, and the acidic 

conditions influenced the release rate. The stability tests conducted for 8 weeks at room 

temperature give a good indication that at least in solution, the formulations maintain their 

original properties. Our results demonstrated that M-SLN-DAP could be a promising carrier 

for the specific treatment of leprosy, with an innovative approach to target DAP directly to 

the immune system for enhanced antileprosy effect and lowered adverse side effects. 
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2- Design of a nanostructured lipid carrier intended to improve 
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Abstract: This work aimed to design, develop, and characterize a lipid nanocarrier system 

for the selective delivery of rifabutin (RFB) to alveolar macrophages. Lipid nanoparticles, 

specifically nanostructured lipid carriers (NLC), were synthetized by the high-shear 

homogenization and ultrasonication techniques. These nanoparticles were designed to 

exhibit both passive and active targeting strategies to be efficiently internalized by the 

alveolar macrophages, traffic to the acidified phagosomes and phagolysosomes, and 

release bactericidal concentrations of the antituberculosis drug intracellularly. NLC that 

could entrap RFB were prepared, characterized, and further functionalized with mannose. 

Particles’ diameter, zeta potential, morphology, drug entrapping efficiency, and drug release 

kinetics were evaluated. The mannose coating process was confirmed by Fourier transform 

infrared. Further, the cytotoxicity of the formulations was evaluated by 3-(4,5-

dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay in A549, Calu-3, and 

Raw 264.7 cells. The diameter of NLC formulations was found to be in the range of 175–

213 nm, and drug entrapping efficiency was found to be above 80%. In addition, high 

storage stability for the formulations was expected since they maintained the initial 

characteristics for 6 months. Moreover, the drug release was pH-sensitive, with a faster 

drug release at acidic pH than at neutral pH. These results pose a strong argument that the 

developed nanocarrier can be explored as a promising carrier for safer and more efficient 

management of tuberculosis by exploiting the pulmonary route of administration. 

 

Keywords: lipid nanoparticles, mannose, nanostructured lipid carriers, rifabutin, 

tuberculosis, drug delivery systems  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 110 

1. Introduction 

 

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (MTb) 

(1). In 2015, World Health Organization reported an estimated 9.6 million new cases of TB 

and 1.5 million deaths due to TB, making it the leading cause of death by infectious diseases 

in the world (2).The chemotherapy for the treatment of TB is extremely difficult due to the 

long treatment period and patient noncompliance, leading frequently to the emergence of 

multidrug resistant (MDR) strains (1). In this context, new and improved drug delivery 

strategies for existing drugs may play a crucial role in the TB management. Delivery 

systems for anti-TB drugs, including nanoparticles, may improve the therapeutic index of 

the antibiotics and, consequently, reduce the administration frequency and shorten the 

treatment duration. Moreover, an increase in patient compliance and efficacy of treatment, 

as well as a reduction in drug related toxicity is expected (3). Since their discovery in 1991, 

lipid nanoparticles have emerged as a potential alternative to other colloidal systems, 

including polymeric nanoparticles, since they combine their advantages and successfully 

overcome the main disadvantages attributed to them (4,5). Lipid nanoparticles show high 

drug encapsulation efficiency and high stability and do not require the use of organic 

solvents during production, thus being inexpensive to produce and easy to scale-up (4, 6). 

In addition, lipid nanoparticles are made of endogenous lipids or lipids similar to those 

existing in the human body, and for this reason, they are considered biocompatible, 

biodegradable, and nontoxic (7). There are two main types of lipid nanoparticles, solid lipid 

nanoparticles (SLNs) and nanostructures lipid carriers (NLCs) (5). SLNs only contain solid 

lipids, presenting perfect crystallinity (4). The perfect crystallinity frequently results in lower 

drug encapsulation efficiency, since there are few empty spaces into which the drug can be 

incorporated (5). It also results in drug’s expulsion during long-term storage due to the 

changes in lipid packaging. NLCs are a new generation of lipid nanoparticles that can 

overcome the drawbacks of SLNs (5). NLCs consist of solid and also liquid lipids, resulting 

in lower crystallinity, higher incidence of defects in the matrix, and a less dense lipid 

packaging (6). Thus, higher drug encapsulation efficiency and stability during long-term 

storage is achieved, in comparison with SLNs (5,6). Because of the aforementioned 

advantages of NLC over conventional SLN, NLC are starting to be exploited as nanocarriers 

in the TB field (8). In the TB treatment, RFB is commonly used, either as a second-line drug 

or as an alternative to the first-line anti-TB drug rifampicin in the case of resistance to 

rifampicin and in subjects coinfected with human immunodeficiency virus/MTb since it has 

fewer interactions with the antiretroviral drugs (9). RFB is a ryfamicin derivative with a large 

spectrum of antimicrobial activity, including activity against MTb. This drug binds to the β-
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subunit of RNA polymerase and inhibits RNA transcription and the protein synthesis of the 

bacteria (9). 

The present study aimed to design and develop NLC to selectively deliver RFB to the 

alveolar macrophages (AMs), where the etiological agent of TB is located, more specifically 

inside the acidic compartments of the phagosomes and phagolysosomes (3). Targeting the 

AMs with the designed nanocarrier was conceived to occur via two different strategies: 

passive and active targeting. NLC must possess the optimal mean aerodynamic diameter 

range for particle deposition in the lower airways (ie, between 1-3 μm and 200-500 nm) and 

also to enable phagocytosis by the AMs (>200 nm), using passive targeting based on the 

natural propensity of macrophages to engulf particles (3). Moreover, the active targeting 

was also combined with the attachment of a ligand, namely mannose, which increases the 

selectivity of the nanocarrier to the AMs since receptors of mannose are highly expressed 

in the macrophages (10). 

 

2. Materials and methods 

 

2.1. Materials  

 

NLCs were prepared with Precirol® ATO 5 provided by Gattefossé (Nanterre, France), 

polysorbate 60 (supplied by Merck [Darmstadt, Germany]), and miglyol-812 from Acofarma 

(Madrid, Spain). RFB (more than 98% pure), stearyl amine, Aerosil, D-(+)-Mannose (more 

than 99% pure), and (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) (MTT) 

were purchased from Sigma-Aldrich (St Louis, MO, USA). Double-deionized water used 

was obtained from a Millipore system with a conductivity less than 0.1 μS cm−1. 

 

2.2. Preparation of the formulations 

 

2.2.1. Preparation of the NLC 

 

The method chosen for the preparation of the NLCs were the high-shear homogenization 

and ultrasonication techniques. The solid lipid (58% w/w), the liquid lipid (25% w/w), the 

surfactant (16% w/w), and the drug (1% w/w) were heated in a water bath up to 70°C (11). 

The drug was added to a total amount of 7 mg. When the solid lipid was completely melted, 

4.4 mL of heated ultrapure water (T=70°C) was added to the mixture. The mixture was then 

passed through ultra-turrax T25 (IKA®Werke GmbH & Co. KG, Staufen, Germany) at 3,500 

rpm for 30 seconds, followed by sonication using a Sonics and Materials Vibra-Cell™ CV18 

(Sonics and Materials Inc., Newtown, CT, USA) at 70% power for 5 minutes, resulting in 
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the formation of a nanoemulsion. The nanoemulsion was left to cool and stored at room 

temperature. 

 

2.2.2. Preparation of mannosylated nanostructures lipid carriers 

 

The coating of NLC with mannose was adapted from the method described by Jain et al. 

(12). First, NLC were modified to exhibit amine groups at the surface through the addition 

of stearyl amine at a ratio of 2% w/w. A mannose solution (50 mM), prepared in acetate 

buffer (pH =4), was added to the NLC suspension and left under constant and gentle stirring 

for 48 hours. The acidic environment results in the ring opening of the mannose molecules, 

causing the aldehyde group to react with the free amine present at the surface of the stearyl 

amine functionalized NLC, resulting in the formation of the Schiff’s base (–N=CH–) 

(13).Mannosylated nanoparticles were dialyzed (dialysis bag; Cellu.Sep® T3 with a 

nomimolecular weight cut off of 12,000–14,000. [Membrane Filtration Products, Inc., 

Seguin, TX, USA]) against double-distilled water for 30 minutes to remove uncoated 

mannose (11). 

 

2.2.3. 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, Gardiner, NY, USA) was used for 

the lyophilization process. The samples were prepared with Aerosil 2% (w/w) as 

cryoprotectant. The initial freezing was done at −60°C for 720 minutes. The condensation 

process was performed at −80°C under 150 mTorr of pressure. The first drying was 

performed at 20°C for 1,200 minutes, under 150 mTorr of pressure. A secondary drying 

was made at 25°C, for 1,200 minutes, under 100 mTorr of pressure. 

 

2.2.4. Characterization of the formulations 

 

2.2.4.1. Encapsulation efficiency 

 

The drug encapsulation efficiency (EE) of nanoparticles was evaluated by measuring the 

absorption at the wavelength of 319 nm using ultraviolet (UV)/visible (VIS) 

spectrophotometry (Jasco, Easton, MD, USA). The lyophilized formulation samples with 

drug were diluted in double-deionized water (1:200) and centrifuged. The pellet was 
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dissolved in 400 μL of acetonitrile and vigorously vortexed for 30 minutes to completely 

extract the drug from the nanoparticles. Then, the resulting solution was transferred into 

Ultrafree® Centrifugal Amicon® Ultra-4 Centrifugal Filter Devices, with nominal molecular 

weight cutoff 10,000 kDa MWCO (Millipore, Billerica, MA, USA). Centrifugation was carried 

out using a Jouan BR4i multifunction centrifuge with a KeyWrite-D™ interface (Thermo 

Electron, Waltham, MA, USA) with a fixed 23°-angle rotor and 3,000× g spin for 8 minutes 

at 20°C. The drug released from the nanoparticles was present in the supernatant, which 

was stored in the centrifuge tube until quantification by UV/Vis spectrophotometry. The EE 

of RFB was defined as the ratio between the quantity of RFB measured in the supernatant 

and initial quantity of drug added to the formulation (15). 

 

!! = IJKLM	JN	OPQ	RA	ALAJSLTKRUMVW
XARKRLM	LYJZAK	JN	OPQ

 x 100 

 

2.2.4.2. Particles’ diameter measurement 

 

Particles’ diameter was measured by dynamic light scattering (DLS), using a BI-MAS DLS 

instrument (Brookhaven Instruments, Holtsville, NY, USA), operating at a 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 polydispersity index 

(PDI) were determined as a measure of the width of the particles’ diameter distributions. At 

each measurement, six runs of 2 minutes each were performed. The measurements were 

performed in triplicate. 

 

2.2.4.3. Zeta-potential measurement 

 

The ζ-potential of the particles was determined by electrophoretic mobility using a BI-MAS 

DLS instrument (Brookhaven Instruments). 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 ten cycles) were performed at 20°C. The 

measurements were performed in triplicate. 
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2.2.4.4. FT-IR analysis 

 

Fourier transform infrared (FT-IR) analysis was performed on the lyophilized formulations 

to detect Schiff’s base and confirm coating with mannose. FT-IR was performed with a 

PerkinElmer® spectrophotometer (Spectrum 400, Waltham, MA, USA) equipped with an 

attenuated total reflectance device and zinc selenite crystals. The samples were transferred 

to the attenuated total reflectance compartment, and the final result was obtained by 

combining the 32 scans. The spectra were recorded between 4,000 and 600 cm−1, with a 

resolution of 4 cm−1. 

 

2.2.4.5. In vitro drug release study 

 

The in vitro drug release studies were performed using a cellulose dialysis bag diffusion 

technique Dialysis bag (Cellu.Sep® T3 with a nomimolecular weight cut off of 12,000–

14,000. [Membrane Filtration Products]) filled with 2 mL of the lyophilized samples, RFB-

loaded NLC (NLC-RFB), and mannosylated RFB-loaded NLC (M-NLC-RFB). 

An in vitro drug release study was performed using a direct dispersion method with 

appropriate buffers at pH 7.4, 6.2, and 5 to simulate the release of the drug following 

pulmonary administration until it reaches the acidic vesicles, phagosomes, and 

phagolysosomes, where the bacteria is located inside the AMs. To this end, the formulations 

were incubated at body temperature (37°C) while being stirred in simulated physiological 

pH of the lung fluid (phosphate buffer, pH 7.4), the simulated physiological pH of the nasal 

fluid and phagosomes (phosphate buffer, pH 6.2), and also the simulated physiological pH 

of the phagolysosomes (phosphate buffer, pH 5.0) (16). At regular intervals, 200 μL of the 

solution was collected to quantify the drug release, and the same amount was substituted 

with the same volume of buffer to maintain sink conditions. The RFB release was 

determined using a plate reader at 319 nm. The cumulative percentage of the released 

compound was determined using the average of the triplicates. 

 

2.2.4.6. Cytotoxicity 

 

The cytotoxicity of the lyophilized formulations was studied using MTT assay with three 

different cell lines, namely, Calu-3, A529 and Raw cells. Human airway epithelial cell line 

Calu-3 (ATCC® HTB-55™, Rockville, MD, USA), human bronchial epithelial cell line A529 

(ATCC® CCL-185™), and murine macrophage RAW 264.7 cells (ATCC® TIB-71™) were 

cultured in Dulbecco’s Modified Eagle Medium (DMEN) supplemented with 10% (v/v) fetal 

bovine serum, 1% (v/v) penicillin–streptomycin, and 1% (v/v) Fungizone® antimycotic agent 
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(Thermo Fisher Scientific Inc., Waltham, MA, USA). Cells were maintained in a humidified 

chamber at 37°C and 5% CO2, and the culture medium was replaced every 2–3 days. Calu-

3 and A549 cells were detached with a trypsin solution, while RAW 264.7 cells were 

detached using a scraper. The cell lines were harvested at 80% confluence. 

Following exposure to the developed formulations, MTT assay was performed to assess 

cell viability. Briefly, Calu-3, A529, and RAW 264.7 cells were cultured in 96-well plates at 

a density of 2.5×104 cells/mL for 24 hours before use. The following day, the culture medium 

was detached, and the lyophilized formulations were added at different concentrations 

(corresponding to 1–1,000 μg mL−1). Two controls were also tested including cells treated 

with culture medium and cells treated with Triton™ X-100 (Sigma-Aldrich Co., St Louis, MO, 

USA) 2% (w/v) in culture medium. After incubation for 24 hours, the culture medium was 

removed and replaced with 200 μL of MTT diluted in fresh DMEM at 0.5 mg/mL. The plate 

was incubated for 4 hours at 37°C without light. MTT solution was discarded, and formazan 

crystals were solubilized by addition of 200 μL of dimethyl sulfoxide. The plate was shaken 

for 10 minutes at room temperature, and the absorbance (590 and 630 nm for background 

deduction) was measured using a Synergy™ HT Multi-mode microplate reader (BioTek 

Instruments Inc., Winooski, VT, USA). 

