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1. INTRODUCTION 

Tuberculosis (TB) is the leading cause of death of over 1.5 million people annually across the 

globe and the second leading infectious disease after COVID-19 pandemic, according to the 

statistics by the world health organization (WHO). At present, multidrug-resistant TB remains 

a public health crisis in undeveloped countries due to compromised socio-economic conditions 

(WHO, 2021). Lungs are the primary site for Mycobacterium tuberculosis (M.Tb) infection 

which is a facultative intracellular bacterium. M.Tb gains access to the lungs by inhalation of 

infected air droplets from the cough of an infected person. Following inhalation, M.Tb interacts 

with the mucous secreting goblet cells and some of the infected particles bypass the mucociliary 

system and, ultimately enter into the alveoli. During this pathogenesis, M.Tb is taken up by the 

alveolar macrophages (AM) using the ligand lipoarabinomannan. This ligand of the bacterium 

interacts with the mannose surface receptors of the AM to gain access to the macrophages where 

it resides and multiples in the phagocytes [1]. M.Tb interacts with the T-lymphocytes to 

differentiate macrophages into granulomas characterized by the infiltration of inflammatory 

mononuclear cells. Later, the T-lymphocytes (effector cells) produce cytokines to facilitate the 

activation of previously infected macrophages to kill the M.Tb residing inside. Hence, T-cell 

response and activation are essential to the immune regulation in TB [2]. 

TB is curable but the ineffective management, high costs of therapy, and patient incompliance 

contribute to the alarming rise in cases in this modern era. Hence, a cost-effective and patient-

friendly drug delivery approach is essential to the treatment of TB. Development of the rational 

patient-friendly pharmaceutical dosage form is the time consuming and extensive work. 

However, the use of robust regulatory guidelines can minimize the development time of the 

dosage form without compromising quality by following the European Medicines Agency 

(EMA) and U.S. Food and Drug Administration (FDA) protocols at various steps. The quality 

by design (QbD) method is one such systematic approach and effective application that takes 

into consideration every aspect of product quality attributes during the early stage of dosage 

development whereas the design of experiment (DoE) facilitates the optimization of a 

pharmaceutical formulation [3]. 
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2. AIMS 

As the traditional therapy for TB fails to deliver the drug effectively to the target site and 

therefore suffers limitations in terms of bacterial resistance and patient non-compliance. Thus, 

the primary aim of this Ph.D. work was to fabricate and investigate the anti-tubercular isoniazid 

(INH) loaded nanotechnology-based dry powders for inhalation (DPIs) for targeted drug 

delivery. Polymers were chosen after a thorough review to successfully achieve the targeted 

delivery to the macrophages. The experimentally influential variables were also studied to 

demonstrate their effect on the final product, i.e., DPIs. Altogether, the study was aimed to not 

interfere with the natural immune response of the body and therefore cell culture-based studies 

were conducted to serve the purpose. 

This Ph.D. work was designed and studied in the following parts, following the step-by-step 

approach: 

I. Literature review about the pulmonary drug delivery systems, DPIs, synthesis of polymer, 

nanotechnology to develop the INH loaded DPIs and QbD approach along with DoE in 

developing the optimized DPIs. 

II. Use of different polymers such as chitosan (CS) and mannosylated chitosan (MC) along with 

hyaluronic acid (HA) to design the different hybrid INH loaded nanopowders to target the AM 

in lungs for the effective treatment of TB. 

III. Application of the cost-effective ionic gelation method for the preparation of nanosuspensions 

for further spray-drying or freeze-drying. Selecting different concentrations of the polymers 

and drug to design different runs following the initial risk assessment and DoE to optimize the 

nanopowders. 

IV. Structural and morphological examination of the developed nanosystems along with 

physicochemical characterization through different in vitro techniques. Moreover, the in silico 

studies were also performed to evaluate the deposition profile of nanopowders in the lungs. 

V. Ex vivo studies on the different cell lines to demonstrate the behaviour of nanopowders in terms 

of toxicity, immune-regulation, and tolerogenic effects, particularly on human-derived 

macrophages. 
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3. LITERATURE BACKGROUND 

3.1 Pharmaceutical and immunological aspects 

3.1.1 Pathogenesis of Tuberculosis  

The bacterial pathogen, M.Tb, is the cause of millions of death across the globe. The bacteria 

enter the human body via the inhalation pathway. Once inside the human body, M.Tb gets into 

the interstitium of the lungs and spreads to the different organs in case of a chronic condition. 

After the invasion of bacteria in the other parts of the body, the immune-compromised patients 

are unable to survive in the majority of the cases [4]. The immune cells of the body initiate the 

pro-inflammatory response to minimize the damage to the pleural tissues. AM functions as a 

niche for the survival and replication of the bacteria in TB. M.Tb survives on the lipid droplets 

inside AM and forces the AM to produce and store the lipid droplets. Besides, the glycolic 

metabolic pathway is compromised and leads to the development of foamy macrophage 

(granuloma), which is the containment of immune cells including lymphocytes, macrophages, 

infiltrated monocytes, Langerhans cells, and epithelioid cells [5]. Granuloma might lead to 

localized necrosis and releases the bacteria through airways in the chronic condition, making 

the subject a carrier and cause of the further spread of TB [6].  

To maintain the innate immune defence of the body, macrophages play a key role. Macrophages 

identify and phagocytose the M.Tb that bears the pathogen-associated molecular patterns 

(PAMPs) through membrane-associated pattern recognition receptors (PRRs). This interaction 

initiates the cascade of pro-inflammatory responses by the production of pro-inflammatory 

cytokines such as interleukin-12, interleukin-1β, and tumour necrotic factor-α (TNF-α) [7]. 

Likewise, the T-cell response in adaptive immunity is crucial as it counterbalances the pro-

inflammatory but protective response by Th1 cells. Suppression of T-cell response can be 

detrimental to the patient as it may stimulate the cascade of events towards an anti-inflammatory 

response which is not favourable in resolving TB and cause resistance again TB [8]. AM are 

stimulated towards the T-cell response and hence can be targeted in the TB to regulate the 

immune response. Moreover, AM targeting can be exploited to eradicate the bacterial load and 

hence the treatment of disease at a cellular level. 

3.1.2 Limitations to the treatment of Tuberculosis 

Currently, available marketed dosage forms (Table 1) have failed to treat TB effectively. The 

conventional treatment regimen is based on the combination of bacteriostatic and bactericidal 
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drugs and takes over 6 months following the standard course of therapy which comprises first-

line anti-tubercular drugs (isoniazid, rifampicin, pyrazinamide, and ethambutol) along with 

streptomycin. However, it takes up to 2 years of chemotherapy with second-line drugs such as 

aminoglycosides and fluoroquinolones in the patients who develop multiple-drug resistant TB 

due to prolonged drug intake [9]. As the orally administered drugs have to undergo the first-

pass metabolism in the liver, therefore not only poses hepatotoxicity but also leads to the 

inadequate availability of the drug at the pathological target site. Moreover, the prolonged 

duration of therapy is also associated with the potential compromise to the normal functioning 

of the liver and kidneys. With the emergence of the new strains of TB, it is becoming difficult 

to treat the disease at the cellular level of infection following the conventional drug delivery 

routes that fail to deliver anti-tubercular drugs to the lung lesions. Another barrier to the clinical 

management of TB is the poorly vascularized lung lesion that is fortified with thick fibrous 

tissue. Therefore, the parenterally administered dosage forms are also unable to bypass this 

barrier efficiently [10]. All these limitations lead to the incomplete eradication of bacterial load 

from the granulomas resulting in the dormant or inactive latent infection. Upon activation, the 

M.Tb can spread into the peripheral lymph nodes, brain, gastrointestinal tract, and skeletal 

muscles developing the secondary TB lesions (requiring surgical intervention in most cases) 

that become life-threatening if left untreated [11]. Also, the economic crises in the low and 

middle-income countries leave a gap in achieving the global TB eradication target. According 

to the statistics reported by the UN high-level TB meeting in 2020, an annual grant of US$ 13 

billion is required to prevent, diagnose and treat TB globally.  
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Table 1: Currently available marketed dosage forms for the therapy of TB 
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Drug Effect Target 
Mechanism of 

action 

Marketed dosage 

form and adult dose 

Isoniazid Bactericidal 

Acyl carrier 

protein 

reductase 

Inhibition of 

bacterial cell wall 

mycolic acid 

synthesis and 

disruption of 

metabolic 

pathway 

Tablets: 300 mg once 

a day, or up to 900 mg 

twice a week. 

Injection: 5 mg/kg up 

to 300 mg single dose 

daily. 

Rifampicin Bactericidal 

RNA 

polymerase 

subunits 

Inhibition of RNA 

synthesis 

Capsule: 10 

mg/kg/day 

Powder for injection: 

600 mg/day for 

prophylaxis 

Pyrazinamide 
Bacteriostatic/

Bactericidal 

Membrane 

and 

metabolism 

channel 

Dysregulation and 

disruption of 

bacterial 

membrane 

transport channels 

and energy 

depletion 

Tablet: 500 mg once a 

day not exceeding 2 

g/day 

Ethambutol Bacteriostatic 
Arabinosyl 

transferase 

Inhibition of 

arabinogalactan 

synthesis in cell 

wall 

Tablet: 25 mg/kg 

daily, not exceeding 2 

g/day 

Streptomycin Bactericidal 

Ribosomal 

protein and 

16S rRNA 

Inhibition of 

protein synthesis 

Powder for injection: 

15 mg/kg IM, no more 

than 2 g/day 

 

Second-

line 

drugs 

Levofloxacin Bactericidal 
DNA 

gyrase 

Inhibition of 

DNA synthesis 

Tablet: 10 mg/kg daily 

not exceeding 1 g/day 

Ethionamide Bacteriostatic 

Acyl carrier 

protein 

reductase 

Inhibition of 

bacterial cell wall 

mycolic acid 

synthesis 

Tablet: 250 mg daily, 

not more than 1 g/day 

Kanamycin Bactericidal 16S rRNA 
Inhibition of 

protein synthesis 

Injectable solution: 15 

mg/kg/day by IV or 

IM route. 