 

2.3. Statistical analysis 

 

Statistical analysis was carried out using IBM® SPSS® statistics software version 21.0 (IBM 

Corporation, Armonk, NY, USA). The results are reported as the mean ± standard deviation 

for a minimum of three independent experiments. Two-tailed Student’s t-test and one-way 

analysis of variance (ANOVA) were performed to compare, respectively, two or multiple 

independent groups. If differences between the groups were found to be significantly 

different (P<0.05), they were compared using the Tukey’s post hoc test. The paired samples 

were analyzed through the paired-samples two-tailed Student’s t-test. Differences were 

considered to be statistically significant at P<0.05. 

 

3. Results and discussion 

 

3.1. Particles’ diameter measurement 

 

The mean hydrodynamic particles’ diameter for NLC and M-NLC (both unloaded and drug-

loaded nanoparticles) are presented in Table 1. The mean particles’ diameter of NLC and 

M-NLC unloaded nanoparticles was found to be 175 ± 3 and 198 ± 2 nm, respectively (Table 

1). The incorporation of the RFB showed a size distribution with a mean diameter of 180 ± 
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2 for NLC-RFB and 213 ± 2 nm for M-NLC-RFB, and no statistical differences were 

observed (P>0.05), suggesting that RFB incorporation does not influence the nanoparticles 

diameter. On the other hand, the mannosylation process induced a significant increase in 

particles diameter (P<0.05). Additionally, for all formulations, the PDI obtained was found 

to be >0.1 (Table 1), indicating that none of the formulations were monodisperse. 

Notwithstanding, the obtained diameter was within the breathable range, and therefore, the 

formulations have potential to reach the AMs (17). Moreover, it is expected that the 

functionalized nanoparticles with the mean diameter of around 200 nm and administered 

by pulmonary route will be suitable to reach and be internalized by the AMs (18). 

 

Table 1. Mean hydrodynamic diameter and PDI of NLC, M-NLC, NLC-RFB, and M-NLC-

RFB formulations 

Formulation 
Mean hydrodynamic 

diameter (nm) 

Polydispersity index 

(PDI) 

NLC 175±3  0.21±0.02 
NLC-M 198±2a  0.12±0.01 a 
NLC-RFB 180±2  0.12±0.02 b 
NLC-M-RFB 213±2a,c,d 0.12±0.02 a 

 

Notes: All values represent the mean ± standard deviation (n=3). aStatistically different (P<0.05) 

between NLCs and conjugated formulations. bStatistically different (P<0.05) between unloaded and 

loaded NLCs. cStatistically different (P<0.05) from M-NLC, between conjugated and unloaded 

formulations. cStatistically different (P<0.05) between unloaded conjugated NLCs and RFB loaded 

conjugated NLCs. dStatistically different (P<0.05) between loaded NLCs nonconjugated and loaded 

NLCs conjugated. 

 

3.2. Zeta-potential measurement 

 

As can be observed from the values given in Table 2, the unloaded NLC and the NLC 

loaded-RFB showed a pronounced negative average ζ-potential of −20.5±0.8 and 

−17.9±1.9 mV, respectively. Thus, the incorporation of RFB did not significantly change 

(P>0.05) the surface charge of the lipid nanoparticles. On the other hand, statistically 

significant changes in ζ-potential were observed with the mannosylation process (P<0.05), 

since M-NLC and M-NLC-RFB exhibit a positive charge of +48.7 ± 2.1 and +37.6 ± 1.0 mV, 

respectively. The values obtained strongly suggest successful mannosylation of the NLC 

because this process involves adding stearylamine to the formulations, so that 

nanoparticles have positively charged amine groups at the surface. The NLC with 
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stearylamine exhibited a ζ-potential charge of +57.1 ± 0.4 (data not shown), confirming the 

successful addition of stearylamine, which provided the positively charged amine groups–

tailored surfaces on NLC. The coating with mannose shields the positive charge, and hence, 

the ζ-potential obtained was lower (Table 2), which suggests the successful binding of 

mannose to the amine groups. Moreover, the mannosylated NLC possess a high absolute 

ζ-potential and are therefore considered physically stable due to the electrostatic repulsions 

between particles (19). 

 

Table 2. Characterization of the zeta-potential of the NLC, M-NLC, NLC-RFB, and M-NLC-

RFB formulations 

Formulation Potential Zeta (mV) 

NLC -20.5±0.8 b d 
NLC-M +48.7±2.1a c d 
NLC-RFB -17.9±1.9 b d 
NLC-M-RFB +37.6±1.0a b c 

 

Notes: All values represent the mean ± standard deviation (n=3). aStatistically different 
(P<0.05) between NLCs and conjugated formulations. bStatistically different (P<0.05) 
between unloaded conjugated NLCs and RFB loaded conjugated NLCs. cStatistically 
different (P<0.05) between loaded NLCs nonconjugated and loaded NLCs conjugated. 

 

3.3. Encapsulation entrapment 

 

Table 3 summarizes the EE obtained for RFB in the both plain and mannose-coated NLC. 

The RFB EE of NLC and M-NLC was found to be 83 ± 6% and 90 ± 4%, respectively. 

Mannosylation did not significantly (P>0.05) change the EE, so the technique may be used 

without any reduction in the capacity of this nanocarrier to incorporate this drug. This highly 

satisfactory % of encapsulation confirms that NLC is a suitable nanocarrier for RFB 

incorporation. This high % of drug encapsulation is expected since NLC are one of the main 

systems for incorporation of lipophilic drugs, such as RFB (16, 20). 
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Table  3 Drug’s encapsulation efficiency of the NLC-RFB and M-NLC-RFB formulations 

Formulation 
Drug Encapsulation 

Efficiency 

NLC-RFB 83±6 

NLC-M-RFB 90±4 

Notes: All values represent the mean ± standard deviation (n=3). No statistically significant 

differences were observed between conjugated and unconjugated formulations (P>0.05). 

 

3.4. Morphology evaluation 

 

Cryo-SEM imaging revealed spherical particles, which were uniform in shape and had 

smooth surfaces for all the formulations (Figure 1). The mean diameter was between 100 

and 300 nm, and there was no visible aggregation of the particles. These observations 

validate the results obtained with DLS. As can be seen in Figure 1, both NLC (Figure 1A) 

and M-NLC (Figure 1B) formulations exhibit similar morphologies, indicating that the 

method of mannosylation does not influence the particle shape. Furthermore, from Figure 

1C, it can be observed that NLC loaded with RFB also exhibit spherical shapes, indicating 

that the method of drug encapsulation does not result in morphological changes. 

 

 
Figure  1. Cryo-SEM images of (A) NLC, (B) M-NLC, and (C) M-NLC-RFB at 20,000× 

magnification. 
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3.5. Functionalization of NLC with mannose 

 

3.5.1. FT-IR studies 

 

Second-derivative spectra were obtained (as previously reported) to enhance the resolution 

of the absorption bands (21). The functionalization of the NLC with mannose was executed 

by the opening of the mannose ring and subsequent reaction of its aldehyde group with free 

amine functional groups present over the surface of uncoated NLC (12). This led to the 

formation of Schiff’s base (–N=CH–), which was detected by FT-IR spectroscopy (Figure 

2). Figure 2 shows the peak formed at approximately 1,647.78 cm−1, proving the formation 

of Schiff’s base (–N=CH–) in M-NLC formulations. Similar results were also obtained in the 

studies conducted by Jain et al (12) and Nimje et al (22). 

 

 
Figure 2. Second-derivative FT-IR spectra of M-NLC-RFB formulation. 

 

3.6. In vitro drug release kinetics 

 

The in vitro release of RFB from NLC and M-NLC was measured in simulated physiological 

dissolution mediums to predict the in vivo efficacy of the formulations. The results obtained 

were analyzed using mathematical models for drug release kinetics, which are detailed in 

the Supplementary materials. 

The drug release from NLC and M-NLC occurs by a diffusion-controlled process described 

by the Higuchi model since the plots of the amount of drug released versus time was found 
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to be linear, using this model with a correlation coefficient between 0.998 and 0.944, for all 

the pH studied and both formulations (Tables S1 and S2). 

In addition, independent of the pH, both NLC-RFB and M-NLC-RFB showed a biphasic 

drug-release pattern with an initial burst release followed by a sustained drug release 

(Figure 3A and B). Moreover, a faster drug release profile was observed in the case of more 

acidic pH environments than at more neutral pH values for both formulations. Thus, the 

drug release of RFB from NLC and M-NLC are dependent on the pH of the environment. 

On the other hand, a slightly faster release of RFB was observed in the case of NLC 

compared to M-NLC due to the protective coat of mannose on the NLC surface. For 

instance, at pH =5.0, a release of 50% of drug was achieved after 3 and 5 hours for NLC 

and M-NLC, respectively. Nevertheless, after 25 hours, an impressive 100% of drug release 

was achieved for both formulations at pH =5.0, with only approximately 20% of the drug 

being released at pH =7.4 for the same time frame. 

 

 
Figure 3.  In vitro RFB release profiles from NLC (A) and M-NLC (B) at three different pH 

values, pH =5.0, 6.2, and 7.4, at body temperature (37°C). 

 

Therefore, both formulations are suitable for RFB incorporation, and a much higher drug 

release occurs at acidic pH values, where the etiological agent of TB resides inside the 

infected cells, with the drug release being much lower at more neutral pH values, preventing 

the drug release in the noninfected cells. 

 

3.7. Effect of NLC on cell viability 

 

The effect of NLC, M-NLC, and M-NLC-RFB formulations on cell viability after 24 hours of 

incubation was studied in vitro on Calu-3, A549, and RAW 264.7 cells, through MTT assay. 

These three different cell lines were chosen to assess the cell viability of each formulation 
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on the upper (Calu-3) and lower (A549) airway, as well as in the AMs (RAW 264.7). The 

half-maximum inhibitory concentration (IC50) of each formulation obtained for all cell lines is 

listed in Table 4. All formulations showed a concentration-dependent effect, with toxicity 

increasing proportional to the concentration (Table 4). In fact, IC50 obtained for all 

formulations except for M-NLC and cell lines was above 100 μg mL−1(log10(IC50) >2), but 

below 1,000 μg mL−1 (log10(IC50) <3). In the case of M-NLC and for all cell lines, an 

IC50 below 100 μg mL−1 (log10(IC50) <2) was obtained. This may be explained by the 

surface charge of the nanoparticles. In fact, it is well known that the nanoparticles with 

positive charge are more toxic (23), the positive charge of the unloaded M-NLC was more 

pronounced than the positive charge of the drug-loaded M-NLC. The IC50 obtained for M-

NLC-RFB was 238.9, 185.7, and 108.7 μg mL−1 for Calu-3, A549, and RAW, respectively. 

Taking into consideration the IC50 obtained for M-NLC-RFB for the studied cell lines and 

regarding the drug content of 1% (w/w), it is possible, with these formulations, to achieve 

maximum drug concentrations of 1.08 μg mL−1 at the site of delivery, which is reported to 

be a bactericidal concentration (24). 

 

Table 4. Inhibitory concentration (IC50) in RAW, A549, and Calu-3 cells as a function of NLC, 

M-NLC, and M-NLC-RFB in concentrations of the lyophilized formulations (1, 10, 100, and 

1,000 mg/mL) expressed in log10. 

 

Notes: All values represent the mean ± standard deviation (n=3). No statistically significant 

differences were observed between unconjugated and conjugated loaded and unloaded 

formulations (P>0.05). 

 

3.8. Long-term stability 

 

The physical stability of the NLC-RFB and M-NLC-RFB powder lyophilized formulations was 

verified periodically by analyzing the variation of the hydrodynamic diameter, PDI, and ζ-

potential during storage conditions for 6 months at room temperature (Table 5). The main 

characteristic changed after the lyophilization process was the alteration of the ζ-potential 

of the M-NLC-RFB, which shifted from positive to negative values (Table 5). This is due to 

the presence of the cryoprotectant Aerosil in the final formulation, which itself has a negative 

 NLC NLC-M NLC-M-RFB 

Calu-3 2.706±0.178 1.482±0.772 2.378±0.253 

A549 2.259±0.095 1.272±0.452 2.269±0.592 

RAW 2.120±0.267 1.276±0.654 2.036±0.592 
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charge, thus, increasing the absolute values of the ζ-potential of the nanoparticles (17). 

Moreover, as shown in Table 5, no tendency to ζ-potential variations was observed for the 

nonmannosylated and mannosylated loaded NLC, reinforcing the long-term stability of the 

developed nanoparticles. Additionally, the hydrodynamic diameter and PDI of the NLC-RFB 

and M-NLC-RFB formulations only suffers a small variation over time. Contrastingly, a more 

pronounced effect in the hydrodynamic diameter and PDI is observed for NLC-RFB 

formulations. Therefore, the developed NLC are suitable for RFB incorporation and for 

preventing the release of the drug during storage at room temperature. 

 

Table 5. Characterization of the hydrodynamic diameter, polydispersity index, and zeta-

potential after 0, 1, and 6 months of the synthesis of NLC-RFB and M-NLC-RFB 

lyophilized formulations. 

Formulations  
Time 

(months) 

Mean 

hydrodynamic 

diameter (nm) 

Polydispersity 

index (PDI) 

Zeta 

potential 

(mV) 

NLC-RFB 
 

0 200±2 0,205±0,010 -29±2 
1 191±1 0,249±0,006 -28±1 
6 281±3 0,212±0,012 -28±1 

M-NLC-
RFB 

0 198 ±2 0,211±0,010 -27±1 
1 192 ±3 0,266±0,006 -24±1 
6 201±2 0,197±0,008 -32±2 

 

4. Conclusion 

 

This study focused on the development of NLC for the incorporation of RFB to selectively 

target the infected AMs and thus improve RFB’s therapeutic index. Mannose surface 

modification of NLC was made to take advantage of the presence of sugar receptors in the 

target AMs, which will improve cellular uptake by an active targeting strategy. Drug release 

from the developed formulations are pH sensitive, which can be of particular interest for 

releasing the drug mainly under the acidic conditions seen in phagosomes (pH ~6.2) and 

phagolysosomes (pH ~5.0), where the etiologic agent of TB is located. The difference in the 

ζ-potential between the uncoated and the mannosylated NLC constituted evidence that the 

mannosylation process was successful. The mannosylation process was confirmed by FT-

IR spectrum analysis, allowing detection of the presence of the Schiff’s base in the coated 

formulations.  

The diameter of the produced particles was determined by DLS and found to be around 200 

nm. This diameter is considered to be appropriate for lung deposition, validating the 

proposed route of administration, namely the pulmonary route (17). Due to their diameter, 
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it is expected that NLC could reach the pulmonary alveoli by passive targeting. In addition, 

the ζ-potential was considerably high for all formulations, which suggested a fairly good 

shelf life stability. Morphology studies showed spherical and uniform nanoparticles with 

smooth surfaces. The diameter of the NLC studied by cryo-SEM were also consistent with 

DLS analysis. The percentage of encapsulation of RFB was found to be high, with an EE 

above 80% for both uncoated and mannose-coated NLC. Finally, the effect of the NLC 

formulations on cell viability was performed using the MTT assay with different cell lines 

(Calu-3, A549, and RAW 264.7). The overall results confirmed that it was possible to reach 

concentrations above 100 and below 1,000 μg mL−1 before IC50 was reached, which is 

sufficient to attain therapeutic concentrations of this drug (24). Moreover, the release rate 

of RFB from the nanocarriers was faster at acidic pH values than at neutral pH. Since the 

macrophages are particularly efficient in internalizing particles and delivering the particles 

to acidified phagosomes and phagolysosomes, these results strongly suggest that the 

release of RFB will be higher intracellularly at these acidified structures where the MTb 

resides. Additionally, the stability study demonstrated physical stability for a period of at 

least 6 months. 

The results obtained in this study pose a strong argument that NLC constitute a promising 

strategy for the pulmonary delivery of RFB selectively to the AMs (11). Further work is 

required to validate the clinical potential of the developed formulations since these results 

are very promising and can open further avenues to effectively fight TB. 
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6. Supplementary materials 

 

Table S1 Value of R2 obtained from the release of RFB from the NLC-RFB lyophilized 

formulation for different models of mechanism of drug release 

pH Zero order First order 
Hixson-

Crowell 
Higuchi 

Korsmeyer-

Peppas 

5.0 0.919 0.655 0.660 0.993 0.743 

6.2 0.968 0.839 0.899 0.981 0.969 

7.4 0.821 0.506 0.660 0.944 0.801 

 
 

Table S2. Value of R2 obtained from the release of RFB from the M-NLC-RFB lyophilized 

formulation for different models of mechanism of drug release 

pH Zero order First order 
Hixson-

Crowell 
Higuchi 

Korsmeyer-

Peppas 

5.0 0.934 0.780 0.841 0.998 0.935 

6.2 0.978 0.831 0.894 0.983 0.967 

7.4 0.919 0.651 0.789 0.944 0.931 
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Abstract 

Tuberculosis (TB) is still a devastating disease and more people have died of TB than any 

other infectious disease throughout history. The current therapy consists of a multidrug 

combination in a long-term treatment, being associated with appearance of several 

adverse-effects. Thus, solid lipid nanoparticles (SLNs) were developed using mannose as 

a lectin receptor ligand conjugate for macrophage targeting and to increase the therapeutic 

index of Rifampicin (RIF). The developed SLNs were studied in terms of diameter, 

polydispersity index, zeta potential, encapsulation efficiency (EE), and loading capacity 

(LC). Morphology, in vitro drug release and differential scanning calorimetry studies, 

macrophage uptake studies, cell viability and storage stability studies during time were also 

performed. The diameter of the SLNs obtained was within the range of 160 - 250 nm and 

drug EE was above 75%. The biocompatibility of M-SLNs was verified and the 

internalization in macrophages was improved with the mannosylation. The overall results 

suggested that the developed mannosylated formulations are safe and a promising tool for 

TB therapy targeted for macrophages. 

 

Keywords: Solid lipid nanoparticles; Mannose; THP1 macrophages; Cellular uptake; 

Endocytic pathways 
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1. Introduction 

 

Tuberculosis (TB) is an infectious disease caused by the bacillus Mycobacterium 

tuberculosis (MTb) and more people have died of TB than any other infectious disease 

throughout history (1). In 2016, World Health Organization (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 (MTb), through the 

inhalation of aerosols and bacilli colonization inside the alveolar macrophages (AMs) (3, 4). 

Rifampicin (RIF) was introduced in conventional anti-TB regimen in the mid-1960s in 

combination with other drugs, namely isoniazid, pyrazinamide and ethambutol (5). 

However, the long treatment schedules that are required (at least 6 months) for 

conventional anti-TB chemotherapy are commonly associated with severe adverse-effects, 

resulting in poor-compliance to therapy, which is one of the main reasons for the 

appearance of multidrug resistant strains and treatment’s inefficacy (6-8). According to this, 

more effective technologies are required and improving drug delivery strategies for the 

existing drugs may be determinant to shorten TB treatment duration, avoiding resistance 

and improving patient compliance to therapy (5). In this context, emerging technologies in 

drug delivery, including nanoparticles (NPs) can increase the therapeutic index of drugs. In 

the TB field exploiting the NPs as drug delivery systems the most striking results are related 

with the reduction of the duration of treatment in animal models. Nonetheless, these NPs 

have several drawbacks and thereby none of them reach the market. Among other 

problems, main weaknesses of these delivery systems are the low drug loading capacity 

(LC), design of the particles independent of the goal (e.g. route of administration and the 

type of TB pulmonary or extrapulmonary), absence of biocompatibility studies and 

difficulties to scale-up. In this context, lipid NPs were developed to overcome the 

disadvantages (5). In comparison with the above-mentioned NPs, lipid NPs generally show 

higher LC, higher stability, and do not require the use of organic solvents during production 

and are less expensive to produce (5, 9). In this work, solid lipid nanoparticles (SLNs) were 

developed to load RIF since they generally LC, high stability, do not require the use of 

organic solvents during production and are relative inexpensive to produce (5, 9). Further, 

SLNs were functionalized with mannose (10) to increase the selectivity of the NPs to the 

AMs, since lectin receptors are highly expressed in the main cell in the macrophages, where 

MTB is mainly located (11). Moreover, SLNs were developed to be administered by 

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

directly in the main organ affected by TB (lungs), thus achieving high local concentrations 

of the drug in the infected macrophages. The developed SLNs were characterized 

according to their average diameter, polydispersity index, zeta potential, surface 
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morphology, EE, LC, drug in vitro release under different pH conditions, macrophage uptake 

studies, cell viability and storage studies. The results support that the SLNs developed are 

promising to improve the TB conventional treatment. 

 

2. Materials and Methods 

 

2.1. Materials 

 

RIF (more than 98% pure), stearylamine (97% pure) and D-(+)-Mannose (more than 99% 

pure) were purchased from Sigma-Aldrich (St Louis, MO, USA). Aerosil® 200 was supplied 

by Acofarma® (Terrassa. Espanha). The SLNs were prepared with glycerol tripalmitate 

provided by Alfa Aesar (Karlsruhe, Germany), Tween® 80 purchased from Sigma-Aldrich 

Co. (St Louis, MO, USA). Phorbol 12-myristate 13-acetate (PMA), trypan blue, thiazolyl blue 

tetrazolium bromide (MTT), Phosphate Buffered Saline pH 7.4 (PBS), sucrose, 

chlorpromazine hydrochloride, filipin, cytochalasin D and coumarin 6 were obtained from 

Sigma–Aldrich (St. Louis, USA). All other chemicals used in the study were of analytical 

grade. Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS) and 

penicillin-streptomycin antibiotics mixture were purchased from Gibco® (Invitrogen 

Corporation, UK). Human leukemia monocyte THP1 cell line from European Culture 

Collections (Salisbury, UK). 

 

2.2. Preparation of the formulations 

 

2.2.1. Preparation of SLNs 

 

RIF-loaded SLNs and placebo SLNs were prepared by hot ultrasonication method as 

previously described (12). Briefly, the lipid phase containing the lipid glycerol tripalmitate 

and RIF was heated to 75ºC until complete drug solubilization in the lipid matrix. The 

aqueous phase containing the surfactant (Tween® 80) in double deionized water was 

previously heated in water bath to the same temperature. The aqueous phase (6 mL) was 

poured into the lipid phase and homogenized using a probe-sonicator (VCX130, Sonics & 

Materials, 115 Newtown, CT, USA) during 1 min with 70% of amplitude. The 

nanosuspension obtained was rapidly cooled in ice bath with agitation (30 sec). Placebo 

SLNs were prepared in a similar way without the drug. 

  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 132 

2.2.2. Preparation of mannosylated SLNs 

 

Mannosylated SLNs (M-SLNs) were obtained according the section 2.2.1 with some 

modifications. Steryl amine (SA) was added in the lipid phase in the ratio of 2% (w/w) of the 

lipid, and all the subsequently steps were exactly as described before to obtain a modified 

SLNs (M-SLNs). The mannose coating was carried out according to previous methods (10, 

13, 14). Briefly, a known volume of a solution of D-mannose (50 mM) in acetate buffer (pH 

4) was added to the SLNs, and the mixture was maintained in agitation with magnetic 

stirring at room temperature for 48 h to achieve maximum conjugation. M-SLNs were 

subjected to dialysis bag (dialysis bag; MWCO 12–14 kDa) in high volume of double distilled 

water for 30 min to remove unreacted mannose or other impurities. 

 

2.2.3. Lyophilization 

 

The obtained placebo and RIF-loaded SLNs and M-SLNs were freeze dried using Aerosil@ 

as cryoprotectant, at the amount of 2% (w/w) to the lipid to minimize the freeze-drying 

process and protect the NPs from the mechanical stress of ice crystals (14, 15). The 

lyophilization protocol was adapted from the method described by Pinheiro et al. (10). All 

nanosuspension were poured into semi-stoppered glass vials with slotted rubber closures 

and frozen at -80°C (Deep freezer, GFL®, Germany) and then were transferred to 

lyophilization (LyoQuest −85 plus v.407, Telstar) for 48 h at -80 °C under 0.40 mbar of 

pressure. After lyophilization all samples were store in controlled environment of 

temperature and humidity. 

 

2.3. Characterization of the formulations 

 

2.3.1. Particles’ diameter and polydispersity index 

 

The hydrodynamic diameter and the width of distribution (polydispersity index, PDI) of 

placebo and RIF-loaded SLNs and M-SLNs were analyzed using a dynamic light scattering 

(DLS) (Brookhaven Instruments, Holtsville, NY, USA), operating at a scattering angle of 

90º. All samples were diluted (1:200) with double distilled water to reach a suitable 

concentration before measurement (kcps 300-500). 
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2.3.2. Zeta potential 

 

The zeta potential of placebo and RIF-loaded SLNs and M-SLNs was measured by an 

electrophoretic analyser from Zeta Potential Analyzer (Brookhaven Instruments, Holtsville, 

NY, US). All samples were diluted with double distilled water, the electrode was coupled in 

cuvettes, which were applied to an electric field to analyse the surface charge. All 

measurements were performed at room temperature. 

 

2.3.3. Encapsulation efficiency and Loading capacity 

 

The EE and LC of RIF within SLNs and M-SLNs was determined by the indirectly method 

as previously described (10, 14). Briefly, a known aliquot of NPs were properly diluted and 

submitted to centrifugation with Amicon® filter device. The non-encapsulated drug was 

quantified by UV spectroscopy at 334 nm (16). A standard curve was used to determine the 

concentration of RIF and the results are expressed as mean ± standard deviation (n = 3). 
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2.3.4. Transmission electron microscopy (TEM) 

 

The morphology of placebo and RIF-loaded SLNs and M-SLNs was observed by TEM (TEM 

Jeol JEM-1400; JEOL Ltd., Tokyo, Japan). Images were obtained after one drop of fresh 

NPs over a grid followed by negative staining with uranyl acetate and subjecting it to an 

accelerating voltage of 60 kV. 

 

2.3.5. Fourier transform infrared spectroscopy (FTIR) 

 

The freeze-dried optimized placebo and RIF-loaded SLNs and M-SLNs, and pure RIF were 

evaluated using an FTIR Spectrophotometer (Frontier TM, PerkinElmer; Santa Clara, CA, 

USA) equipped with a horizontal attenuated total reflectance (ATR) sampling accessory 

with a diamond crystal. The samples were transferred directly to the ATR 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 2 cm-1. 
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2.3.6. Differential scanning calorimetry (DSC) 

 

DSC measurements were performed using DSC 200 F3 Maia®, Netzsch, (Germany). 

Approximately 7 mg of binary mixtures or an equivalent amount of RIF, were weighted in 

aluminum pan and sealed. For the placebo and RIF-loaded SLNs and M-SLNs, known 

amounts of the selected formulations were weighted and similarly sealed in aluminum pans. 

The reference pan was left empty. Heating curves for the drug and the mixtures of drug and 

lipid were recorded with a heating rate of 10°C/ min from 15°C to 300 °C and then cooled 

to 25°C, under liquid nitrogen, with cooling hate of 40°C/ min. The onset, melting point (peak 

maximum) and enthalpy (ΔH) were calculated using the software provided by the DSC 

equipment. 

 

2.3.7. In vitro release study 

 

The release profiles of RIF-loaded SLNs and M-SLNs were investigated by simulating the 

release of drug under pulmonary environment (17). For this purpose, buffered solutions at 

three different pH values (4.5, 6.2 and 7.4) were used to simulate the phagosome, 

phagolysosome and the in vitro physiological conditions, respectively (10). 

In vitro release studies were performed using the dialysis bag method in sink conditions. 

The NPs were first poured into the dialysis bag (molecular weight cut off 6000–8000 Da, 

CelluSep; Membrane Filtration Products Inc., Frilabo, Portugal) with the two ends fixed by 

thread and placed into the preheated dissolution media. The suspension was stirred at 

37°C, using a heating and magnetic stirring plate (IKAMAG1, Staufen, Germany) at 350 

rpm. At fixed time intervals, 200 µL of sample was withdrawn and the same volume of fresh 

buffer was added accordingly to the condition. The samples were read in a UV 96-well plate 

reader (Synergy™ HT, Biotek, USA), at 334 nm. All the analytical conditions were 

previously optimized, and standard curves were obtained in triplicate. 

The RIF release profiles were evaluated in each pH condition and the profiles were 

compared using the kinetics models of the release profile by fitting in different equations 

such as zero order, first order, Higuchi, Korsemeyer-Peppas and Hixson-Crowell. The 

determination of the kinetic models aimed to give a preliminary indication of the drug 

localization inside the lipid matrix and the degree of organization of the NPs for both SLNs-

RIF and M-SLNs-RIF (18, 19). 
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2.3.8. Storage stability 

 

To evaluate the stability of optimized SLNs-RIF and M-SLNs-RIF NPs, a study was carried 

out regarding particle diameter, PDI and zeta potential for a period of 6 months. The NPs 

were stored at room temperature and compared to the first day of production, as described 

earlier. 

 

2.4. Cellular studies 

 

2.4.1. In vitro cytotoxicity 

 

Human THP1 monocytes were seeded at a density of 105 cells per well and grown in DMEM 

supplemented with fetal bovine serum and penicillin/streptomycin at 37°C with 5% CO2. 