Aerosol: 250 mg twice 

a day by nebulization 

Cycloserine Bacteriostatic 
D-alanine 

racemase 

Inhibition of 

peptidoglycan 

synthesis 

Capsule: 500 mg/day 

not more than 1 g/day 

 

3.1.3 Various pulmonary drug delivery mechanisms using different devices 

Different types of aerosol-based devices are currently available in the market for the delivery 

of drugs to the lungs. The use of an effective technique determines the adequate therapeutic 
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dose for the lungs. Recently, nebulizers, pressurized meter dose inhalers (pMDIs), and dry 

powder inhalers (DPIs) are the widely explored techniques for inhalation (Table 2). Nebulizers 

have been exploited in the past for the treatment of chronic diseases such as asthma and chronic 

obstructive pulmonary disease (COPD). The air flow in the nebulizer converts the medicine 

into a mist for inhalation. Nebulizers allow administration of large doses and are most 

commonly used for bed-compromised patients. However, only 10 % of the dose can reach the 

lungs. Also, the limitations of stability and solubility of the formulations for nebulization exist. 

Due to these reasons, nebulization of a large volume of highly concentrated suspension might 

result in the precipitation of particles [12]. Another drug delivery approach for COPD is the 

pMDI. This technique uses propellants to deliver the drug to the lungs and is limited by the 

fraction of the dose that can be delivered in a single puff. Recently, chlorofluorocarbons have 

been replaced by hydrofluoroalkane propellant due to safety concerns. The drug deposition 

profile equivalent to 50 % can be achieved via this technique. However, despite being 

economical and easy to handle, pMDIs have certain limitations such as high pharyngeal 

deposition and an upper limit to unit dose content [13]. Due to the drawbacks of low drug 

deposition and complex manufacturing, the mentioned techniques are unfavourable for TB 

therapy. To overcome this issue, DPIs have gained interest over time. DPIs are easy to 

manufacture with reconstituted powder without the need for cold storage [14].  

Moreover, DPIs are propellant-free, patient-friendly, and can be used for single and multi-dose 

administration. A high drug deposition can be achieved leading to higher availability of the 

drug at the target site in TB [15-18]. DPIs can be exploited for systemic and local drug delivery, 

their performance is however dependent on the powder parameters and device characteristics. 

Moreover, the particles of less than 5 µm are optimal for pulmonary drug delivery by DPIs [19]. 

Since the invention of the Spinhaler® device, there has been an advancement in the DPIs 

manufacturing technology and thus a variety of DPIs devices are available in the market now. 

Nonetheless, there are certain limitations related to the powder agglomeration that can be 

rectified by improving the particle engineering methods. 
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Table 2: Various pulmonary aerosol devices on the market 

Devices Properties Mechanism Commercial 

brands 

Exploited areas 

Nebulizer Drug solution and 

suspension-based 

compositions, not 

useful for 

thermolabile 

compounds 

Venturi’s 

principle, work 

with fluid 

pressure 

Akita® jet 

eFlow® 

Aeroneb® Go 

 

Asthma, COPD, 

Lung infections 

Pressurized 

metered-dose 

inhalers 

(pMDI) 

Drug solution and 

suspension 

aerosolization 

Propellant based 

breath-actuated 

device 

Respimat® 

Aerochamber® 

Asthma, COPD, 

Smoking 

cessation, 

Lung infections 

Dry powder 

inhalers (DPIs) 

Portable small 

devices, easy 

administration, 

dry powders 

composition 

Passive breath 

actuate device 

without any 

propellant 

Aerolizer® 

Flexhaler® 

Breezhaler® 

ElliptaTM 

COPD, 

Hypertension, 

TB, 

Asthma, 

Lung infections 

Bronchitis 

 

3.1.4 Nanotechnology as a new paradigm in pulmonary drug delivery 

Due to the obstacles, associated with the non-targeted approaches, such as low drug 

bioavailability, low drug stability, inadequate availability of the drug at a target site, and high 

drug degradation following hepatic metabolism, it is thereof favourable to use the recent 

advancement in science, i.e., nanotechnology. The advent of nanotechnology has brought about 

a revolution in the therapeutics and diagnostics of infectious diseases. The use of engineered 

nanoparticles (NPs) with at least one dimension in the nanoscale range (<1 µm) can improve 

the drug delivery approach in TB. NPs exhibit high colloidal stability, enhanced bioavailability, 

less toxicity, improved drug release profile, and minimal off-site drug accumulation [20]. 

Various types of nanostructures are being developed and studied for their application in 

nanotherapeutics. The versatility in the composition exists because of the difference in the 

surface chemistry, physicochemical parameters, sensitivity, and specificity aimed at different 

body organs using different routes of administration. Over a decade, the improvement in 

nanotechnology has offered improved pharmacokinetics and therapeutic efficiency in the 

management of pulmonary TB. The pulmonary route of administration is an emerging and 

currently most exploited field of nanomedicine for antibiotics delivery. The pulmonary route 

retains many advantages such as higher drug deposition in the deeper areas of the lungs, an 
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extensive alveolar network for the absorption of the drug, avoidance of the first-pass effect, and 

engulfment of particles by the AM [21]. Direct administration of the drug to the lungs is an 

alternative yet promising strategy as it facilitates the drug availability at the target site with less 

systemic exposure. The localized delivery of anti-tubercular in TB can help in the inhibition of 

the infection from the lungs before it traverses to the secondary organs.  

Moreover, the adequate availability of the anti-tubercular at the target site in the lungs can 

reduce the dosage frequency and reduce the chances of drug resistance in M.Tb, thereby 

improving patient adherence. DPIs and pressurized metered-dose inhalers (pMDIs) are the most 

commonly investigated non-invasive methods to deliver drugs to the lungs [17]. DPIs are the 

pulmonary drug delivery systems with dispersible particles with high drug load and stability. 

They possess high physicochemical stability as compared to liquid inhalers. Moreover, they are 

handy, environment-friendly, and affordable. Also, the DPIs do not require the propellants for 

aerosolization but are rather breath-actuated.  

Previously, the microparticles-based DPIs have been investigated which have shown promising 

outcomes. DPI based on the microparticulate anti-tubercular capreomycin is under clinical trial, 

which demonstrated that the inhaled TB therapy improves the treatment regimen [22]. 

Moreover, the patent (US20070128124A1) also exists which evaluates the pharmacokinetic 

behavior of the aerosolized capreomycin DPI. Presently, the use of nanotechnology has been 

taken into consideration to develop the DPIs, Table 3. 

DPIs comprised of NPs have improved aerodynamic profile, enhanced deposition in the deeper 

areas of the lungs, and have a high drug payload [23]. Using nano-DPIs combine the advantages 

of nanoscale particles and aerosols in one formulation to achieve a higher localized effect, 

increased alveolar uptake, improved pharmacokinetics, and extended release of a drug. 

 To achieve the higher deposition of nanopowders by inhalation, parameters such as mass 

median aerodynamic diameter (MMAD) and fine particle fraction (FPF) must be taken into 

account. MMAD is defined as the cut-off diameter of the particles at which 50 % of the particles 

are smaller or larger by mass deposited in the lungs, whereas FPF < 5 µm and FPF < 3 µm 

defines the particles to be deposited in the bronchial region and the deeper lung tissues 

respectively [24].  
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Table 3: Most commonly exploited nanotechnology-based anti-tubercular dry powders for 

inhalation  
Delivery 

system 

Composition Encapsulated 

moiety 

Synthetic 

approach 

Reference 

Self-assembled 

polymeric NPs 

Poly(lactide-co-

glycolide) PLGA 

Rifampicin Solvent 

evaporation and 

spray-drying 

[25] 

Solid lipid NPs Glyceryl tri-stearate 

and glyceryl 

dibehenate 

Rifabutin Hot high shear 

homogenization 

and spray-drying 

[26] 

Polymeric NPs Chitosan Bedaquiline Ionic gelation and 

freeze-drying 

[27] 

Nanocluster 

metal 

dendrimers 

Methylmethacrylate, 

copper sulfate, and 

ethylenediamine 

Isoniazid Template synthetic 

approach and 

evaporation 

[28] 

Niosomes Cholesterol, Tween-

80, Tween-20, Span-

60, Span-80 and 

Span-20 

D-cycloserine 

and ethionamide 

Ethanol injection 

followed by 

solvent evaporation 

[29] 

Polymeric 

micelles 

Poly (vinyl 

caprolactam)-poly 

(vinyl acetate)-poly 

(ethylene glycol) 

Rifampicin Solvent diffusion 

and evaporation 

[30] 

 

3.1.5 Polymeric nanoparticles for the delivery of anti-tubercular drugs 

Polymers are the macromolecules made up of the linkage of monomers via the functional 

groups, in a linear branched structure. Different polymers can be constructed to attain the 

desirable features which make them highly versatile materials in nanomedicine. The salient 

features of using the polymers as drug delivery vehicles are biodegradability, improved 

retention time, biocompatibility, sustained or controlled drug release, and site-specific targeting 

[31]. Tailoring of the polymer by derivatization can also be done to obtain the particular 

properties. Here, we have explored the potential of polymer-based (chitosan and mannosylated 

chitosan, hyaluronic acid) nanotherapeutics due to high stability, improved circulation, 

biodegradability, biocompatibility, improved retention in the pulmonary tissues, and suitable 

surface chemistry [32]. Besides, both the hydrophilic and lipophilic drug moieties can be 

encapsulated in polymeric nanostructures. Likewise, the targeted polymeric NPs can retain a 

high drug load, which ultimately reduces the off-site dose-dependent toxicity on the various 

organs. Polymeric NPs loaded with antimicrobials can circumvent the mucosal and cellular 

barriers to localize the drug to the target organ. Based on the research rationale, biodegradable 
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polymers were selected for designing the nanoplexes for pulmonary administration of anti-

tubercular.  

3.1.5.1 Chitosan and its derivatives 

Chitosan is a polysaccharide of marine origin with β-(1→4)-linked 2-acetamido-2-deoxy-β-D-

glucopyranose and 2-amino-2-deoxy-β-D-glucopyranose [33]. The polymer is a weak base and 

is soluble in dilute aqueous acids. Because of its marine crustacean origin, it is biocompatible 

and biodegradable. These features are essential to the development of biocompatible 

nanoplexes for drug delivery. Moreover, the presence of primary amino groups in CS is 

responsible for its transfection and mucoadhesion. Due to its antibacterial properties, FDA has 

approved the use of CS as wound dressings. The use of CS in the pulmonary drug delivery 

system allows the retention of NPs in the epithelial mucosa for a long duration which can be 

attributed to the formation of a hydrogen bond between the glycoprotein in the mucous and, the 

carboxyl and amino groups of CS. Also, CS allows the paracellular absorption of the drug in 

the pulmonary epithelia. It has been established that CS, due to its cationic nature, stimulated 

the pro-inflammatory response in the lungs in a dose-dependent manner [34], which was the 

intended outcome of our research. All these qualities make CS a favourable polymer for the 

pulmonary route of drug delivery. Similarly, another widely employed polymer derivative of 

CS is the mannose conjugated chitosan, i.e., mannosylated chitosan (MC). It is a non-toxic 

linear polysaccharide comprised of repeating N-acetyl-D-glucosamine and D-glucosamine 

units [35]. The surface of AMs overexpresses (CD206) mannose receptors during pathogenic 

infections and inflammation. The mannose receptors can recognize the pathogens’ mannose 

and fucose moieties via their pattern recognition domains. Moreover, M.Tb activates the 

mannose receptor on alveolar macrophages and hence plays a pivotal role in the pathogenesis 

of TB. Similarly, this idea can be utilized to target the mannose receptors on macrophages by 

utilizing the MC as a carrier for drug delivery in TB. In this way, the macrophages can 

efficiently engulf the NPs due to mannose composition. 

3.1.5.2 Hyaluronic acid 

Besides, hyaluronic acid (HA) was also employed in this work. HA is also a polysaccharide 

from a natural origin that is composed of repeating units of β-glucuronic acid and N-acetyl-D-

glucosamine. Due to its characteristics such as biodegradation and biocompatibility, HA poses 

no toxicity to the pulmonary cells [36]. Additionally, HA protects the lungs against pleural 
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thickening and epithelial injury in TB without eliciting an allergic response [37]. Also, HA 

improves the mucociliary transport in pulmonary tissues and affects the inflammatory 

mediators in the lungs as well as the agglutination of AM [38]. Furthermore, CD44 receptors 

on the activated macrophages recognize the HA and facilitate the adhesion of NPs to the surface 

of AM therefore, CD44 receptors can be explored as targets in the targeted drug delivery to AM 

in TB. 

3.1.6 Drying methods to obtain DPIs 

3.1.6.1 Methods for developing DPIs by freeze-drying 

Several techniques are used to obtain the dry powders following the fabrication of 

nanosuspensions. However, the drying techniques are selected based on the physicochemical 

properties of the sample. Numerous studies have demonstrated the effectiveness of 

lyophilization or freeze-drying to remove the liquid phase from samples to acquire dry powder. 

The temperature of the process may be varied at different stages, from -40 ⁰C to -5 ⁰C. The 

primary drying step removes solvent by subliming the frozen water and the second step 

eliminates unfrozen water. Throughout the process, vacuum is applied and conduction is 

responsible for providing the sublimation energy to the samples. The freeze-drying time 

increases as the product sample height increases [39]. Cryoprotectants such as trehalose, a 

disaccharide, are often used in freeze-drying to obtain powders with high stability. Moreover, 

the redispersion of the samples can also be improved by using trehalose. Freeze-drying 

improves the aerosolization of the particles. The primary goal of the drying process is to 

improve the stability of the samples. In this process, elevated temperatures are not required for 

drying, a homogeneous dispersion is obtained and is highly recommended for the samples 

sensitive to air. The acquired dry powders have an elegant outlook with a cake appearance. 

FDA has approved the freeze-drying technique to obtain the inhaled biologics dry powder [40]. 

In 2014, FDA approved the dry insulin powder for inhalation (Afrezza®) which employed 

freeze-drying in its manufacturing. On the other hand, few disadvantages do exist for this 

method, such as the use of mechanical stress as post-process to reduce the particle size of dried 

powders, which often get agglomerated. Also, the scale-up setup is expensive, time-consuming, 

and is a multi-step procedure [41]. 
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3.1.6.2 Methods for developing DPIs by spray-drying 

Spray-drying is the most well-established technique for obtaining dry powders. The use of 

spray-drying dates back to the 20th century when it was used for drying blood [42]. It is applied 

widely to obtain pharmaceutical powders with multiple size ranges. The use of spray-drying in 

the pulmonary drug delivery powders is being explored vastly as the process allows the control 

over the parameters that can affect the size distribution, density, morphology, and dispersibility. 

The method generates solid particles in a single-step process. The process involves atomization, 

drying, and separation of powder altogether in one step. Atomization results in the spraying of 

liquid feed through the nozzles forming droplets. The droplets are dehydrated due to heating in 

the drying chamber and the resulting dry powder is collected in the collecting chamber. For 

colloidal systems, the size of the nozzle orifice should be larger than the size of the dispersed 

feed. Also, the low feed concentration yields powders with small aerodynamic diameters and 

homogenous size distribution [43]. The commercially available DPIs use α-lactose 

monohydrate as a carrier for spray-drying. The excipient has been developed industrially into 

a high-quality crystalline InhaLac® 400 (I400) to meet the requirements for the DPIs. I400 not 

only improves the powder handling but also the performance efficiency of the inhaler [44]. 

However, I400 might become amorphous during spray-drying which might impart 

hygroscopicity to the dried product. Unlike 1400, mannitol is not of animal origin and does not 

contain the reducing functional groups. Moreover, it imparts crystalline properties to the 

yielded dry powder. The surface morphology can be changed by using mannitol at different 

concentrations at different outlet temperatures [45]. Mannitol has also been approved in the EU 

for the add-on therapy in patients with cystic fibrosis [46]. It is also demonstrated to increase 

the osmotic pressure of the fluid around the mucosal epithelia in the lungs that helps in the 

clearance of mucous in cough with phlegmy by reducing mucosal viscosity [47]. Inlet 

temperature, outlet temperature, flow rate, and peristaltic feed pump velocity can be altered 

during the spray-drying depending on the composition of samples. To obtain the nano-

dimensional particles, nano-spray dryers are utilized.  

3.2 Regulatory aspects 

3.2.1 Quality by Design approach 

Quality by Design (QbD) is a systematic robust approach to understand the relationship 

between product attributes and product performance.  
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The main goals of the systematic time-saving approach to determine the pre-defined objectives 

are: 

a) to obtain the product with defined specifications for meaningful clinical performance, 

b) to minimize the product variability by optimizing the product and process design and 

control, 

c) to efficiently improve the material and process attributes to get a high-performance 

product, 

d) to facilitate the post-approval challenges and management of post-marketing 

surveillance. 

This holistic process has been established by the International Council for Harmonization of 

Technical Requirements for Pharmaceuticals for Human Use (ICH) and mentioned in 

international guidelines [48-50]. Furthermore, FDA introduced QbD in the development of 

pharmaceutical products from conceptualization to commercialization. Conventionally, the 

pharmaceutical product is developed and tested for quality controls through rigorous testing 

and if the product complies with the standard quality specifications, then it is considered fit for 

commercialization. This whole-time-taking task might have to be reprocessed in case of failure. 

QbD, on the other hand, involves multivariant experiments to identify the objectives and 

determine the outcomes without compromising the quality of the end product [51].  

The approach begins with knowledge space development which is defined as the organized 

collection of literature. After a thorough investigation of published data, the quality target 

product profile (QTPP) is defined depending on the requirements of the clinicians, patients, and 

industry. The criterion for establishing the QTPPs are described in ICH Q8 (R2) guidelines 

[52]. Afterward, the critical quality attributes (CQAs) are determined. The CQAs are the factors 

that influence the physical, chemical, biological, and morphological characteristics of the 

product. Similarly, critical material attributes (CMAs) and critical process parameters (CPPs) 

are shortlisted, which are the material and process features impacting the final product quality. 

Following, the risk assessment is performed by analyzing the interdependence between QTPPs 

and CQAs and, CQAs and CPPs/CMAs on the 3-grade scale of low (L), medium (M), and high 

(H). To check this interdependency, Lean QBD software® (QBD works LLC, Fremont, USA) 

was used in this work.  
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3.2.2 Design of Experiment (DoE) 

Design of Experiment (DoE) assists in understanding the attributes influencing the investigated 

process. DoE has numerous advantages such as studying the various factors at the same time 

by determining the interaction between them. The experimental limitations are also taken into 

account in DoE which is not possible with traditional experimental designs [53]. The traditional 

formulation and product development is a time-consuming task. On the contrary, DoE is a cost-

effective and proficient approach for assessing the critical factors, determined during the risk 

assessment, in further screening design. The designs may vary according to the number of 

dependent and independent variables.  