THP1 monocytes were differentiated into macrophages after 18 h with 20 ng mL-1 phorbol 

12-myristate 13-acetate (PMA), followed by 24 h with fresh supplemented culture medium. 

The THP1 differentiated macrophages viability was assessed upon treatment with SLNs 

and M-SLNs unloaded and RIF-loaded, and pure RIF using a MTT (thiazolyl blue 

tetrazolium blue) assay. After 24 h of incubation the medium was replaced by MTT (0.5 mg 

mL-1 in culture medium) for 3 h at 37°C. Then, the medium was removed and equal volume 

of DMSO was added to dissolve the formed formazan crystals. The optical density of the 

supernatant was read at 570 nm and 630 nm using a microplate spectrophotometer 

(Synergy™ HT, Biotek, USA). Results were expressed as the percentage of the metabolic 

activity of treated cells relative to untreated cells. 

 

2.4.2. Cellular uptake studies and intracellular pathways 

 

For the cellular internalization assay the SLNs and M-SLNs were labelled with coumarin 6 

(C6) by addition of this molecule to the lipid phase during the preparation process, as 

described in 2.2. The resulting SLNs-C6 and M-SLNs-C6 exhibited identical size and 

surface potential as SLNs and M-SLNs loaded with RIF. The cellular uptake of NPs-C6 was 

evaluated in THP1 differentiated macrophages upon incubation with SLNs and M-SLNs 

(100 m g mL-1). After specific times, cells were washed with PBS to remove non-internalized 

NPs, recovered in 0.2 mL of PBS containing with 0.11% Trypan Blue and incubated for 1 

min in order to quench the C6-fluorescent signal coming from SLNs adsorbed to the cell 

surface. Cells were examined under the 488 nm excitation and 520 nm emission 

wavelengths in the flow cytometer (Accuri™ C6, BD Biosciences, Erembodegem, Belgium). 

Dead cells were excluded with propidium iodide staining. For each sample a minimum of 
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10 000 events were recorded and the auto-fluorescence of non-treated cells were used as 

control. The uptake data were curve-fitted to the Michaelis−Menten equation using 

GraphPad Prism 7 (La Jolla, CA USA), and the Michaelis constant rate (K) as well as the 

maximal uptake rate (Vmax) were determined. 

The internalization pathways involved in the cellular uptake of SLNs and M-SLNs was also 

studied in human macrophages using flow cytometry. Briefly, upon THP1 differentiation in 

macrophages, the cells were pre-incubated for 30 minutes at 37 ˚C with 5% CO2 with three 

pharmacological pathway inhibitor solutions: chlorpromazine (10 µg mL-1), filipin (1 µg mL-

1) or cytochalasin D (5 µg mL-1) (20). After 1 h incubation with SLNs-C6 or M-SLNs-C6, with 

or without treatment, the cells were recovered in fresh DMEM as previously described. The 

results were reported as mean fluorescence intensity (MFI) of cells with inhibitor and 

normalized relatively to the auto-fluorescence of cells incubated with no inhibitor at 37˚C 

used as control. 

 

2.5. Statistical Analysis 

 

Statistical analyses were performed using IBM® SPSS® Statistics software (v.22.0.0.0; IBM, 

Armonk, NY, USA). The measurements were repeated at least 3 times and data expressed 

as mean ± SD. Data were analyzed using one-way analysis of variance (ANOVA) and 

differences between groups compared by Bonferroni, Tukey and Dunnet post-hoc tests with 

GraphPad Prism 6 software (La Jolla, California, USA). The differences were considered to 

be significant when the P-value was < 0.05. 

 

3. Results and Discussion 

 

3.1. Characterization of the formulations 

 

The main physicochemical characteristics of the SLNs developed in this study are listed in 

Table 1. All SLNs except M-SLNs-RIF were relatively small in size, in the range of 160-168 

nm, suggesting that drug incorporation and mannosylation process themselves did not 

influence the formulations size. Contrastingly, both processes in combination induced a 

significant increment of the particles diameter (P < 0.05), i.e., M-SLNs-RIF presented a 

diameter of 252 ± 2 nm which was larger than SLNs-RIF (160 ± 9 nm) and M-SLNs (168 ± 

2 nm). Moreover, the obtained particles’ diameter was suitable for pulmonary administration 

and for macrophages internalization (21, 22). The suspension of all developed NPs was 

monodisperse with a PDI below 0.2 (Table 1), indicating the homogeneous distribution of 

the SLNs (23). 
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The zeta potential values obtained for SLNs and SLNs-RIF were close to -30 mV. Thus, the 

incorporation of the drug did not considerably affect the surface charge of the SLNs. On the 

other hand, the presence of mannose leads to formulation with positive surface charge 

(+38.0 ± 1.1 mV and +25.7 ± 3.5 mV for M-SLNs and M-SLNs-RIF, respectively). This 

change of surface potential from negative to positive charge supports the process of 

mannosylation since it involves the addition of stearylamine to have amine groups on the 

surface of the NPs (14). In addition, the developed SLNs possess a high absolute zeta 

potential and for that reason they are considered physically stable due to the electrostatic 

repulsions between NPs (24). 

The EE of drug in SLNs was found to be considerably high (above 70%). The mannosylation 

process induced a significant increase in the EE values (P < 0.05) and the EE obtained for 

these NPs was higher than 90%. The LC of RIF obtained for SLNs and M-SLNs was 2.7 ± 

0.2 and 3.5 ± 0.6%, respectively. The high EE and LC values indicate that the lipid 

composition of the NPs is appropriate for RIF incorporation and delivery. 

 

Table 1 Mean hydrodynamic particle size, polydispersion index (PDI), zeta potential, EE 

and LC of SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF 

 

3.2. Functionalization of SLNs with Mannose 

 

Figure 1 shows the spectra of RIF, SLNs, M-SLNs and the correspondent physical mixture 

(PM). SLNs and RIF-SLNs do not display any band characteristic of mannose 

functionalization (Figure 2A), presented only in the M-SLNs and M-SLNs-RIF (Figure 2B 

and 2C). The process of functionalization was made by the opening of the mannose ring 

and following reaction of its aldehyde group with free amine functionalities present over the 

surface of SLNs. This lead to the formation of Schiff's base (–N═CH–), detectable by FTIR 

spectroscopy at the wavelength of ~1567 cm-1, as can be observed in Figure 2B, and in 

more detail, in Figure 2C. Similar results were obtained in previous the studies (13). 

 

Samples 
Diameter 

(nm) 
PDI ZP (mV) EE (%) LC (%) 

SLNs 163 (±9) 0.17 (±0.02) -31.3 (±0.9) - - 
SLNs-RIF 160 (±9) 0.12 (±0.03) -25.4 (±0.8) 74.0 (±5.9) 2.7 (±0.2) 
M-SLNs 168 (±2) 0.16 (±0.01) +38.0 (±1.1) - - 
M-SLNs-RIF 252 (±2) 0.17 (±0.01) +25.7 (±3.5) 95.5 (±6.0) 3.5 (±0.6) 
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Figure 1. Infrared spectra of RIF, PM, SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF (n=3). 

(A) RIF, PM, SLNs and SLNs-RIF. (B) SLNs, SLNs-RIF, M-SLNs and M-SLNs-RIF. (C) M-

SLNs-RIF and SLNs-RIF and Schiff´s base. 

 

3.3. Transmission electron microscopy 

 

Transmission electron microscopy (TEM) studies were performed to evaluate the 

morphological characteristics of all SLNs. TEM imaging revealed spherical NPs (Figure 2). 

Despite the spherical shape of all SLNs, it can be observed from Figure 2 that both SLNs-

RIF (Figure 2B), M-SLNs (Figure 2C), and M-SLNs-RIF (Figure 2D) exhibit a more irregular 

spherical shape than SLNs (Figure 2A), indicating that the incorporation of the RIF and/or 

the mannosylation process induce slight alterations in the SLNs’ morphology. The images 

demonstrated that all SLNs presented a narrow diameter distribution with particle diameter 

near 200 nm. 
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Figure 2. Transmission electron photomicrographs of (A) SLNs, (B) SLN-RIF, (C) M-SLNs, 

and (D) M-SLN-RIF (n=3). (Scale bar: 200 nm). 

 

3.4. In vitro release study 

 

The in vitro release of RIF from SLNs and M-SLNs was measured in phosphate buffer at 

different pH conditions to simulate the passage of the NPs following pulmonary 

administration. The study was conducted in simulated lung fluid (phosphate buffer, pH 7.4), 

physiological pH of the nasal fluid and phagosomes (phosphate buffer, pH 6.2) and, also 

the acidic vesicles phagolysosomes (pH 4.5) where the bacteria is located inside the 

macrophages (10). From the analysis of Figure 3, it is possible to observe a slow drug 

release profile from SLNs, being only 10% of drug released from the SLNs within the first 4 

h. The drug release increases slowly during time, being below 20% at 8 h. From Figure 3, 

it can be observed that the drug release in both SLNs-RIF and M-SLNs-RIF is pH-

dependent with a faster drug release at acidic pH than at physiological pH. These results 

point that the majority of the drug (80% or more) remained entrapped in SLNs and M-SLNs 

after their contact with the pulmonary mimetic conditions, and able to be released inside the 

infected cells, which reinforces that both SLNs and specially functionalized SLNs are 

suitable NPs for the pulmonary delivery of RIF, protection from the degradation and 

ultimately enhancing drug bioavailability. 

The difference between SLNs-RIF and M-SLNs-RIF release profiles suggest that the 

nanocarriers have distinctly structures. The mannose coating of the M-SLNs-RIF 

contributed to increase the disorder of the SLNs structure, creating a more irregular matrix, 
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corroborating with DSC analysis (Figure 4), leading to a faster release of RIF in M-SLNs-

RIF (Figure 3). 

 

 
Figure 3. In vitro RIF release profile of SLNs-RIF and M-SLN-RIF in pH 7,4 (A), pH 6,2 (B) 

and pH 4,5 (C), in order to simulate the release of the drug in following pulmonary 

administration until reach the acidic vesicles phagosomes and phagolysosomes (n=3). 

 

The release profiles of SLNs-RIF and M-SLNs in different pH (7.4, 6.2 and 4.5) were studied 

by analyzing the regression coefficients (R2) obtained after fitting into zero order, first order, 

Hixson-Crowell, Higuchi, and Korsmeyer-Peppas release kinetics models, in Table 2 (25). 

Based on the obtained results, the Higuchi model was found to be the best model as 

presented the higher values of R2 (0.996, 0.996 and 0.992) for the three pH conditions. This 

mathematical model proposes a direct relation of the drug release from the matrix to a 

square root of time (25). Thus, RIF release from SLNs e M-SLNs occurs by a diffusion-

controlled process. 

 

Table 2. Results of the kinetic parameters of the drug release profile obtained for M-SLN-

RIF: determination coefficient (R2) 

 

  

Release 

Sample / pH 

Release model 

Zero 

Order 

First 

Order 

Hixson-

Crowel 
Higuchi 

Korsmey

er-

Peppas 

M-SLNs-RIF 

pH 7.4 R² = 
0.944 

R² = 
0.765 

R² = 
0.649 

R² = 
0.996 

R² = 
0.944 

pH 6.2 R² = 
0.925 

R² = 
0.677 

R² = 
0.661 

R² = 
0.996 

R² = 
0.925 

pH 4,5 R² = 
0.916 

R² = 
0.703 

R² = 
0.614 

R² = 
0.992 

R² = 
0.916 
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3.5. Lipid matrix analysed by DSC 

 

The interactions between lipid NPs and incorporated drugs commonly result in alterations 

in melting temperatures and melting enthalpies (DH) (26). Moreover, the surface coating 

has also been reported to alter calorimetric parameters in NPs (27). Thus, DSC analysis 

was performed to study the alterations in the lipid matrix of SLNs after the incorporation of 

RIF and mannose ligand. The DSC thermograms obtained for all SLNs formulations and for 

the pure solid lipid and the physical mixture are depicted in Figure 4, while the respective 

melting parameters are shown in Table 3. 

 

 
Figure 4. DSC thermograms Infrared spectra of Glycerol palmitate, PM, SLNs, SLNs-RIF, 

M-SLNs and M-SLNs-RIF (n=3). 

 

As expected, the onset temperature and the melting enthalpy (DH) of SLNs were lower in 

comparison to the bulk solid lipid and with the physical mixture, which may be explained by 

the interactions that occur between the solid lipid and surfactant, or to the increase in 

surface area of the NPs. The drug loaded and functionalized SLNs showed an onset melting 

transition peak temperature and a melting enthalpy (DH) lower than that of the SLNs, 

suggesting that RIF and mannose induce disorder in the crystal structure of the NPs. The 

decrease in the onset temperature and in melting enthalpy (DH) was more evident when 

the two compounds were present together, suggesting a higher disturbance of the SLNs. 
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Table 3. Differential scanning calorimetry parameters of SLNs, SLNs-RIF, M-SLNs and M-

SLNs-RIF.  

Samples 
ΔH 

(J/g) 

Melting 

Point  (°C) 
ΔH Onset (°C) 

ΔH End 

(°C) 

Glycerol Tripalmitato 181.3 68.0 63.9 70.2 

PM 172.8 69.4 65.0 71.7 

SLNs 125.3 65.0 61.0 67.1 

SLNs-RIF 117.0 65.1 61.1 66.9 

M-SLNs 105.6 63.2 61.1 66.5 

M-SLNs-RIF 70.1 62.4 57.7 65.7 

 

3.6. Storage stability 

 

The physical stability of all SLNs was verified periodically by analyzing the variation of the 

hydrodynamic diameter, polydispersity, zeta potential and EE during storage conditions for 

6 months at room temperature (Figure 5). For all SLNs, no aggregation was found through 

visual observations as expected regarding their high zeta potential. According to Figure 5, 

no tendency to zeta potential variations was observed for the SLNs-RIF and M-SLNs-RIF, 

supporting the long-term stability of the developed SLNs (14). In fact, the overall results 

show that all SLNs are stable for at least 6 months since only slight variations (P > 0.05) 

occur in the particles diameter, polydispersity, zeta potential and EE. Thus, the developed 

SLNs are appropriate for RIF incorporation and for the release prevention during shelf 

conditions of storage at room temperature. 
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Figure 5. Effect of storage time (at room temperature) on particle diameter, 

PDI and ZP of SLN-RIF and M-SLNs-RIF during 180 days (mean ± SD, n=3). 

 

3.7. In vitro cytotoxicity 

 

The cell viability of the placebo and RIF-loaded SLNs and M-SLNs towards THP1 

differentiated macrophages was evaluated for 24 h. As shown in Figure 6 treatment with 

loaded SLNs up to 0.12 mg mL-1 did not affect the cell viability, exhibiting over 80% viability 

for the studied conditions. Thus, RIF-loaded SLNs and M-SLNs could be used as a delivery 

system up to this concentration which corresponds to 100 µg mL-1. In addition, RIF-loaded 

SLNs and M-SLNs and free RIF solution lead to a similar reduction on the cell viability 

assessed by a decrease on the mitochondrial metabolism using the MTT assay (Figure 6). 