Here, the Box-Behnken design was employed to study the correlation between the parameters 

and their influence on the dependent attributes [54]. The design gave the minimum number of 

experimental trials with high precision outcomes.  

4. MATERIALS AND METHODS 

4.1 Materials 

Isoniazid was purchased from Pannon Pharma Kft (Hungary). Chitosan [75–85 % deacetylated, 

low molecular weight, 50-190 kDa, Poly (D-glucosamine)] and 4′,6-diamidino-2-phenylindole 

(DAPI) dye, trehalose and dialysis membrane (12000–14,000 Mw cut-off) were obtained from 

Sigma-Aldrich (MO, USA), whereas 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 

bromide (MTT), D-mannose, 4-Dimethylamino benzaldehyde (Ehrlich’s reagent), 

hydroxylamine chloride and sodium dodecyl sulfate (SDS) from Sigma-Aldrich Chemie 

GmbH, (Steinheim, Germany). 

Sodium hyaluronate equivalent to 1.5-1.8 × 106 Da (Hyaluronic acid) was provided by Contipro 

Biotech (Czech Republic). Sodium tri-polyphosphate was purchased from Alfa Aesar 

(ThermoFischer, Germany). Mannitol and InhaLac® 400 were provided by MEGGLE Group, 

(Wasserburg, Germany). Glacial acetic acid was purchased from Molar Chemicals Kft. 

(Hungary).  

Macrophage Raw 264.7 and A549 cell lines were purchased from ATCC (VA, USA). 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

cell proliferation assay kit was purchased from BioVision (CA, USA). EDAC (1-ethyl-3-3(3-

dimethylamino propyl) carbodiimide hydrochloride) and thioglycolic acid from Tokyo 

Chemical Industry Co., Ltd. (Japan). PSG (100 u/ml penicillin, 0.1 mg/ml streptomycin, and 2 

mM L-glutamine and Fetal Bovine Serum (FBS) were purchased from Invitrogen (CA, USA). 
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Roswell Park Memorial Institute medium (RPMI-1640) Dulbecco’s modified Eagle’s medium 

(DMEM) were bought from GIBCO® (ThermoFischer Scientific, MA, USA). Ficoll-Paque TM 

PLUS (density 1.077 g/ml) was purchased from GE Healthcare Bioscience AB (IL, USA). 

Trifluoroacetic acid was from Merck Schuchard OHG, (Hohenbrunn, Germany).  

Phycoerythrin (PE)-conjugated anti-human CD80 (CD80-PE), Granulocyte-macrophage 

colony-stimulating factor (GM-CSF), and Allophycocyanin (APC)-conjugated anti-human 

CD83 (CD83-APC) were obtained from Miltenyi Biotec (Bergisch Gladbach, Germany). 

Sterile and autoclaved materials were used for in vitro experiments. All the chemicals used 

were of high purity or reagent grade. 

Table 4: Properties of the active ingredient, Isoniazid  

Structure 

 

Chemical name Isonicotinylhydrazide 

Pyridine-4-carbohydrazide 

Molecular weight 137.139 g mol-1 

Melting point 171.4  ⁰C 

PKa 1.82 

Physical 

properties 

White odourless crystalline powder. 

Soluble in alcohol at 25 ⁰C, partial solubility in water (14 %) 

Toxicity concerns Liver damage, central nervous system toxicity, acute oral toxicity, 

reproductive toxicity, metabolic acidosis, loss of appetite and 

jaundice. 

All these adverse effects are dose-dependent. 

Mechanism of 

action 

Bactericidal when Mycobacteria grows rapidly and bacteriostatic 

when Mycobacteria replicates slowly. 

It inhibits mycolic acid synthesis in Mycobacteria and interferes with 

cell wall synthesis to produce bactericidal activity. 

For bacteriostatic effect, it suppresses bacterial growth at the log 

phase. 

Marketed dosage 

forms 

Oral (liquid): 50 mg/5 ml 

Oral (solid): 50 mg tablet 

                     100 mg tablet 

                     300 mg tablet 

Parenteral (IV): 100 mg/ml 
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Table 5: Properties of additives and excipients  

Compound Chemical structure 
Physical 

properties 
Role 

Hyaluronic 

acid 

 

MW: 1.5-1.8 ×106 

Da 

Solubility: in water 

Polymer 

Shell component 

Chitosan 

 

MW: 50-190 kDa 

Solubility: in dilute 

aqueous acidic acid 

Polymer 

Shell component 

Mannitol 

 

MW: 180.2 g/mol 

Solubility: in water 

and alcohol 

Diluent 

Bulking agent 

InhaLac® 400 

 

MW: 342.3 g/mol 

Solubility: in water, 

ethanol, and 

methanol 

Diluent 

Bulking agent 

Sodium tri-

polyphosphate 

 

MW: 367.8 g/mol 

Solubility: in water 
Cross-linker 

Trehalose 

 

MW: 342.2 g/mol 

Solubility: in water 
Cryoprotectant 
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4.2 Method 

4.2.1 Synthesis of polymer 

The CS polymer was modified by using the previously reported method [55]. Briefly, 

thioglycolic acid (TGA) was poured into the 1 % CS solution in acetic acid. After subsequent 

addition of 50 mM EDAC (1-ethyl-3-3(3-dimethylamino propyl) carbodiimide hydrochloride)) 

to activate carboxylic groups of TGA, an amide linkage between CS and TGA developed. The 

obtained polymeric suspension, thiolated chitosan (TC), was dialyzed using a dialysis 

membrane (molecular weight cut-off 12–14 kDa) against double distilled water for 3 days to 

remove the unbound TGA. After freeze-drying, amorphous polymeric mass was obtained. 

Later, MC was synthesized by the conjugation of D-mannose to the TC. For this purpose, 0.12 

M cyanoborohydride was added to the 2 % TC suspension (solubilized in acetic acid) to 

facilitate the reductive amination (Figure 1). Following, 0.33 M D-mannose was added to the 

suspension with continuous stirring. The pink polymeric suspension of MC was acquired which 

was dialyzed against methanol four times and with double distilled water once. The resulting 

final product was freeze-dried and kept in a light-resistant and air-tight container.  

 

Figure 1: The schematic pathway for the synthesis of mannosylated chitosan. Thiol 

anchorage to chitosan is mediated through amide bond formation between the amino group of 

chitosan and the carboxyl group of thioglycolic acid. Following, the anchorage of mannose to 

the thiolated chitosan via Schiff’s base (R-CH=N-R) mediated amide linkage between the 

aldehyde group of D-mannose and amino group of thiolated chitosan. 

4.2.2 Quantification of polymer 

First, the bound thiol groups to MC were quantified against the TGA standard. The polymer 

was solubilized in deionized water in individual experiments and 5 ml phosphate buffer (pH 8) 
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was added along with 0.5 ml Ellman’s reagent. The solution was centrifuged at 23,500 g for 10 

min and the obtained supernatant was analyzed at 430 nm using a microplate reader (Perkin 

Elmer) [56]. Furthermore, the number of disulfide bonds was also quantified by determining 

the number of free thiol groups. For this quantification, the free thiol groups were subtracted 

from the total thiol groups attached to the MC polymer [57]. The polymer was dissolved in 

deionized water separately, phosphate buffer (pH 6.8) was added and 1 ml sodium borohydride 

was infused dropwise followed by an incubation period of 2 h. Later, 100 µl of 5 M HCl was 

added to remove the excess sodium borohydride. The suspension was again incubated for 1 h 

after the addition of 0.1 ml Elman’s reagent. The samples were poured into a 96-well plate and 

optical density (OD) was recorded using a microplate titration reader. Likewise, mannose 

groups were quantified on the MC by hydrating the polymer in deionized water in a 96-well 

plate. 50 µl of pristine (2,6,10,14-tetramethyl-pentadecane), 100 µl of sulfuric acid, and 20 µl 

of resorcinol were added. The well plate was kept in an oven at 90 ⁰C for 30 min. the OD was 

analyzed at 450 nm using a microplate reader.  

4.2.3 Characterization of polymer  

For the characterization of synthesized polymer MC, 1H NMR spectroscopy (Bruker BRX-500) 

was performed. For this purpose, the polymer was solubilized in deuterated DMSO for the 

analysis. CS spectra were also recorded for comparison. 

4.2.4 Application of QbD 

4.2.4.1 Knowledge space development and defining quality target product profile (QTPP) 

The term, “knowledge space development” encompasses the collection of previously published 

scientific data organized systematically. After thorough data collection and study, QTPPs were 

chosen based on the requirements of the clinicians, patients, and industrialists. Moreover, the 

detailed approach to the consideration of QTPP is described in ICH Q8 (R2) guidelines [52].  

4.2.4.2 Determining CQAs, CPPs, and CMAs 

CQAs are defined as the factors which forecast pronounced effects on the QTPP. The factors 

encompass the physical, chemical, biological or morphological characteristics that should be 

considered during the development of formulation. The outcome of these CQAs also functions 

to affect the therapeutic aims. Similarly, CMAs and CPPs were scrutinized based on knowledge 

space development. CMAs and CPPs are the critical material and process attributes that directly 

influence the CQAs.  
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4.2.4.3 Initial risk assessment  

The interdependence between QTPPs and CQAs, and between CQAs and CMAs/ CPPs was 

assessed following the scrutiny of the critical attributes. This interdependence was based on the 

3-grade scale of low (L), medium (M), and high (H). For this purpose, Lean QBD software® 

(QBD works LLC, Fremont, USA). The attributes were raked in the order of their impact which 

was shown by the software as Pareto charts that further assisted in the factorial design of the 

experiments.  