In fact, these result indicate that with the developed SLNs is possible to reach a 

concentration higher than that reported as RIF’ bactericidal concentration (3.2 µg mL-1) (28). 

To proceed with the biological assays a non-toxic concentration was selected. 
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Figure 6. Cell viability of THP1 differentiated macrophages upon exposure to SLNs and 

M-SLNs load and unload. Data expressed as average ± standard deviation (n=5 of three 

independent assays). 

 

3.8. Cellular uptake studies and intracellular pathways 

 

Energy may be involved in the process of NPs’ cellular internalization. To evaluate the role 

of energy, THP1 differentiated macrophages were treated with 37ºC, 4ºC and sodium azide, 

both inhibitors of active transport and then incubated with SLNs and M-SLNs C6-labelled 

(29). At lower temperatures (4ºC), the macrophages exhibit a decrease on their cellular 

fluorescence with either SLNs-C6 (28%) and M-SLNs-C6 (49%), as observed in Figure 7A. 

After the sodium azide treatment, the THP1 macrophages incubated with SLNs-C6 did not 

show a statistically difference (P > 0.05) on the NPs internalization in relation to the control 

cells (37ºC treatment). The internalization of M-SLNs-C6 by macrophages treated with 

sodium azide was reduced to 78% (P < 0.01). By lowering the temperature to 4ºC, both 

cellular active transport and diffusion are compromised, while with sodium azide only active 

transport is inhibited. It may be inferred that about 65% of SLNs uptake occurs by passive 

diffusion, while 30% of M-SLNs are internalized by the same process. Others have 

described lipid SLNs’ uptake dependence on energy with identical outcomes (30-32). 
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Figure 7. Uptake of SLNs by THP1 macrophages. (A) Internalizations pathways of SLNs 

(light grey) and M-SLNs (dark grey), using 37ºC as control. (B) Cellular uptake kinetic 

profiles obtained by flow cytometry for SLNs (o) and M-SLNs (n). Data expressed as 

mean ± SD (n = 3). Statistical differences in relation to control represented as ** P < 0.01 

and *** P < 0.001. 

 

The uptake of SLNs was evaluated using THP1 differentiated macrophages, to unravel the 

characteristics of this transport system related to intracellular drug delivery. Cellular uptake 

kinetics was assessed by intracellular fluorescence over an incubation period using flow 

cytometry. The concentration of SLNs (100 μg mL-1) used does not affect the viability of the 

cells (Figure 6). As observed in Figure 7B, NPs’ cell entry occurs as early as 15 min, upon 

incubation at 37 °C, which reveals that SLNs and M-SLNs translocate quickly into the cell, 

and the time for half-maximal uptake was found to be 1.1 ± 0.2 h. The cellular uptake of 

SLNs and M-SLNs follows Michaelis-Menten kinetics (Figure 7B), and their differences 

were analyzed by the parameters (Ymax and K) on Figure 7B. M-SLN exhibited a 1.2-fold 

higher Ymax than non-mannosylated SLNs. Concerning the uptake rate constant (k), a 

smaller value reflects a quicker cellular internalization. In fact, the mannosylation of SLNs 

resulted in higher uptake by THP1 differentiated macrophages. An analogous behavior was 

already described for polymeric nanoparticles. Indeed, few studies have also demonstrated 

the effectiveness of targeting mannose receptors, by conjugation a carbohydrate to 
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polymeric NPs, to activate macrophages towards a robust action against other intracellular 

pathogens (20, 33). 

To study the endocytic pathways mechanisms involved in the active NPs internalization 

process, cells were pre-incubated with three pharmacological pathway inhibitors: 

chlorpromazine and filipin, respectively for clathrin- and caveolae-dependent endocytosis, 

and cytochalasin D for macropinocytosis (34). Data exhibited on Figure 7A reveal that in 

THP1 macrophages the inhibition of clathrin-mediated endocytosis by chlorpromazine led 

to 40 and 65% reduction on the uptake of SLNs and M-SLNs, respectively. Inhibition of 

caveolae-mediated endocytosis by filipin resulted in less than 20% inhibition for both lipid 

NPs studied. Further results revealed that the inhibition of the macropinocytosis process 

resulted in about 30% and 25% reduction of SLNs and M-SLNs, respectively. Overall, M-

SLNs uptake process by human THP1 macrophages in the presence of chlorpromazine 

exhibited a higher inhibitory effect when compared with the others pathway inhibitory 

treatments (P < 0.01 for SLNs and P < 0.001 for M-SLNs), thus suggesting a predominant 

clathrin-mediated endocytic uptake of mannosylated SLNs. This outcome is consistent with 

previous studies, as clathrin-mediated endocytosis (35). In fact, a characteristic feature of 

the mannose receptor is its rapid internalization from the plasma membrane via a clathrin-

mediated mechanism that delivers the receptors to the endocytic pathway (36). Moreover, 

mannose receptor may contribute to the internalization of mannosylated particles and 

pathogens (37). Similarly, to chlatrin-mediated endocytosis, the mannosylated ligands bind 

to the mannose receptor at the cell surface and then are internalized into the cell, where 

dissociate from the receptor in an acidic endosomal compartment. 

The in vitro cell uptake and pathway mechanism studies revealed that mannosylation 

improved the SLNs uptake overtime and that process was energy-dependent mainly by 

clathrin-mediated endocytosis. This aspect is relevant to understand the fate of SLNs and 

M-SLNs during the endocytic process, as clathrin endocytosis mechanism mediates the 

NPs trafficking to endosomes, followed by degradation processes in late endosomes and 

lysosomes. 

 

4. Conclusion 

 

In this study, a new delivery strategy for the treatment of TB based in mannosylated SLNs 

containing the front-line anti-TB drug RIF was developed. The SLNs formulations were 

developed to improve the drug uptake by the macrophages and can be administered by 

inhalation, aiming to improve the patient compliance and consequently the success of this 

long-duration therapy. The developed mannosylated SLNs possess a diameter of 

approximately 250 nm, which is considered to be suitable for the lung deposition and 
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macrophage phagocytosis. Moreover, SLNs present a highly zeta potential of around I30I 

mV, indicating a good stability. The functionalization of SLNs with mannose was confirmed 

by the zeta potential variations between the uncoated and the mannosylated SLNs and also 

by the FTIR spectrum analysis that allowed the detection of the Schiff's base. The RIF EE 

was high, being than 70% for SLNs and 90% for M-SLNs. TEM analysis demonstrated that 

all SLNs presented a spherical morphology. DSC studies revealed that the incorporation of 

the drug and mannose induced a disturbance in the crystal order of the lipid matrix of the 

SLNs. A sustained release profile of SLNs in simulated pulmonary fluids was achieved, with 

more than 80% of RIF remained entrapped inside the SLNs lipid matrix after 8 h. In addition, 

stability studies revealed slight variations in terms in the physicochemical properties of 

SLNs over a period of 6 months, reinforcing the stability of the lipid NPs. 

The cytotoxicity results showed that neither SLNs-RIF nor M-SLNs-RIF, and their unloaded 

formulations were considered toxic for THP1 macrophages, and could be used to safely 

RIF delivery.  Besides, the high degree of internalization in human macrophages, especially 

for M-SLNs-RIF, suggested an effective targeting of mannose receptors of the developed 

system. 

In conclusion, the overall results suggest that mannosylated SLNs constitute suitable 

carriers for the inhalatory administration of RIF, protecting it from the pulmonary fluids and 

increasing drug’s bioavailability. Thus, the developed SLNs constitute an affordable 

technology that hold great promise for a future clinical application in the TB treatment. 
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Abstract  

This work aims to develop a mannosylated nanostructured lipid carrier (NLC) loaded with 

rifampicin (RIF) to improve tuberculosis (TB) treatment. An active targeting strategy was 

used and the nanoparticles (NPs) developed were characterized in terms of size, zeta 

potential and differential scanning calorimetry (DSC). Morphology, encapsulation efficiency 

(EE), and in vitro drug release studies were also performed. The success of mannose 

coating was confirmed by Fourier transform infrared spectroscopy. Effects on cell viability 

were tested using primary mouse Bone marrow-derived macrophages (BMDM), and anti-

mycobateria activity of the nanoformulations was evaluated using Mycobacterium avium-

infected BMDM. The results point to NPs with a size of approximately 315 nm and 

polydispersity below 0.2. The decrease in the enthalpy and the broadening of the melting 

peaks of the DSC thermograms were in agreement with the nanostructure of the NLCs. The 

drug EE was higher than 90%, and release was sensitive to pH, with a faster drug release 

at acidic pH, compared to neutral pH. The mannosylated NLCs show efficient and active 

uptake by BMDM. Further, RIF-loaded mannosylated NLCs are more efficient in inducing a 

decrease of intracellular growth of mycobacteria. Thus, the NLCs developed can be used 

as a promising carrier for TB treatment.  

 

Keywords: drug delivery, infectious diseases, mannose, Mycobacterium tuberculosis, 

nanomedicine 
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1. Introduction 

 

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 

human immunodeficiency virus (HIV) (1). In 2016, the World Health Organization (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, lipids 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 to lipid NPs made of only solid lipids, i.e., solid lipid NPs (SLNs) (9). In addition, 

NLCs have also lower water content than SLNs and 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 nanocarrier of RIF.  

The present study aims to develop and characterize NLCs formulations to selectively deliver 

RIF to the macrophages, where the etiological agent of TB is predominantly located. The 

NLCs were designed to target 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 
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macrophages (12). The developed NLCs were characterized according to their average 

diameter, polydispersity index (PDI), zeta (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 anti-mycobacterial efficacy 

of the nanoformulations developed in this study. The results obtained are promising in 

efforts to develop new TB treatments. 

 

2. Materials and Methods 

 

2.1. Materials 

 

NLCs were prepared with Precirol® 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), stearyl amine, 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 (St Louis, 

MO, USA). Double-deionized water was obtained from a Millipore system with conductivity 

less than 0.1 µS cm-1. 

 

2.2. Preparation of the formulations 

 

2.2.1. Preparation of NLCs 

 

The method chosen for the preparation of NLCs combines the high shear homogenization 

and ultra-sonication techniques. 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-

NLCs) were heated in a water bath up to 70 ºC. When the solid lipid was fully melted, 4.4 

mL of heated ultrapure water (T=70 ºC) was added to the mixture. Mixture then went 

through ultra-turrax T25 (Janke and Kunkel IKA-Labortechnik, Staufen, Germany) at 3500 

rpm for 30s, followed by sonication using a Sonics and Materials Vibra-Cell™ CV18 

(Newtown, 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.  
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2.2.2 Preparation of mannosylated NLCs (M-NLCs) 

 

Coating of NLCs with mannose was adapted with slight modifications from the method 

described by Jain and co-workers (13). First, NLCs were modified to exhibit amine groups 

at the surface through the addition of stearyl amine in the ratio of 2% w/w. 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 

and the aldehyde group would then react with free amine present at the surface of the 

stearyl amine functionalized NLCs, leading to the formation of a Schiff's base (–N=CH–) 

(13). M-NLCs were subjected to extensive dialysis (dialysis bag; MWCO 12–14 kDa) 

against double distilled water for 30 min to remove uncoated mannose along with other 

impurities. 

 

2.2.3 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 and co-workers 

(14). A VirTis freeze dryer (Advantage Plus EL-85; SP Scientific) was used in this process. 

Samples were prepared with Aerosil 2% (w/w) as cryoprotectant. Initial freezing was done 

at -60 ºC for 720 min. Condensation was made at -80 ºC under 150 mTorr of pressure. First 

drying was done at 20 ºC for 1200 min, under 150 mTorr of pressure. Secondary drying 

was performed at 25 ºC, 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, 

FTIR and DSC analysis. Cell viability, cellular uptake, and in vitro infection studies were 

also performed.  

 

2.3. Characterization of the formulations 

 

2.3.1 Particle size measurement 

 

Particle size was measured by dynamic light scattering (DLS), using a BI-MAS DLS 

instrument (Brookhaven Instruments, 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 polydispersion index (PDI) were 
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determined as a measure of the width of the particle size distributions. At each 

measurement, 6 runs of 2 min each were performed. The measurements were performed 

in triplicate. 

 

2.3.2 Zeta (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, 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, 10 runs (each one with ten cycles) were performed 

at the temperature of 20 ºC. The measurements were performed in triplicate. 

 

2.3.3 Encapsulation efficiency (EE) 

 

The EE of NPs was evaluated by measuring the absorption at the wavelength of 334 nm 

using UV/Vis spectrophotometry (Jasco, Easton, 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® Centrifugal Filter Devices (Millipore, Billerica, MA, USA) regenerated 

cellulose with nominal molecular weight cut off 50000−MWCO. Centrifugation was 

performed using a Jouan BR4i multifunction centrifuge with a KeyWrite-D™ interface 

(Thermo Electron, Waltham, MA, USA) with a fixed 23°-angle rotor and 3000 g spin for 8 

minutes at the temperature of 20 ºC. The drug released from the nanoparticles 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. 

 

2.3.4 Transmission Electron Microscopy (TEM) analysis 

 

The morphology of the different nanoformulations was observed using 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 seconds. 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.  

 

2.3.5 In vitro drug release study 
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The in vitro drug release studies were performed using a cellulose dialysis bag diffusion 

technique (Cellu.Sep® 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). Thus, NLCs were incubated at body temperature (37 ºC), 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.  

 

2.3.6 Fourier Transform Infrared (FTIR) analysis 

 

 FTIR analysis was used in the lyophilized formulations to detect Schiff's base and confirm 

coating with mannose. FTIR was performed with a PerkinElmer® (Spectrum 400) equipped 

with an attenuated total reflectance (ATR) device and zinc selenite crystals. The samples 

were transferred directly to the ATR 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. 

 

2.3.7 Differential Scanning Calorimetry (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®, 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 (ΔH) 

were calculated using the software provided by the DSC equipment.  
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2.4. Cell culture studies 

 

2.4.1 Mice 

 

Female C57Bl/6 (B6) mice were obtained from the animal facility of Instituto de Ciências 

Biomédicas Abel Salazar. 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).  

 

2.4.2 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) plus 

0.04% Tween-80 and supplemented with 10% albumin-dextrose-catalase (ADC) 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 (Danbury, Conn.) 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. 

 

2.4.3 Bone marrow-derived macrophages (BMDM) 

 

BMDM were obtained by cultivating bone marrow cells from B6 mice. Briefly, at day-1, bone 

marrow-cells were harvested from 2 femurs and 2 tibias from a female B6 mouse, and 

cultivated in a petri dish with DMEM (Life Technologies) 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.(16) Cells were cultured overnight at 37 ºC on cell 

culture dishes in order to remove adherent cells. On day 0, the non-adherent cells were 

collected, and counted using the trypan blue exclusion method and a Neubauer chamber. 