4.2.5 Design of Experiment  

Pharmaceutical product development through conventional design is a cumbersome process. 

On the contrary, DoE is an efficient and robust method to evaluate the critical factors and steps 

of formulation development [58]. The variables for the screening DoE were selected based on 

risk assessment. For this Ph.D. work, Box-Behnken (BB) was chosen to take into consideration 

the various variables simultaneously to save time and resources. BB is the common way to 

study the relationship between critical factors and their influence on the aimed attributes. 

Furthermore, BB gives the lowest number of experimental runs with high accuracy. The effect 

on the response variables was studied against the identified highest critical factors defined 

through risk assessment. The independent factors chosen through risk assessment were the 

concentration of HA (X1, lower limit: 2.5 mg, upper limit 6.5 mg), the concentration of CS (X2, 

lower limit: 1.25 mg, upper limit 3.25 mg), and sonication pulse ratio (X3, lower limit: 30, upper 

limit 50). On the other hand, 3 dependent or response variables were selected (Y1: size, Y2: 

polydispersity index (PDI), Y3: zeta potential). A set of experimental runs was generated by 

STATISTICA® 10 software that used ANOVA for statistical significance (p < 0.05). The 

established polynomial model (equation 1) was obtained after the regression analysis of each 

response, which is as followed,  

Y=β0+β1X1+β2X2+β3X3+β12X1X2+β13X1X3+β23X2X3+β11X12+β22X22+β33X32        [1] 

Where Y is the response, X1-X3 are the main effects of factors, X1X2, X1X3, and X2X3 are the 

interaction factors. β0 is the constant and β1- β3 are the coefficients of factors. 

4.2.6 Preparation of nanosuspensions  

An ionic gelation method was employed to develop the NPs by using cross-linker sodium tri-

polyphosphate (TPP). Polymer, CS was solubilized in 0.5 M Glacial acetic acid. The pH of the 

polymeric system was maintained at 4.9. Similarly, HA was dissolved in double distilled water 
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to obtain a polymeric suspension. Based on experimental runs acquired from the DoE setup, 

different concentrations of the polymers were used. TPP (0.5˗2 mg/ml) was added dropwise to 

the CS suspension until the appearance of a bluish haze followed by the addition of HA 

suspension under probe sonicator. The interaction between the cationic surface groups of 

polymers and negative surface groups of TPP creates NPs with a plexus network. Using this 

approach, a drug can be encapsulated after the fabrication of NPs. Later, 10 mg of INH (10 % 

of oral dose) solubilized in 1 ml methanol was injected into the prepared nanosuspension to 

obtain INH loaded CS and HA NPs (INH-CS/HA NPs). Organic solvent was then evaporated 

by overnight stirring to encapsulate maximum drug concentration [59]. A similar protocol was 

used to prepare the INH-loaded MC and HA hybrid NPs (INH-MC/HA NPs). For the 

fluorescent-based confocal imaging, the blank NPs (CS/HA and MC/HA NPs) were loaded 

with rhodamine-B dye (Rh-B) to yield Rh-B CS/HA NPs and Rh-B MC/HA NPs.  

4.2.7 Preparation of dry powders 

4.2.7.1 Freeze-drying to obtain nanopowders 

The nanosuspensions obtained in section 4.2.6 were freeze-dried to acquire dry nanopowders 

for inhalation. For freeze-drying, Scanvac, Coolsafe 100–9 pro-type apparatus (LaboGeneApS, 

Lynge, Denmark) was used. The pressure was kept constant at 0.01. The parameters taken into 

account during freeze-drying are mentioned in table 6. 

Table 6: Freeze-drying process parameters taken into consideration  

Process Time (h:min) Chamber 

pressure (mbar) 

Product 

temperature (⁰C) 

Shelf 

temperature 

(⁰C) 

Freezing 01:30  

------ 

-20  

-40 02:30 -20 to -26 

03:45 -26 to -39 

Primary drying 04:00 0.01 -39 to -37 -25 

06:10 -37 to -31 -12 

09:40 -31 to -27 0 

Secondary 

drying 

16:00 0.01 -27 to -14 +9 

21:10 -14 to -6 +22 

40:15 -6 to -2 +30 
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4.2.7.2 Spray-drying to obtain nanopowders 

The other drying technique used was spray drying. For this purpose, a Büchi nano spray dryer 

(B90 HP Büchi, Switzerland) was used. Mannitol and I400 were used as excipients in the spray 

drying because of their safety profile in the pulmonary drug delivery [60]. Mannitol and I400 

improve the flow properties of the powders. In brief, CS was solubilized in 25 ml of 0.05 M 

glacial acetic acid. Also, HA solution was prepared together with INH in 50 ml of methanol: 

water (2:1). CS and HA polymeric suspensions were then mixed thoroughly. 4 % mannitol was 

added as an excipient to the suspension to obtain INH-CS/HA nanopowder with mannitol 

(CSM). A similar procedure was used for the MC-based formulation to acquire INH-MC/HA 

nanopowder with mannitol (MCM). The inlet temperature, outlet temperature, and peristaltic 

feed pump rate were set at 120 ᵒC, 40 ᵒC, and 20 % respectively [61]. The small-sized nozzle 

was utilized during the experiment. The polymeric suspension was driven through a peristaltic 

pump to the atomizer via compressed air pressure. The suspension was atomized by the nozzle 

which cycloned in the heated air to remove solvent and dry powder was deposited in the 

collection chamber which was scraped off and collected in an airtight container. Likewise, the 

nanopowders with 1400 were developed by using similar protocol. For this case, 2 % w/v I400 

was used as selected through thorough literature surrey, to obtain INH-CS/HA nanopowder 

with I400 (CSI400) and INH-MC/HA nanopowder with I400 (MCI400). The preliminary 

procedure for the synthesis of the nanoparticles in case of freeze-drying and spray-drying was 

analogous and only the volume of the solvent and polymer concentrations were varied.  

4.2.8 Drug loading (Percentage encapsulation efficiency)  

To determine the % EE of the NPs, an indirect method was used. For this purpose, the 

nanosuspensions were centrifuged at 15,000 g for 20 min. The obtained supernatant was 

analyzed spectrophotometrically at 264 nm (λmax for INH). The following equation 2, was 

then used to calculate the % EE,  

%EE =  
Total drug−free drug

Total drug
× 100  [2] 

4.2.9 Morphological, micrometric investigation and characteristics of powder 

Scanning electron microscopy (SEM) (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan) 

was employed for the morphological investigation of the nanopowders obtained by the drying 
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methods at 2.0 at kV. The samples were mounted on the silica plates and gold-sputtered. During 

the whole experiment, the pressure was maintained at 1.3 to 13.0 mPa. 

The particle size, PDI, and zeta potential of the nanopowders were investigated using Malvern 

zeta sizer Nano ZS (Malvern instrument, UK). The nanopowders were redispersed in the milli-

Q water to obtain the nanosuspension. The samples were then analyzed at 25 ᵒC using a quasi-

elastic light scattering angle of 90ᵒ. Also, the bulk density and tapped density of the 

nanopowders were measured by a density tester (Stampf volumeter, STAV 2003, Germany). 

For this purpose, nanopowder was filled in the 5 ml tared graduated cylinder [62]. The method 

was adopted from the European Pharmacopeia, 2.9.3.4. Bulk density is the ratio of mass to 

volume (including inter particulate void), whereas tapped density is the density acquired by the 

mechanical tapping of the graduated cylinder. Also, Carr’s compressibility index (CI) 

exhibiting the compressibility of powder, was calculated by using equation 3,  

CI =  
Tapped density−Bulk density

Tapped density
 × 100    [3] 

4.2.10 Physico-chemical investigations 

4.2.10.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was performed to assess the compatibility of 

the polymers, cross-linker, drug, and bulking agents. FTIR (Thermo Nicolet AVATAR 330, 

USA) was employed to retrieve FTIR spectra. Briefly, samples were compressed into discs with 

KBr powder using a force of 10 kN with a hydraulic tablet press (Specac Ltd., UK). A 256-scan 

interferogram was obtained after the analysis of discs in the wavenumber range of 400 to 4000 

cm-1, at 4 cm-1 resolution.  

4.2.10.2 X-ray powder diffractometry  

X-ray Powder Diffraction (XRPD) measurements were recorded with Bruker D8 advance X-

ray powder diffractometer (Bruker AXS GmbH, Germany) with Cu radiation at λ=1.5406 Å. 

VANTEC-1 detector was used to obtain the diffractograms (3ᵒ ˗ 40ᵒ 2Ɵ) at 40 mA. Samples 

were mounted on the glass substrate at 40 kV.  

4.2.10.3 Differential Scanning Calorimetry 

The thermal behaviour of the nanopowders was demonstrated by using Mettler Toledo DSC 

821e (Mettler Inc., Schwerzenbach, Switzerland). The samples, approximately 3˗5 mg, were 

hermetically sealed in the aluminium pans. An empty aluminium pan was used as a control. 
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The samples were heated in the range of 25 and 300 ᵒC in an argon atmosphere at a heat flow 

rate of 5 ᵒC/minute. STARe software (Mettler Toledo) was used to acquire the exotherms and 

endotherms.  

4.2.11 In vitro studies  

4.2.11.1 Drug release study 

The release studies of the nanopowders were performed in the modified paddle method in the 

USP dissolution apparatus (SR8 plus dissociation test station, Hanson Research). All the studies 

were done in the simulated lung fluid (SLF) [63]. Briefly, 10 mg INH and nanopowders 

equivalent to 10 mg drug was dispersed in 100 ml SLF at 37 ⁰C with 100 rpm rotation. After 

predetermined time intervals, 5 ml of the samples were withdrawn and centrifuged at 16,500 g 

for 10 min. The obtained supernatant was spectrophotometrically analyzed at 264 nm using a 

UV-visible spectrophotometer (Jasco V-730, Budapest, Hungary).  

4.2.11.2 Permeation study 

The permeation of the drug content was demonstrated by using a modified horizontal diffusion 

cell model (Grown Glass, New York). This in-house cell model comprised of the horizontally 

placed acceptor phase and donor chambers separated by an artificial membrane (IsoporeTM 

membrane filter, 0.45 µm) impregnated win isopropyl myristate. Phosphate buffer (pH 7.4) was 

used in the donor chamber and SLF was used in the accepting chamber. Nanopowders 

equivalent to 10 mg of INH were dispersed in the donor chamber. The diffusion area was 

designed to be 0.69 cm2 and the volume of media was kept constant in both the chambers [64]. 

The UV probe recorded the permeated drug in real-time, at 264 nm. 

4.2.11.3 Aerodynamic profile 

The aerodynamic profile of the nanopowders was evaluated by the Andersen cascade impactor 

(ACI) (Copley Scientific Ltd., Nottingham, UK). The aerodynamic profile corresponds to the 

mass median aerodynamic diameter (MMAD) and fine particle fraction (FPF). MMAD is the 

cut-off diameter of the particles deposited in the ACI whereas FPF < 5 µm corresponds to the 

particles theoretically deposited in the bronchial region and FPF < 3 µm corresponds to the 

particles deposited in the deeper lung and acinar tissues. ACI complies with the Ph. Eur. 2.9.18 

(European Pharmacopoeia, 2015). The flow rate was kept constant (60 L/minute) by the 

vacuum pump (High-capacity pump model HCP5, Critical flow controller mode TPK, Copley 

Scientific Ltd., Nottingham, UK). Before the experiment, all the stages of the ACI, which 
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correspond to different cut-off diameters, were impregnated with a 1 % m/m solution of Span 

80 and cyclohexane to simulate the humid environment of the lung [65]. Nanopowders 

equivalent to 10 mg of INH were filled into size 3 HPMC (hydroxy propyl methylcellulose) 

capsules and actuated through Breezhaler® dry powder inhalator device. The powder adhered 

to each stage of ACI was dissolved in ethanol: water (2:1) for the spectrophotometric analysis. 

MMAD and FPF were later measured. 

Furthermore, the best sample was chosen based on the results and evaluated using the next-

generation impactor (NGI). NGI is stated as the standard method for the evaluation of particle 

size distribution in the pulmonary passageways. Here, an optical method (microscope) was 

linked with NGI for the assessment of the settlement of NPs on each tray [66]. As mentioned 

earlier, nanopowder equivalent to 10 mg of INH was filled into HPMC capsules. A breath 

stimulator, a vacuum pump (HCP5 High-capacity pump; Copley Scientific Ltd., UK), an 

induction port mimicking the upper respiratory tract with a critical flow controller (TPK 2000; 

Copley Scientific Ltd., UK), and NGI (Copley Scientific Ltd., UK) are the main parts of the 

setup. Capsulated powdered drug sample was dosed from a Breezhaler® dry powder inhalator 

device. The impaction method was used to demonstrate the aerodynamic size distribution at 

different stages. The flow rate was maintained by TSI 4000 thermal mass flow meter. An in-

house developed waveform generator was used as a breath simulator. For this purpose, a 

programmable logic controller (PLC) driven piston pump controlled the motor to generate 

airflows pattern (inhalation and exhalation).  

4.2.12 In silico studies 

The newest version of the Stochastic Lung Model (SLM) [67] was used to quantify the 

deposition of inhaled particles in terms of regional deposition fractions. For this purpose, the 

results obtained from ACI were employed in this in silico SLM. This numeric deposition model 

has been devised and validated for specific cases of aerosolized drugs [68]. The ratio of the 

mass of the particles deposited in the pulmonary passageways to the mass of particles in the 

capsule is termed as deposition fraction, which was numerically determined by SLM. This 

deposition fraction is classified into bronchial and acinar deposition fractions. The analytical 

method also determines the exhaled fraction, which is defined as the difference between the 

metered fraction (100 %) and a sum of the deposited fractions in the lungs and extra-thoracic 

pathways and the fraction lost in the inhalation device. This numeric integrated system tracks 

the particles till deposition and a large number of particles (usually 105) are tracked till 
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exhalation. The deposition profile is generated by the analytical formulas which take into 

account different considerations such as the straight passageways as well as the bent branches 

of the pulmonary system. The realistic measured geometric parameters and a Monte Carlo 

algorithm are used to simulate the inherent morphological stochasticity of the airways. 

Impaction, Brownian diffusion, or gravitational settling might be responsible for the deposition 

of particles. The characteristic of particles such as MMAD, FPF, and density along with 

inhalation parameters, i.e., the breathing rate of the patients are taken as inputs for this mode. 

For this Ph.D. work, two breath-hold times (BH) (5s and 10 s) were considered because the 

percentage of the inhaled powder depends on the inhalation pattern of the patient. The flow rate 

of 60 L/min was employed in an in silico modeling.  

4.2.13 Colloidal stability in culture media  

The colloidal stability of the nanopowders was studied in the cell culture media, RPMI with 

10% (v/v) fetal bovine serum (FBS) supplemented with 1 % (v/v) penicillin-streptomycin-

glutamine (PSG) and DMEM with 10% (v/v) FBS supplemented with PSG for 24 h at 4 ᵒC. For 

this purpose, all the nanosuspension samples (1 ml) were dispersed separately in 5ml RPMI and 

DMEM media. Moreover, the stability of Rh-B labeled formulations were also studied in both 

the media. Size and PDI were recoded after the incubation time of 24 h, via zeta sizer.  

4.2.14 Cell cultures  

The cell lines used in the experiments, A549 and Raw 264.7 macrophages, were cultured in the 

DMEM supplemented with 10 % (v/v) FBS and 1 % (v/v) PSG. These cultures were incubated 

in a 5% CO2 humidifier chamber at 37 ᵒC. Moreover, the culture media was replenished after 3 

days to maintain the cell confluency.  

4.2.15 Macrophage isolation from human blood 

The buffy coats were obtained from the Organ and Blood Donation Agency (ADOS; Santiago 

de Compostela, Spain). All the institutional and national guidelines for obtaining and using 

blood were followed. Blood was drawn from all the subjects after informed written consent. 

Permission was acquired from the Institutional Ethics Committee (Comité Ético de 

Investigación Clínica de Galicia, CEIC). Peripheral blood mononuclear cells (PBMC) were 

isolated by using the Ficoll density gradient separation method [69]. For this purpose, blood 

was transferred into a 50 ml tube under the laminar flow cabinet class II at room temperature 

and was diluted with PBS in a ratio of 1:1. Later, this blood was poured over Ficoll-PaqueTM 
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PLUS in a 2:1 ratio. This mixture was centrifuged at 400 g for 30 min at room temperature on 

deceleration mode by using Allerga X-12R, Beckman Coulter, to isolate the PBMC. With 

utmost care, the upper layer was discarded and the PBMC layer was transferred to a 50 ml 

falcon tube. This PBMC layer was centrifuged at 300 g for 10 min with PBS for washing. The 

washing ensures the purity of the cells by removing excess Ficoll media. PBMC cells were 

resuspended in RPMI-1640 supplemented with 2 % heat-inactivated FBS and 1 % PSG (R2 

medium). Following, the cells were then seeded at a density of 1.2 × 106 cells/ml into a 75 cm2 

cell culture flask for 2 h at 37 ᵒC (5 % CO2). The non-adherent cells were washed off after this 

incubation period using PBS and the adhered monocytes were cultures for 3 days in RPMI-

1640 supplemented with 10 % heat-inactivated FBS and 1 % PSG (R10 medium). This media 

was then replenished with R10 medium along with 100 ng/ml cytokine; granulocyte-macrophage 

colony-stimulating factor (GM-CSF) after 3 days to differentiate the monocytes into 

macrophages. 

4.2.16 Ex vivo studies  

4.2.16.1 Cytotoxicity studies 

For evaluation of cytocompatibility of the samples, an MTT assay was performed on the A549 

cell line and Raw 264.7 cell line. A549 cells are the adenocarcinoma human alveolar basal 

epithelial cells and serve as a model for the pulmonary alveolar epithelia due to the dominance 

of alveolar type II cells. The recent progress in the TB studies has indicated that the alveolar 

epithelial cells also act as a niche for the M.Tb along with alveolar macrophages [70]. Hence, 

it was essential to assess the cytotoxicity profile of nanopowders on A549 cells. In the 96-well 

cell culture microplates, A549 cells were seeded at a density of 4 × 104 cells/well. CS/HA and 

MC/HA-based nanopowders were added to the wells at different concentrations followed by an 

incubation period of 24 h at 37 ᵒC. MTT reagent (10 µl) was added to each well plate and 

incubated for 4 h. The formazan crystals formed were dissolved by adding 100 µl of isopropanol 

(100 µl of 0.04 N HCl in isopropanol). The OD was detected by EZ READ 400 ELISA reader 

(Biochrom, Cambridge, UK) at 550 nm. A similar protocol was adopted for the MTT assay on 

the Raw 264.7 macrophage cell line. For this purpose, the cells were seeded at a density of 1 × 

104 cells/well. After seeding, the cells were incubated with different concentrations of 

nanopowders for 24 h. 10 µl of MTT was added to each well followed by incubation of 4 h. 