Cell suspensions were distributed in 96-well plates at 1x106 cells/ml, or in a 24-well plate at 

4x105 cells/ml. 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 
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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). 

 

2.5 Cell viability  

 

Cell viability was assessed by tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-

difenyltetrazolium (MTT) assay. BMDM were treated with NLCs-RIF and M-NLCs-RIF at 

different concentrations (ranging from 100 to 1000 µg/ml) 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 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 day, 7 days 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 (DMSO) and isopropanol, in the 

proportion of 3:1 v/v. The absorbance (540 nm) was read using a Synergy
TM HT Multi-mode 

microplate reader (BioTek Instruments Inc., Winooski, 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 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 Prism software 

program (GraphPad Software Inc., La Jolla, California, USA). 

 

2.6 In vitro infection of BMDM with M. avium 

 

About 106 colony-forming units of M. avium 2447 were added to each well, in 0.2 ml of 

supplemented DMEM. Cells were incubated for 3 h at 37 ºC 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 and 250 µg/ml, 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 
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infection), 1 day 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, Sparks, MD), 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, between treated cells at each time-point and control cells at T0, was 

designated by “log increase.”  

 

2.7 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), 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 µg/ml or 500 µg/ml. 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, St. Louis, MO, USA). 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. 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, St. Louis, MO, USA). 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, San Jose, 

CA, USA). Cells were selected on the basis of forward scatter/side scatter (FSC/SSC), 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, Ashland, OR, USA). 

  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 163 

2.8 Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism 6 software (La Jolla, California, 

USA). Data were expressed as mean ± standard deviation (SD). Statistical comparisons of 

the means were performed using two-way analysis of variance (ANOVA) and differences 

between groups compared by Tukey test with a P value of <0.05 considered statistically 

significant.  

 
3. Results and Discussion 

 

3.1. NLCs are suitable carriers for RIF encapsulation and drug controlled release 

 

First, mannosylated NLC 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 particles 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 a homogeneous distribution of the NPs (17).  

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 this nano-carrier to incorporate RIF. This high 

95% of EE of the drug confirms that NLCs are suitable NPs for the encapsulation of RIF.  

 

Table 1. Mean hydrodynamic particle size, polydispersity index (PDI), ζ-potential and 

encapsulation efficiency measurements of RIF-loaded NLCs and corresponding placebos. 

Samples Diameter 
Polydispersity 

index 

Zeta 

potential 

Encapsulation 

efficiency 

NLCs 323 ± 17 0.16 ± 0.01 -34 ± 1 - 

M-NLCs 327 ± 14 0.14 ± 0.01 +47 ± 6 - 

NLCs_RIF 310 ± 10 0.14 ± 0.01 -29 ± 1 94  ± 4 

M-NLCs_RIF 302 ± 23 0.16 ± 0.03 +36 ± 7 95  ± 2 
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Transmission electron microscopy (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.  

 

Figure 1. Transmission electron microscopy images of (A) NLCs, (B) NLCs-RIF, (C) M-

NLCs, and (D) M-NLCs-RIF lyophilized formulations at 25.000x magnification. The bar 

(____) represents 300 nm. 
 

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 non-functionalized 

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 

independently 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 hours, followed by a sustained 

drug release. In addition, the amount of drug released during the first 5h for M-NLCs and 

NLCs was independent of the pH. On the other hand, the non-functionalized NLCs possess 
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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 three hours, whereas the same 

amount of drug is release in the first hour for non-functionalized NLCs-RIF. Nevertheless, 

the maximum drug cumulative release at 5h is less than 40% for functionalized NLCs, being 

almost 50% in the case of non-functionalized NLCs. These results point that the majority of 

the drug remained entrapped 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. 

 

Figure 2. In vitro RIF release profiles from NLCs-RIF and M-NLCs-RIF, 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. 

 

3.2. Mannose coating is efficiently achieved 

 

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, 18). Moreover, all the NLCs formulations possess a high absolute 

ζ-potential and therefore they are considered physically stable, due to the electrostatic 

repulsions between the NPs. (19) 

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 
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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 (–N═CH–), which was 

detected by FT-IR spectroscopy (Figure 3). 

 

 
Figure 3. Second Derivative FTIR spectra of NLCs-RIF and M-NLCs-RIF. 

 

DSC analysis was used to examine the effect of drug loading and the mannose 

functionalization on the lipid (20). 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 transition temperature is expected to occur (21). 

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 non-functionalized 

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 suffers a 

decrease in comparison with NLCs, being the last measured parameter the lowest of all 

formulations. 

Table 2. Differential scanning calorimetry parameters of RIF-loaded NLCs and 

corresponding placebos: onset and melting temperatures, melting enthalpies. 
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Samples 
Area 

(J/g) 

Peak 

(°C) 

Onset 

(°C) 
End (°C) 

NLCs 95.49 55.7 53.7 57.8 

M-NLCs 90.92 52.9 42.4 64.9 

NLCs_RIF 92.28 51.6 44.0 59.5 

M-NLCs_RIF 88.62 52.4 42.7 66.7 

 

 

 

Figure 4. DSC thermograms of (A) NLCs-RIF and (B) M-NLCs-RIF formulations. 

 

3.3. RIF-loaded NLCs are less cytotoxic than unloaded NLCs 

 

To evaluate the effects of the different NLCs formulations on BMDM viability, a MTT assay 

was performed after 1 day 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 μgmL-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 μgmL-1), did not affect the 

metabolic activity of BMDMs (Figure 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 pronounced 
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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). 

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 non-functionalized formulations. These 

results may be explained by the NLCs charge, as non-functionalized 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 to negative or neutral NPs (22). 
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Figure 5. Effect of RIF-loaded formulations, corresponding placebos and RIF on BMDM 

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, and *****P<0.0001 

compared to the untreated cells. •P<0.05, ••P<0.01, •••P<0.001, and ••••P<0.0001 

compared to the corresponding placebo. ×P<0.05, ×××P<0.001, and ××××P<0.0001 

compared to the corresponding non-functionalized formulation. °P<0.05, and °°°° 

P<0.0001 compared to RIF. 
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Table 3. IC50 values of RIF-loaded NLCs and corresponding placebos. 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 non-linear regression, using the GraphPad Prism software. 

Samples IC50 (μg mL
-1

) Time of incubation 

NLCs 724.44 

1 day 
M-NLCs 534.56 

NLCs_RIF - 

M-NLCs_RIF - 

NLCs 891.25 

7 days 
M-NLCs 412.10 

NLCs_RIF - 

M-NLCs_RIF 712.85 

NLCs 280.54 

7 days refresh 
M-NLCs 190.55 

NLCs_RIF 721.11 

M-NLCs_RIF 261.82 
 

3.4. 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. BMDM were treated with NLCs-FITC or M-NLCs-

FITC both at 100 or 500 μgmL-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. Moreover, BMDM treated with M-NLCs showed a 

high density and brighter green fluorescence staining compared with NLCs treated with 100 

or 500 μgmL-1 (Figure 6 B-E). These data indicate that M-NLCs are more efficiently 

internalized than NLCs as previously reported with other mannose functionalized NPs 

formulations (15). Flow cytometry analysis was used to confirm and quantify the 

internalization of NLCs-FITC or M-NLCs-FITC at 100 μgmL-1 by BMDM. The MFI obtained 

(MFI NLC: 68603 versus MFI M_NLC: 992000) indicate a 14.5-fold increase in cell uptake 

of M-NLCs, compared with NLCs by BMDM. Altogether, the data obtained clearly show that 
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mannosylated NLCs (M-NLCs) reach intracellular environment more efficiently than non-

mannosylated NLCs (NLCs), which support the use of this active targeting strategy.  

 

 
Figure 6. M-NLCs-FITC are more efficiently internalized in primary macrophages after 1 

day of treatment. (A-E) NLCs or M-NLCs localization in BMDM by fluorescence 

microscopy. (A) Untreated BMDM. (B) NLCs-FITC 100 μgmL-1. (C) M-NLCs-FITC 100 

μgmL-1. (D) NLCs-FITC 500 μgmL-1 (E) M-NLCs-FITC 500 μgmL-1. (F-G) Flow 

cytometry analysis of BMDM. (F) Overlay histogram of BMDM untreated and treated with 

NLCs-FITC ou M-NLCs-FITC at 100 μgmL-1. (G) Mean Fluorescence Intensity fold 

increase of BMDM-FITC+ after treatment with NLCs-FITC or M-NLCs-FITC at 100 μgmL-

1. 
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3.5. 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 μgmL-1 were chosen to test RIF-loaded nanoformulations effects on BMDM 

intracellular growth of M. avium, as previously described (23). 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 μgmL-1, after the refresh treatment. In addition, 

the active targeting with mannose coating contributed to a more pronounced anti-

mycobacterial effect (M-NLCs-RIF - P<0.001) than the non-functionalized formulations 

(NLCs_RIF - P<0.01), (Figure 7).  

 

 
Figure 7. Effect of RIF-loaded formulations, placebos and RIF in BMDM intracellular 

growth of M. 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, 

between treated infected cells at day 7 and untreated infected cells at T0. Data are 

expressed as means ± SD. Values represent mean ± SD. **P<0.01, and ****P<0.001 

compared to untreated cells. •P<0.05 compared to corresponding placebo. #P<0.05, 

##P<0.01, ### P<0.001, #### P<0.0001, differences between 7 days and 7 days Refresh. 
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4. Conclusion 

 

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 300 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 non-functionalized NLCs, mannosylated NLCs are able 

to improve the cellular uptake by BMDM. In addition, non-cytotoxic concentrations of these 

mannosylated NLCs restrict intracellular growth of M. avium-infected BMDM in a more 

pronounced decreased effect than non-functionalized NLCs.  

The overall results support that the developed 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 are promising 

and open up new avenues in the fight against the world's deadliest infectious disease. 
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Abstract 

Taking into consideration the potential mucoadhesion properties of systems in lung delivery, 

this paper describes the preparation and characterization of chitosan-coated solid lipid 

nanoparticles (C-SLNs) loaded with rifampicin (RIF) as anti-tuberculosis (anti-TB) drug. The 

process of development and characterization of the NPs in terms of size, surface charge, 

encapsulation efficiency (EE), morphology, in vitro drug release, differential scanning 

calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), in vitro assessment of 

mucoadhesive property, cell viability and permeability studies are documented. Results 

showed that the SLNs had a smooth spherical shape with a size of ca. 245 - 344 nm and 

with a zeta potential around -30 mV for SLNs and +40 mV for C-SLNs. The surface charge 

variation from negative to positive charge and FTIR analysis demonstrated the successful 

process of coating the NPs surface with chitosan. The decrease in the enthalpy and the 

broadening of the melting peaks of the DSC thermograms were in agreement with the 

nanostructure of the SLNs. The EE of drug was found to be higher than 90% and the LC 

around 4.5%. C-SLNs show higher in vitro mucoadhesive properties and a higher 

permeability in alveolar epithelial cells A549 than uncoated SLNs, indicating that the 

developed C-SLNs can be used as a promising carrier for safer and efficient management 

of TB.  

 

Keywords: adsorption, chitosan, macrophages, mucoadhesion, tuberculosis 
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1. Introduction 

 

Tuberculosis (TB) is still a major global health concern, being the leading cause of death 

worldwide among infectious diseases, alongside the infection by the human 

immunodeficiency virus (HIV) (1). In 2016, World Health Organization (WHO) reported an 

estimated 10.4 million of new cases and 1.8 million deaths caused by TB, including 0.4 

million HIV-positive individuals (2). TB is caused by the infection of Mycobacterium 

tuberculosis (MTb) that occurs through the inhalation of aerosols containing the bacilli and 

further colonization in the alveolar macrophages (AMs) (1, 3).  

Rifampicin (RIF), a class II drug (higher permeability and low solubility) according to the 

Biopharmaceutics Classification System (4) is a core drug used in the TB treatment, being 

the first choice in combination with other drugs, including isoniazid, pyrazinamide and 

ethambutol (1). The necessity of using several anti-TB drugs and the long treatment 

schedules required for the conventional treatment, result in poor patient compliance and as 

a result, the risk of treatment failure and relapses are higher (5). Therefore, improved drug 

delivery strategies for the existing drugs can be exploited to shorten TB treatment duration 

and avoid drug resistance. Thus, emerging technologies in drug delivery, including 

nanoparticles (NPs) can improve the therapeutic index of drugs and consequently 

contribute to enhance patient compliance and avoid the adverse-effects of the loaded drugs 

(1). In this context, solid lipid nanoparticles (SLNs) were chosen since lipid NPs generally 

show high drug loading capacity (LC), long term stability, do not require the use of organic 

solvents during production and are affordable to produce (6, 7). Moreover, SLNs have the 

potential to be exploited for the different administration routes, including in pulmonary drug 

delivery, which is a promising area of research for TB treatment (1). Moreover, SLNs’ 

surface can be modified and chitosan was used to improve mucoadhesion and delivery of 

the NPs to the pulmonary mucosa (8) and also to improve drug delivery to the AMs since 

chitosan is a biocompatible and mucoadhesive polymer that allows NPs to avoid mucociliary 

clearance from the airways (9). SLNs were coated with chitosan by adsorption since 

chitosan have positive charge due to the protonated amino groups, it was adsorbed onto 

the negative surface of SLNs through the electrostatic interactions (10). In addition, SLNs 

were developed to be comprised in the optimal mean aerodynamic diameter range for NPs 

deposition in the lower airways (11). 

The developed chitosan-coated SLNs were characterized according to their average 

diameter, polydispersity index, zeta potential, surface morphology, encapsulation efficiency 

(EE), loading capacity (LC), drug in vitro release, storage stability studies, mucoadhesion, 

cell viability and monolayer permeability studies. The overall results support that the 

designed SLNs are a great promise for inhalatory treatment of TB. 
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2. Materials and Methods 

 

2.1. Materials 

 

Rifampicin (RIF) (more than 98% pure) was purchased from Sigma-Aldrich (St Louis, MO, 

USA). The solid lipid, cetyl palmitate was kindly provided by Gattefossé (Saint-Priest, 

France). Tween® 80, chitosan® (low molecular weight) were adquired from Sigma-Aldrich 

Co. (St Louis, MO, USA). Aerosil® 200 was supplied by Acofarma® (Terrassa. Spain). All 

other chemicals used in the study were of analytical grade. Dulbecco’s Modified Eagle’s 

Medium (DMEM), fetal bovine serum (FBS) and penicillin-streptomycin antibiotics mixture 

were purchased from Gibco® (Invitrogen Corporation, UK). Human A549 cell line from 

European Culture Collections (Salisbury, UK). All other chemicals used in the study were 

of analytical grade. 

 

2.2. Methods 

 

2.2.1. Preparation of solid lipid nanoparticles  

 

The preparation of solid lipid nanoparticles (SLNs) was performed according to the hot 

ultrasonication method previously developed by us (12). Briefly, the lipid phase containing 

the cetyl palmitate (200 mg) lipid and RIF (10 mg) was heated to 75°C, until complete drug 

solubilization in the lipid matrix. The solution of surfactant (Tween® 80, 70 mg) double-

deionized water was previously heated in a water bath at the same temperature. The 

aqueous phase containing the surfactant was added to the lipid phase with RIF and next 

was homogenized using a probe sonicator (VCX130; Sonics & Materials, Inc., Newtown, 

CT, USA), 80 % amplitude for 5 min. The obtained nanosuspension was rapidly cooled in 

an ice bath with continuous stirring. Placebo SLNs was similarly prepared but without the 

drug. 

 

2.2.2. SLNs coated with chitosan 

 

The SLNs loaded with RIF and unloaded were coated with chitosan by gentle physical 

adsorption procedure (13). The coated process was performed after preparation of the 

SLNs. The stock solution (chitosan) was dissolved in 2% (v/v) acetic acid and filtered using 

0.8 µm for remove any impurities. The solution of chitosan (10 mg in 1 mL) was added into 



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 182 

the unloaded and loaded SLNs-RIF and gentle shaking during 24 h at room temperature to 

promote the adsorption. 

 

2.2.3. Characterization of the formulations 

 

2.2.3.1. Particles diameter, polydispersity index and zeta potential 

 

The hydrodynamic diameter and the width of distribution (polydispersity index, PDI) of 

SLNs, SLNs coated with chitosan (C-SLNs), SLNs loaded with RIF (SLNs-RIF) and SLNs 

coated with chitosan loaded with RIF (C-SLNs-RIF) were analyzed using a dynamic light 

scattering (DLS) (Brookhaven Instruments, Holtsville, NY, USA), operating at a scattering 

angle of 90º.  

The zeta potential of SLNs, C-SLNs, SLNs-RIF and C-SLNs-RIF was measured by an 

electrophoretic analyze from Zeta Potential Analyzer (Brookhaven Instruments, Holtsville, 

NY, US).  

All samples were diluted with double distilled water and measurements were performed at 

room temperature. 

 

2.2.3.2. Morphology analysis 

 

The morphological analysis of SLNs, C-SLNs, SLNs-RIF and C-SLNs-RIF was performed 

by transmission electron microscopy (TEM Jeol JEM-1400; JEOL Ltd., Tokyo, Japan). The 

images were obtained after a drop of fresh nanosuspension on a grid, followed by negative 

staining with uranyl acetate for 20 sec and then subjected to a 60 kV acceleration voltage 

for analysis and images capture. 

 

2.2.3.3. Encapsulation efficiency and Loading capacity  

 

The encapsulation efficiency (EE) and loading capacity (LC) of drug in SLNs-RIF and C-

SLNs-RIF was determined by the indirectly method as previously described [3]. A known 

aliquot of NPs was properly diluted and submitted to centrifugation during 10 minutes for 

3540 x g (Beckman Coulter Allegra X-15R) with Amicon® filter device. The supernatant with 

the non-encapsulated drug was quantified by UV spectroscopy at 334 nm (14). A standard 

curve was used to determine the concentration of RIF and the results are expressed as 

mean ± standard deviation (n = 3). 
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2.2.3.4. Freeze-drying 

 

SLNs, C-SLNs, SLNs-RIF and C-SLNs-RIF were freeze-dried using Aerosil® as 

cryoprotectant (2%, w/w, to the lipid) in order to protect the NPs from the mechanical stress 

of ice crystals (15, 16), as previous proposed by us (17). All nanosuspension were poured 

into semi-stoppered glass vials with slotted rubber closures and frozen at -80°C (Deep 

freezer, GFL®, Germany) and then were freeze-dryed in a LyoQuest (−85 plus v.407, 

Telstar) for 48 h at -80 °C under 0.40 mbar of pressure. After freeze-drying, all the samples 

were stored in controlled environment of temperature and humidity, to be further used in 

DSC and FTIR analysis. 

 

2.2.3.5. Fourier transform infrared spectroscopy 

 

The coating of chitosan by adsorption method was studied using Fourier transform infrared 

(FTIR). After freeze-dried, SLNs, C-SLNs were evaluated using FTIR (Frontier TM, 

PerkinElmer; Santa Clara, CA, USA) equipped with a horizontal attenuated total reflectance 

(ATR) sampling accessory with a diamond crystal. The nanoformulations were transferred 

directly to the ATR 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 2 cm-1. 

 

2.2.3.6. Differential scanning calorimetry (DSC) 

 

To further understand how the coating process with chitosan affects the overall structure of 

SLNs, the term analyses (DSC 200 F3 Maia®, Netzsch, (Germany) measurements were 

used. Approximately 7 mg of lyophilized SLNs and C-SLNs were weighted and sealed in 

aluminum pans. The reference pan was left empty. Heating curves for the drug and the 

mixtures of drug and lipid were recorded with a heating rate of 10 °C/min from 10°C to 300 

°C and then cooled to 25°C, under liquid nitrogen, with cooling hate of 40 °C/min. The onset, 

melting point (peak maximum) and enthalpy (ΔH) were calculated using the software 

provided by the DSC equipment.  
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2.2.3.7. Storage stability studies  

 

To evaluate the storage stability of SLNs-RIF, C-SLNs-RIF a study was carried out 

regarding the variation of particle diameter, PDI and zeta potential in relation to freshly 

prepared formulations, during a period of 3 months. The NPs in suspension were stored at 

room temperature and compared to the first day of production. 

 

2.2.3.8. In vitro drug release study 

 

The RIF release profile from SLNs-RIF and C-SLNs-RIF was investigated by simulating the 

release of drug under pulmonary environment (18). For this purpose, a buffered solution at 

pH 7.4 was studied to simulate the pH environment that can be found in the physiological 

conditions (i.e., pulmonary tract where the mucus is present) (17). 

In vitro drug release studies were performed using the dialysis bag method in sink 

conditions. The NPs were first poured into the dialysis bag (molecular weight cut off 6000–

8000 Da, CelluSep; Membrane Filtration Products Inc., Frilabo, Portugal) with the two ends 

fixed by thread and placed into the preheated dissolution media. The suspension was stirred 

at 37°C, using a magnetic stirring plate (IKAMAG1, Staufen, Germany) at 350 rpm. At fixed 

time intervals, 200 µL of sample was withdrawn and the same volume of fresh buffer was 

added accordingly to the condition. The samples were read in a microplate reader 

(Synergy™ HT, Biotek, USA), at 334 nm. All the analytical conditions were previously 

optimized, and standard curves were obtained in triplicate.  

 

2.2.3.9. In vitro assessment of mucosadhesive property 

 

Mucoadhesion was measured by indirect method, which asses the interactions between 

the mucoadhesive and mucin type glycoproteins. The mucoadhesive interaction between 

SLNs and C-SLNs with mucin was measured by turbidimetry and zeta potential (19, 20). 

Briefly, the mucin in PBS 6.4 (0.5 mg mL-1) and the NPs were mixed and incubated at 37 

°C with continuous stirring with predetermined times of 1, 2, 3 and 4 h (19, 20). 

In the turbidimetric method, the nanoformulations were centrifuged (Beckman Coulter 

Allegra X-12R) at 10976 g at 4 ºC. The supernatant was quantified using a microplate reader 

(Synergy™ HT, Biotek, USA), at 255 nm. The interaction of mucin and NPs was calculated 

by equation: 
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In the second method, the mucoadhesive properties of chitosan-coated SLNs were 

evaluated by measuring the zeta potential using an electrophoretic analyze from Zeta 

Potential Analyzer (Brookhaven Instruments, Holtsville, NY, US), through the interaction of 

negatively charged mucin with SLNs and C-SLNs (21).  

 

2.3. Cellular studies  

 

2.3.1. Cell viability assay 

 

A549 cells were grown in DMEM supplemented with fetal bovine serum (10 % v/v) and 

penicillin/streptomycin (1% v/v) at 37°C with 5% CO2. For cell viability studies, A549 cells 

were seeded at a density of 105 cells per well in 96-well plates. After 18 h, cells were treated 

with SLNs, C-SLNs, SLNs-RIF, C-SLNs-RIF and pure RIF using a MTT (thiazolyl blue 

tetrazolium blue) assay. After 24 h of incubation, the medium was replaced by MTT (0.5 mg 

mL-1 in culture medium) and then, upon 3 h at 37°C, the MTT solution was removed and 

equal volume of DMSO was added to dissolve the formed formazan crystals. The optical 

density of the supernatant was read at 570 nm and 630 nm using a microplate reader 

(Synergy™ HT, Biotek, USA). Results were expressed as the percentage of the metabolic 

activity of treated cells relative to untreated cells. 

 

2.3.2. Permeation study 

 

The permeability of SLNs-RIF, C-SLNs-RIF and in free RIF was assessed using the A549 

cell line. For the permeability studies, A549 cells were seeded on 12-well Transwell inserts 

(Corning Transwell Clear, pore size 3 m m, area 0.33 cm2) at a cell density of 105 cells cm-

1, as previously described (22). The cells were grown in supplemented DMEM, and the 

culture medium was added to both apical and basolateral compartments, with changes 

every other day, during 6 days, until the monolayer achieve suitable initial transepithelial 

electrical resistance (TEER) values. The resistance measurement of the medium without 

cells was considered as blank. The TEER was checked before and after each experiment 

using a Millicell1-ER system (Millipore Corporation, Bedford, MA), equipped with a pair of 

chopstick electrodes that inserted into the apical medium. In our study, the TEER of the 

A549 cell monolayers almost reached equilibrium on or after day 5. By day 6, the TEER 

value had generally reached a maximum value of 392 ± 15ohm cm2 (mean ± S.E.; n = 10). 

After day 7, the TEER value declined steadily. This profile is consistent with that previously 

reported by Zhang and Wang (23). 
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The samples were incubated for 4 h, and at predetermined time intervals (0.5, 1, 2 and 3 

h), 0.5 mL were sampled from the basolateral compartment and replaced with fresh culture 

medium. The amount of RIF in the samples was analyzed directly by microplate 

spectrophotometer at 334 nm (Synergy ™ HT, Biotek, USA).  

 

2.4. Statistical analysis  

 

The measurements were repeated at least 3 times and data expressed as mean ± SD. Data 

were analyzed using one-way analysis of variance (ANOVA) and differences between 

groups compared by Bonferroni, Tukey and Dunnet post-hoc tests with GraphPad Prism 6 

software (La Jolla, California, USA). The differences were considered to be significant when 

the P-value was < 0.05. 

 

3. Results and discussion 

 

3.1 Characterization of the formulations 

 

The results of the mean hydrodynamic diameter, PDI, zeta-potential, EE and LC of all the 

developed formulations in this study are listed in Table 1. The mean particles size of SLNs 

and SLNs-RIF was found to be respectively, 257 ± 22 and 245 ± 2 nm, suggesting that the 

drug incorporation did not influence the formulations size. The coating with chitosan also 

did not induce a significant increment of the mean particles size independently of the 

process, being 278 ± 20 nm. Contrastingly, the coating with chitosan in SLNs loaded with 

RIF induced a significant increment of the particles diameter (P < 0.05) and C-SLNs-RIF 

presented a diameter of 344 ± 11 nm, which was larger than SLNs-RIF and C-SLNs. Drug 

incorporation may result in drug adsorption at the C-SLNs surface and slight decrease the 

zeta potential in relation to unloaded drug C-SLNs. The particles’ diameter obtained is 

suitable also for pulmonary administration and for macrophages internalization (24). The 

suspension the developed SLNs is relatively monodisperse, being the PDI obtained 

approximately 0.2 for all formulations (Table 1), indicating homogeneous distribution of the 

NPs (25).  

The zeta potential values obtained for SLNs and SLNs-RIF were approximately -30 mV. 

Thus, the encapsulation of RIF did not affect the surface charge of the SLNs. As expected, 

the chitosan coating leads to a formulation with positive surface charge due to the 

electrostatic interactions. The pronounced surface charge variation from negative to 

positive charge is in full agreement with the successful process of coating the NPs surface 

with chitosan since this polymer possess a positive charge (26). Moreover, all SLNs 
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formulations show a high absolute zeta potential charge and therefore they are considered 

physically stable due to the electrostatic repulsions between NPs (27). 

The drug EE in both SLNs formulations was found to be high ca. 90% (and no statistically 

significant differences exist between the formulations), which can be explained by the high 

lipophilicity of the incorporated drug. The LC of RIF obtained for all SLNs formulations was 

ca. 4.5%. The high EE and LC values obtained indicate that the lipid composition of the 

NPs is appropriate for RIF incorporation and delivery. 

 

Table 1. Characterization diameter, polydispersity index, zeta potential, efficiency 

encapsulation and loading of SLN, SLNs-RIF, C-SLN and C-SLNs-RIF 

NA-not applicable 

 

TEM imaging was performed to evaluate the morphology of SLNs (Figure 1A), SLNs-RIF 

(Figure 1B), C-SLNs (Figure 1C) and C-SLNs-RIF (Figure 1D). TEM images show that all 

formulations had spherical morphologies, being the observed size (in the range of ca. 200-

300) in good agreement with the results obtained with DLS. From Figure 1, it can be 

confirmed the NPs increase their size in the formulations coated with chitosan and all the 

C-SLNs are covered by an outer-layer structure (Figures 1C and D), which is in full 

agreement with previous studies (28, 29). 

 

 

(a) (b)

(c) (d)

Samples Diameter PDI ZP (mV) EE (%) LC (%) 

SLNs 257 ± 22 0.192 ± 0.020 -31 ± 1 n.a. n.a. 

SLNs-RIF 245 ± 20 0,185 ± 0,024 -32 ± 5 89.4 (±1.7) 4.5 (±0.1) 

C-SLN 278 ± 20 0,194 ± 0,004 40 ± 5 n.a. n.a. 

C-SLN-RIF 344 ± 11 0,210 ± 0,030 35 ± 2 91.5 (±0.9) 4.6 (±0.0) 
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Figure 1. Transmission electron photomicrographs of (a) SLNs, (b) SLNs-RIF, (c) C-SLNs, 

(d) C-SLNs-RIF, (e) C-SLNs and C-SLNs-RIF (f) (n=3). (Scale bar: 200 nm). 

The inter-molecular interactions of the coated formulations with chitosan were monitored by 

FTIR (Figure 2). From the analysis of Figure 2 it is possible to observe the typical spectrum 

of chitosan with three characteristic peaks at 3356 1641, 1566 cm−1, being O-H stretch, 

C=O stretch from amide I, N–H bending and C–N stretching from amide II, respectively (29). 