Later, 100 µl of acid propanol was added, and OD was measured at 570 nm using a microplate 
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reader (Synergy H1 Hybrid Multi-Mode, BioTek, Winooski, VT). 10% sodium dodecyl sulfate 

(SDS) was used as a positive control whereas the untreated 100% viable cells served as a 

negative control. 

An MTS assay was performed to detect the cytotoxic behaviour of the samples [71]. For this 

purpose, the human blood-derived monocytes were differentiated into primary macrophages. 

These primary cells were then seeded on a 96-well microplate at a density of 1.10 × 105 cells/ml. 

After incubation of 24 h, the culture media was replaced with the different concentrations of 

the nanopowders and incubated for a further 24 h. SDS was used as a positive control and 

macrophages in culture media were used as a negative control with no toxicity. OD was 

measured at 490 nm using a microplate reader (Synergy H1 Hybrid Multi-Mode, BioTek, 

Winooski, VT). Equation 4 was used to calculate the % viability of the cells, 

Cell viability (%) =  
Absorbance of sample

Absorbance of control
× 100  [4] 

4.2.16.2 Blood compatibility study 

The blood compatibility profile of the nanopowders was demonstrated by a hemolysis assay 

[72]. For this purpose, fresh blood from human donors was used. After washing the blood 

samples with PBS by centrifugation at 250 g for 5 min, the red blood cells (RBCs) pellet was 

obtained. The pellet was redispersed with PBS and the resulting suspension of cells was seeded 

on the 96-well plate. After an incubation period of 4 h and 24 h at 37 ᵒC, the absorbance of the 

samples was read at 570 nm by using a microplate reader (Synergy H1 Hybrid Multi-Mode, 

BioTek, Winooski, VT). PBS served as a negative control whereas 1% v/v Triton-X served as 

positive control). Equation 5 was employed to calculate the % hemolysis of the samples, 

% hemolysis =  
Absorbance of sample−Absorbance of negative control

Absorbance of positive control−Absorbance of negative control
 × 100  [5] 

4.2.16.3 Cellular uptake of nanopowders (Qualitative and quantitative) 

The visual intracellular uptake of nanopowders was demonstrated through a confocal laser 

scanning microscope (CLSM). The qualitative cellular uptake of nanopowders was studied in 

A549 cells and Raw 264.7 macrophages. For this study, the cells were seeded onto the 

individual Lab-Tek® chambered #1.0 borosilicate cover glass system and incubated for 24 h. 

Later, the culture media was replaced with 300 µl of (10 µg/ml of nanopowder concentration) 

Rh-B labeled nanosuspension and incubated for 2 h. 4% paraformaldehyde (15 min incubation) 

was added to each glass chamber following the washing of the cells with PBS. Formaldehyde 
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was added for the fixation of cells. Washing of the cells with PBS was repeated and DAPI dye 

(300 µM, 1:500 in PBS) was added for staining nuclei with an incubation of 50 min. Excess 

DAPI dye was washed off with PBS and mounting media was added to each glass chamber to 

perform imaging by CLSM (Leica SP5, Mannheim, Germany). Untreated cells were kept as a 

control. A similar protocol was adopted for quantitative uptake followed by analysis through 

flowcytometry in a BD FACSCalibur cytometer. Rh-B 546/568 (Ex/Em), DAPI 359/457 

(Ex/Em).  

4.2.16.4 Macrophage phenotype analysis 

The primary human macrophages were cultured and incubated with nanopowders (10 µg/ml). 

After an incubation period of 24 h, the cells were washed with PBS to remove the NPs. These 

cells were then resuspended in PBS and stained with antibodies (CD80-PE and CD83-APC) 

with incubation for 25 min at -4 ᵒC in dark. After incubation, the cells were washed and 

resuspended in PBS and kept on ice till the quantification study. The maturation markers’ level 

was quantified by flowcytometry in a BD FACSCalibur cytometer. For analysis of data, flowing 

software (Cell imaging core, Turku Centre for Biotechnology) was used.  

4.2.16.5 Tolerogenic activity of NPs 

2,3-Indoleamine dioxygenase (IDO) is an immunosuppressant enzyme responsible for the 

catabolism of tryptophan and essential to the growth of microorganisms that affects the T-cell 

tolerance. Also, IDO is responsible for the apoptosis of Th1 cells by catabolizing tryptophan 

into kynurenine [73]. IDO assay is hence a quantification assay for the detection of kynurenine 

in the culture media. The protocol was adapted from the literature to demonstrate the 

tolerogenic activity of NPs [74]. For this purpose, 1 × 104 primary macrophages were seeded 

and incubated on the 48-well plate with different formulations (final volume 0.5 ml). 1.25 µl of 

100 µM L-tryptophan was added to the plates at least 4 h before the end of the incubation 

period. Culture media was obtained after centrifugation of cells at 10,000 g for 5 min at room 

temperature and 30% trifluoroacetic acid was mixed with this obtained culture media to 

facilitate the precipitation of cell debris. Centrifugation was repeated with the aforementioned 

parameters and obtained supernatant was mixed with Ehrlich reagent (1% v/v) and absorbance 

of the samples was analyzed through a microplate reader at 490 nm.  
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5. RESULTS AND DISCUSSION 

5.1 Synthesis, quantification, and characterization of polymer 

The number of mannose groups on the polymer was found to be 212 ± 27 µM per gram of MC. 

Moreover, the thiol groups anchored to the MC were quantified to be 328 ± 11 µM per gram, 

and disulfide bonds were quantified to be 74 ± 21 µM per gram of MC. NMR spectra (Figure 

2) revealed the conjugation of mannose to CS with a peak at 4.03 ppm corresponding to the 

methylene protons of the mannose sugar [75]. The acetamido group between mannose and 

chitosan by Schiff’s base reductive amination is represented by the peak at 2.404 ppm 

(corresponding to the protons of CH2- group of linkage) [76]. The amine group of CS was 

indicated at 0.859 ppm and the peak at 1.631 ppm corresponded to the methyl group of the non-

deacetylated CS [77]. 

 

Figure 2: NMR spectra of (A) chitosan and (B) mannosylated chitosan 

5.2 QbD and knowledge space of nanosuspensions 

QbD provided a robust approach to scrutinize the critical factors that were found to influence 

the QTPP. Figure 3 mentions the scrutinized parameters such as CMAs, APPs, CQAs, and 

QTPPs along with their interdependence association. Later, Lean QbD software® was employed 
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to perform the interdependency between the critical attributes, as shown in the figure. Based on 

this relation, the critical CQAs affecting the QTPPs were chosen. Similarly, the CQAs critically 

influencing CMAs and CPPs were also selected.  

 

 

Figure 3: The selected QTPPs, CMAs, CPPs, and CQAs and the interdependence of these 

critical factors as part of risk assessment. 

5.3 DoE for optimization of nanosuspensions 

The critical chosen parameters are listed in table 7. The highly influential CMAs and CPPs were 

prioritized by using DoE using BB factorial design. Different formulations were prepared 

according to the number of experimental runs recorded by STATISTICA® 10 software and 

these runs were studied against the dependent outcomes such as size, PDI, and zeta potential. 

This robust method was used for developing the nanosystem using CS polymer and was 

repeated with the same parameters for the MC-based systems due to the same origin of the 

polymer. Later, similar parameters were taken into consideration for freeze-drying and spray-

drying to develop nanopowders. The results of the dependent variables against the different 

runs are mentioned in table 8.  
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Table 7: Level of selected critical factors 

Critical Factors Levels 

Low Medium High 

X1: HA 

concentration (mg) 

2.5 5.0 6.5 

X2: CS concentration 

(mg) 

1.25 2.5 3.25 

X3: Pulse ratio 30 40 50 

 

Subsequently, DoE gave Pareto charts as an outcome which highlighted the relative importance 

of the individual and relative effects in the liner (L) and quadratic (Q) models. Pareto charts 

(figure 4) demonstrate the probability of the influence of critical variables on the dependent 

variables individually. A T-test was used during this study to determine the level of 

significance. The vertical line shows the significant variables with a correlation to dependent 

variables. 

Table 8: The results of dependent variables obtained through 15 runs by Box-Behnken design 

in STATISTICA®10 for CS/HA NPs 

Run 

codes 

HA 

(mg) 

CS (mg) Sonication 

pulse ratio 

Average 

size (nm) 

PDI Zeta 

potential 

(mV) 

C1 6.5 2.5 30 390 0.417 30.5 

C2 5.0 3.25 30 399 0.432 28.2 

C3 2.5 1.25 40 324 0.202 27.8 

C4 5.0 1.25 30 387 0.391 30.6 

C5 5.0 2.5 40 342 0.199 34.3 

C6 5.0 2.5 40 346 0.187 32.1 

C7 6.5 3.25 40 457 0.451 28.5 

C8 5.0 1.25 50 363 0.215 29.8 

C9 2.5 3.25 40 398 0.331 28.5 

C10 6.5 1.25 40 375 0.411 31 

C11 2.5 2.5 30 330 0.216 19.5 

C12 5.0 3.25 50 390 0.185 27.9 

C13 5.0 2.5 40 351 0.214 28 

C14 2.5 2.5 50 308 0.204 22.2 

C15 6.5 2.5 50 415 0.398 27.5 

 

Furthermore, the surface plots (figure 5) were acquired from the STATISTICA software. The 

3D plots show that the size and PDI of the formulations increase with an increase in the 

concentration of the polymers. The optimal concentrations of the CS and HA polymers were 

determined to be 5 mg and 2.5 mg respectively. On the other hand, the zeta potential values 
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altered significantly by varying the concentration of HA. The established second-degree 

polynomial model for the estimation of Y1 (size), Y2 (PDI), and Y3 (zeta potential) for the 

nanoformulations was determined as given below 

Y1 = 373.1+69.2X1+48.72X2-11.3X3+0.235X1X2+20.912X1X3+10.088X2X3-17.74X1
2-39.18X2

2-5.34X3
2    [6] 

Y2=0.311+0.187X1X1+0.05X2-0.11X3-0.05X1X2-0.03X1X3-0.01X2X3-0.09X1
2-0.08X2

2-0.03X3
2        [7] 

Y3=27.5+4.98X1−1.414X2−0.025X3−0.088X1X2−2.80X1X3+0.20X2X3+2.75X1
2−0.65X2

2+3.19X3
2                  [8] 

The particle size (Y1) was most predominantly affected by the concentration of CS and HA 

with sonication speed not affecting the average diameter of particles. The PDI (Y2) was 

significantly influenced by the concentration of CS and HA. As the concentration of the 

polymers increased, there was a significant increase in the PDI leading to aggregated sample. 