Additionally, SLNs coated with chitosan showed two characteristic peaks of amide I and 

amide II bonds at 1641 and 1566 cm−1, being greatly shifted compared with original 

chitosan. Based on Figure 2, it can be reasonably inferred that ionic interactions occurs 

between amino group of chitosan and ester groups of the lipids, which explains the 

adsorption process. 

 

 
Figure 2. Infrared spectra of RIF, Chitosan, SLNs, SLNs-RIF, C-SLNs, C-SLNs-RIF (n=3). 

 

The DSC thermograms obtained for SLNs, SLNs-RIF, C-SLNs and C-SLNs-RIF are 

depicted in Figure 3, being the respective melting parameters shown in Table 2. DSC 

analysis was performed to study the alterations in the lipid matrix of SLNs after the coating 

with chitosan and the incorporation of the drug. 
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Figure 3. DSC thermograms of SLNs, SLNs-RIF, C-SLNs and C-SLNs-RIF (n=3). 

Table 2. DSC parameters of SLNs, SLNs-RIF, C-SLNs and C-SLNs-RIF (n=3). 

 Samples  ΔH 

(J/g) 

Melting Point (°C) ΔT Onset (°C) ΔT End (°C) 

SLNs 141.3 53.6 50.7 55.4 

SLNs-RIF 132.2 53.8 49.1 55.3 

C-SLNs 129.0 54.3 49.6 59.6 

C-SLNs-RIF 123.4 54.8 49.2 59.7 

 

The SLNs loaded with RIF and the SLNs coated with chitosan showed an onset melting 

transition peak temperature and a melting enthalpy (DH) lower than that of the SLNs, 

suggesting that RIF and chitosan promote a disorder in the crystal structure with a lower 

tightly packed rearrangement of the lipid matrix of the NPs (30). As expected, the decrease 

in the onset temperature and in melting enthalpy (DH) was more pronounced when RIF and 

chitosan were present together, suggesting a higher disturbance of the SLNs.  

 

3.2. In vitro RIF release study 

 

Figure 4 shows the in vitro RIF release behavior from SLNs coated with chitosan. The in 

vitro release was measured in phosphate buffer at pH=7.4 to simulate the passage of the 

NPs following pulmonary administration. From the analysis of Figure 4, it is possible to 

observe a slower RIF release profile from chitosan-coated SLNs in comparison with 

uncoated SLNs. The drug release slowly increased during time, being below ca. 30% at 8 

h for C-SLNs and SLNs 50% for SLNs. These results point that the majority of the drug 

remained in C-SLNs after their contact with the pulmonary mimetic conditions, and able to 

be released inside the targeted cells.  
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Figure 4. In vitro RIF release profile of SLNs-RIF and C-SLNs-RIF in pH 7.4 in order to 

simulate the release of the drug in following pulmonary administration (n=3). 

 

3.3. Storage stability assay 

 

In Figure 5 is represented the physical stability of SLNs-RIF and C-SLNs-RIF, being verified 

periodically through the study of the variation of the hydrodynamic diameter, polydispersity 

and zeta potential during storage conditions for 3 months at room temperature. According 

to Figure 5, no tendency to zeta potential variations was observed, reinforcing the long-term 

stability of formulations. In addition, the overall results show that SLNs-RIF are stable for at 

least 3 months since variations did not occur in the particles diameter, polydispersity and 

zeta potential. In the case of C-SLNs-RIF only slight variations occur in the the particles’ 

diameter and no changes (within the error) occur in the polydispersity and zeta potential. 

The high stability of the SLNs formulations can be explained by their high zeta potential in 

modulus. 
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Figure 5. Effect of storage time (at room temperature) on particle diameter, PDI and ZP of 

SLN-RIF and C-SLNs-RIF during 3 months (mean ± SD, n=3). 

 

3.4. In vitro assessment of mucoadhesive property 

 

The mucoadhesion was determined by turbidity analysis method and zeta potential 

variation to understand how the NPs will be retained since a strong mucoadhesion suggests 

a close contact with absorption site, thus ensuring the effective absorption following the 

pulmonary administration (29). Based on Figure 6, it is reasonable to assume that ionic 

bonds between the positively charged amino group present in chitosan and the negatively 

charged carboxyl and sulfate groups of the mucin were formed. 

In the turbidimetric method, the mucoadhesive strength was estimated by calculating 

binding efficiency of mucin to NPs was 40-60 for SLNs and 80-95% for C-SLNs. Since 

mucin is a highly glycosylated and negatively charged protein, the positively charged C-

SLNs will have much stronger affinity than negatively charged SLNs driving specially by 

electrostatic interactions between mucin and NPs. This observation is in close agreement 

with previous studies (29, 31). 

In the zeta potential method, the mucoadhesive property was measured by the variation of 

zeta potential during 4 h (Figure 6). As expected positive charges of C-SLNs were partially 

neutralized by the negative charge of mucin due to the electrostatic bonds established (32). 
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On the other hand, uncoated SLNs remain negative once the interaction with mucin occurs 

at lower extension. 

 

 
Figure 6. Mucoadhesion assay of SLNs and C-SLNs, to simulate the pulmonary mucus 

layer, were available for turbidimetric and ZP measurement (n=3). 

 

3.5. Cellular studies 

 

8.5.1 Cell toxicity assay 

 

The A549 cell viability upon 24 h exposure to the SLNs, C-SLNs, SLNs-RIF and C-SLNs-

RIF is shown in Figure 7. The SLNs-RIF and C-SLNs resulted in cell viability higher than 

75% for the studied conditions (Figure 7A), except for the highest concentration of C-SLNs-

RIF. Moreover, the 24 h treatment with unloaded SLNs and C-SLNs formulations, up to 1 

mg mL-1 in lipid concentration, did not affect A549 cell viability (Figure 7B). Free drug 

solution did not affect A549 cell viability under the studied concentration range. In fact, RIF 

has been described to have a protective effect against cytotoxicity on human epithelial cells 

(33). Considering the overall information available in the literature, in many cases chitosan 

solutions exhibit a certain degree of toxicity that is mostly dependent on the dose, molecular 

weight, degree of deacetylation and also the pH of the incubation medium and time of 

incubation (34-36). In this work, the chitosan is presented in the formulations at a 

concentration lower than 1 mg mL-1 that has been reported to exert no relevant toxicity when 

chitosan is coating a specific core (32).  
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Figure 7. Cell viability of A549 upon exposure to RIF, SLNs, SLNs-RIF, C-SLNs and C-

SLNs-RIF. Data expressed as average ± standard deviation (n=5 of three independent 

assays). 

 

3.5.2. RIF permeability across lung epithelial monolayer  

 

The RIF permeability across A549 cell monolayers are depicted in Figure 8. The cumulative 

amount of permeated RIF found in the basolateral chamber of the Transwell system is time 

dependent. C-SLNs improved the permeation of RIF in comparison to free RIF. The integrity 

of the monolayer was verified in the beginning and after 3 h in contact with the formulations, 

and no statistically significant changes on the TEER value was found (data not shown).  

 

 
Figure 8. In vitro cumulative permeability profile and Papp coefficient of SLNs-RIF and C-

SLNs-RIF across the A549 cells monolayer. The experiments were conducted from the 

apical-to-basolateral direction in culture medium at 37 °C. Data sets were compared to 

SLNs-RIF (*p < 0.05, **p < 0.01). Error bars represent mean ± s.d. (n ≥ 3). 

 

As can be observed in Figure 8, the permeation profile of C-SLNs-RIF in comparison to 

SLNs-RIF presented different trends. The C-SLNs were able to significantly enhance the 

RIF permeation across the alveolar epithelial cells (ca. 65% of the initial amount), as 

compared to SLNs-RIF, suggesting that the presence of chitosan helped in the permeation 
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process. The improved permeability resulted in significant differences in the apparent 

permeability values (Figure 8B). RIF exhibited a Papp of 6.4 ± 0.8 x 10-6 cm/sec when 

incorporated in the C-SLNs-RIF, resulting in drug higher solubility and higher permeability. 

 

9. Conclusion 

 

In this study, chitosan RIF loaded SLNs were successfully developed aiming to increase 

the mucoadhesive properties of the NPs. The RIF-loaded chitosan coated SLNs developed 

shown a diameter of around 245 - 344 nm, which is considered to be adequate for lung 

deposition. The functionalization coating with chitosan was confirmed by the difference in 

the ζ-potential, FTIR spectrum analysis and also TEM. The EE of RIF was high, with an EE 

above 90%. In addition, SLNs formulations did not show cytotoxicity in alveolar epithelial 

cells for the concentrations tested. Therefore, the coating with chitosan is nontoxic, being 

this sugar a biodegradable and biocompatible polymer that in the simulated mucus layer of 

pulmonary barrier protects from the release of the drug, whereas increase the 

mucoadhesion properties retained promoting a close contact of the SLNs and absorption 

site, thus ensuring a more effective absorption following the pulmonary administration (29, 

37).  

The overall results obtained in this study suggest that SLNs coated with chitosan have a 

great potential for the pulmonary delivery of RIF due to their high EE, high physical stability, 

absence of cytotoxicity and higher permeability across alveolar epithelial cells.  
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1. Concluding remarks and future perspectives 

 

The infections caused by different mycobacteria, specially by M. tuberculosis, M. leprae and 

M. avium must be considered as a public health issue, in particular tuberculosis due to high 

rates of antibiotic resistance. Likewise, innovative approaches for the treatment of leprosy 

and severe pulmonary infections caused by M. leprae and M. avium respectively, seem to 

gain attention aiming to provide a better management of the diseases, leading to decrease 

their incidence worldwide (1-4).  

Despite the efforts done concerning the improvement of tuberculosis treatment, there are 

still a lack of efficient drug delivery platforms that may overcome the limitations associated 

with the therapeutic agents, such as low bioavailability, and adverse effects that may lead 

to treatment abandonment. In this context, lipid based nanocarriers showed to be a suitable 

strategy to overcome the limitations of anti-mycobacteria agents. In parallel, the attachment 

of specific ligands on the surface of the nanoparticles to promote a more specific drug 

delivery, and provide a better adherence of the nanoparticles onto cells, such as mannose 

and chitosan, are considered keys for to the success of the nanodelivery systems.  

In this regard, both lipid based nanocarriers, namely SLNs and NLCs were successfully 

applied along this thesis, for both oral and pulmonary administration of antibiotics used for 

mycobacteria diseases. M-SLNs-DAP was found to be a great strategy to delivery the drug 

to M-cells present in the intestinal tissue, where they could directly reach M. leprae infected 

macrophages. 

Moreover, similar approaches were used to develop lipid-based nanocarriers with anti-

tuberculosis agents, aiming to improve the efficacy of the therapy after pulmonary 

administration. M-SLNs and M-NLCs were loaded with RIF, which is the most important 

drug used in tuberculosis treatment, being also the most important drug for the management 

of other mycobacterial diseases. Both systems showed specificity to delivery the drug to 

macrophages, where the mycobacteria are housed, and were considered non-toxic, being 

suitable to be administered by pulmonary route. Moreover, NLCs was proved to be efficient 

in the prevention of mycobacteria growth in infected cells used in the study, revealing to be 

of great relevance for the mycobacteria infections treatment. In parallel, M-NLCs loaded 

with RFB also presented the ability to be targeted to alveolar macrophages, promoting a 

pH-dependent release of the drug with a higher release for acidic pH values and 

consequently a higher accumulation of drug in phagosomes and phagolysosomes (5-7). 

The coating of SLNs with chitosan to increase the mucoadhesion of the nanoparticles 

containing RIF compared to non-coated SLN, lead to the improvement of the residence time 

due to the mucoadhesion. Additionally, chitosan C-SLNs loaded RIF were non-toxic to 
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pulmonary cells, and the chitosan promoted a significant enhancement of permeation 

through pulmonary cells monolayers. 

Overall, different strategies applying lipid based nanocarriers could be developed with 

different methodologies, namely coating with mannose or chitosan to target specific cells. 

These approaches showed to be promising to delivery anti-mycobacterial drugs inside the 

infected cells, which could be used in the future for the improvement of the mycobacteria 

infections treatment. 

Despite the nanocarriers obtained demonstrated important features as drug delivery 

systems, some additional information would be of great relevance to better understand their 

performance and activity against mycobacteria. As perspectives, it would be interesting to 

conduce a more precise physicochemical characterization of nanoparticles to be 

administered by pulmonary route, such as aerodynamic parameters (8-10) of the 

nanoparticles as dry powders intended to be inhaled; ensure their stability as powders; and 

use in vivo models to evaluate their performance. 

 

  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 203 

2. References 

 

1. (WHO) WHO. Global tuberculosis report 2016. In: Data WLC-i-P, editor. 2016. 

2. (WHO) WHO. Global leprosy strategy: accelerating towards a leprosy-free world. In: 

World Health Organization ROfS-EA, editor.: WHO Library Cataloguing-in-

Publication data; 2016. 

3. Stout JE, Koh W-J, Yew WW. Update on pulmonary disease due to non-tuberculous 

mycobacteria. International Journal of Infectious Diseases. 2016;45:123-34. 

4. Everman JL, Eckstein TM, Roussey J, Coussens P, Bannantine JP, Bermudez LE. 

Characterization of the inflammatory phenotype of Mycobacterium avium 

subspecies paratuberculosis using a novel cell culture passage model. 

Microbiology. 2015;161(7):1420-34. 

5. Wallis RS, Hafner R. Advancing host-directed therapy for tuberculosis. Nat Rev 

Immunol. 2015;15(4):255-63. 

6. Welin A, Raffetseder J, Eklund D, Stendahl O, Lerm M. Importance of Phagosomal 

Functionality for Growth Restriction of Mycobacterium tuberculosis in Primary 

Human Macrophages. Journal of Innate Immunity. 2011;3(5):508-18. 

7. Ehrt S, Schnappinger D. Mycobacterial survival strategies in the phagosome: 

Defense against host stresses. Cellular microbiology. 2009;11(8):1170-8. 

8. Muralidharan P, Malapit M, Mallory E, Hayes Jr D, Mansour HM. Inhalable 

nanoparticulate powders for respiratory delivery. Nanomedicine: Nanotechnology, 

Biology and Medicine. 2015;11(5):1189-99. 

9. Yang MY, Chan JGY, Chan H-K. Pulmonary drug delivery by powder aerosols. 

Journal of Controlled Release. 2014;193:228-40. 

10. Ziffels S, Bemelmans NL, Durham PG, Hickey AJ. In vitro dry powder inhaler 

formulation performance considerations. Journal of Controlled Release. 

2015;199:45-52. 

  



Nanocarriers as alternative strategies for treatment of mycobacterial infections 

 

 204 

 