Zeta potential (Y3) was most directly influenced by the increase in the concentration of HA.  

 

Figure 4: The independent variables (concentration of CS, HA, and sonication speed) and 

their desired outcomes in the form of (A) size, (B) PDI, and (C) zeta potential, as Pareto 

charts. Bars exceeding the vertical line show that the terms are significant (p < 0.05). 



33 
 

 

Figure 5: 3D surface response plots demonstrating the influence of CS, HA, and sonication 

speed on the (A) size, (B) PDI, and (C) zeta potential of the nanoformulations. 

Following, the samples prepared were freeze-dried and spray-dried to obtain the nanopowders 

and again the particle size, PDI, and zeta potential were determined. For this purpose, the 

nanopowders were redispersed in the milli-Q water and were analyzed using a zeta sizer. The 

outcomes are reported in Table 9. 

5.4 Drug loading (Percentage encapsulation efficiency) 

The encapsulation efficiency for the freeze-dried and spray-dried samples was quantified. The 

freeze-dried nanopowders exhibited a high % EE. It was assumed that the subsequent loading 

of INH after the synthesis of NPs was an effective strategy, as the drug was loaded into the 

voids of the plexus formed on the surface of NPs as a result of ionic gelation. However, the 

synthesis of NPs simultaneously with drug loading yielded lower % EE, in the case of spray-

drying. The % EE for all the samples has been mentioned in table 9. 
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Table 9: The size, PDI, zeta potential, and % EE of the optimized nanopowders 

Parameters MCM MCI400 MC/HA CSM CSI400 CS/HA 

Average size 

(nm) 

316 ± 25 323 ± 15 302 ± 11 404 ± 

10 

299 ± 

19 

300.2 ± 

11 

Zeta potential 

(mV) 

21.4 ± 

4.01 

14.5 ± 

0.93 

31.2 ± 

2.35 

18.4 ± 

6.01 

24.1 ± 

5.50 

30.1 ± 

3.13 

PDI 0.215 ± 

0.91 

0.398 ± 

1.5 

0.211 ± 

2.89 

0.246 

± 0.07 

0.310 

± 1.01 

0.204 ± 

0.01 

Encapsulation 

efficiency (%) 

74.05 ± 

8.22 

63.45 ± 

2.84 

90.17 ± 

1.01 

72.43 

± 2.41 

59.66 ± 

1.84 

91.21 ± 

2.31 

 

5.5 Morphological investigation and characteristics of powder 

As shown in figure 6, the freeze-dried nanopowders did not present smooth-surfaced 

morphology. Also, the freeze-dried samples had patches of aggregation. On the other hand, the 

spray-dried samples with mannitol demonstrated smooth mono-dispersed particles. However, 

using I400 yielded particles with aggregated appearance.  

The powder flow characteristics are mentioned in table 10. The bulk densities and tapped 

densities measurements were found to be good for the aerosolization of samples. The CI values 

< 25 % highlight good powder flow properties. On the contrary, an increase in the CI is the 

result of the cohesive forces between the nanopowders. CI values for the freeze-dried 

nanopowders were found to be high for the CS/HA NPs but the CI for MC/HA NPs was within 

an acceptable limit. The only sample which was found to be promising in terms of rheological 

characteristics was MCM, which was later chosen for the high-end aerodynamic in-vitro test 

using NGI. 

Table 10: Powder flow characteristics of the freeze-dried and spray-dried nanopowders 

Parameters MCM MCI400 MC/HA CSM CSI400 CS/HA 

Bulk density 

(g/cm3) 

0.208 ± 

0.88 

0.134 ± 

0.13 

0.081 ± 

1.47 

0.089 ± 

0.05 

0.116 ± 

0.43 

0.118 ± 

2.01 

Tapped density 

(g/cm3) 

0.260 ± 

0.01 

0.181 ± 

0.07 

0.108 ± 

0.19 

0.130 ± 

1.33 

0.150 ± 

0.09 

0.203 ± 

0.77 

Carr’s index 

(%) 

20 ± 

0.51 

25.71 ± 

1.21 

25 ± 

0.13 

31.8 ± 

0.05 

22.45 ± 

0.09 

42 ± 

0.99 
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Figure 6: Scanning electron microscopy (SEM) micrographs of the freeze-dried and spray-

dried nanopowders. (A) CS/HA NPs, (B) MC/HA NPs, (C) CSI400, (D) CSM, (E) MCI400 

and (F) MCM. 

5.6 Outcomes of physicochemical investigation 

5.6.1 Fourier transform infrared spectroscopy 

FTIR experiment demonstrated the compatibility between the components of the freeze-dried 

and spray-dried nanopowders. Firstly, the mannose conjugation to CS (Figure 7A) was 

confirmed by the mannose band stretch at 850 cm-1, an amide bond stretching at 1100 cm-1 and 

COO symmetric stretch at 1200 cm-1 [78]. All the freeze-dried and spray-dried samples 

composed of MC exhibited the corresponding peaks of MC. Similarly, all the nanopowders 

comprised of CS highlighted the peaks of CS such as CO-NH2 fingerprint peak at 1600 cm-1 

and OH bond widening at 3500 cm-1. Likewise, the IR peaks for HA can also be observed in all 

the samples which were pictured at 1400 cm-1 as carbohydrate symmetric stretch. The loaded 

drug INH displayed the characteristic peaks at 3000-3300 cm-1 corresponding to NH2-NH2 band 

stretch and at 1700 cm-1 related to C=N and C=O.  

For the freeze-dried samples, the peak of cross-linker TPP was shown at 1156 cm-1 

characteristic of asymmetric and symmetric stretch of PO2 group (Figure 7A). For the spray-

dried samples with mannitol, the characteristic peaks were exhibited at 1400 cm-1 and 3300 cm-

1 [79]. The characteristic IR peaks for I400 were demonstrated at 1400 cm-1 and 1200 cm-1 in 

spray-dried nanopowders with I400 [80] (Figure 7B). Altogether, the components of the 
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nanopowders were found to be stable and physicochemical compatible during the development 

of nanopowders. 

 

Figure 7: IR spectra of (A) freeze-dried and (B) spray-dried nanopowders 

5.6.2 X-ray powder diffractometry  

XRPD analysis (Figure 8) was conducted to understand the physical nature of the components 

before and after the synthesis of nanopowders. The XRPD images of freeze-dried samples did 

not exhibit any discrete crystalline peaks that were initially present in the nascent INH between 

10⁰ and 40⁰. Similarly, the crystalline peaks for INH were not found in the spray-dried 

nanopowders as well which can be related to the fact that INH changed to an amorphous state 

upon encapsulation. The spray-dried nanopowders displayed the 2θ peak from 10⁰ to 20⁰, 

indicating that mannitol existed as a crystalline excipient before and after the drying process 

[81]. I400 spray-dried nanopowders revealed a similar behaviour by showing the discrete peaks 

of I400 between 16⁰ and 22⁰ and therefore, it can be mentioned that spray-drying did not alter 

the crystallization behaviour of the excipient [82]. The behaviour was further investigated by 

the thermal analysis. 
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Figure 8: XRPD diffractogram of (A) freeze-dried and (B) spray-dried nanopowders 

5.6.3 Differential Scanning Calorimetry 

The Differential Scanning Calorimetry (DSC) curves (Figure 9) identify the thermal behavior 

of the components of the nanopowders. The DSC curve of INH exhibited an endothermic peak 

at 171.07 ⁰C highlighting the melting point [83]. However, this endotherm was not present in 

the freeze-dried and spray-dried samples revealing the intact physical stability of the drug inside 

the NPs. Mannitol exhibited an endothermic peak at 169 ⁰C corresponding to the melting point. 

This endothermic peak was present in the spray-dried samples with mannitol showing the 

melting of the mannitol during the drying process [62], followed by recrystallization which was 

confirmed by the XRPD sharp diffractogram. On the contrary, no such sharp change was 

observed for the I400 spray-dried samples. But two small endothermic peaks at 145 ⁰C and 213 

⁰C were seen which demonstrated the loss of bound water [84]. These peaks were also seen in 

the nascent I400. The results were by the literature and did not exhibit any sharp morphological 

or chemical changes during the process of drying. 
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Figure 9: DSC curves for the freeze-dried and spray-dried nanopowders, Exo ↑ 

5.7 Results of In vitro studies  

5.7.1 Drug release study  

All the release studies were performed for a period of 48 h under similar conditions, i.e., at body 

temperature. The unmodified INH was released in the media completely in 5 h. On the other 

hand, the release was modified in the nanopowders. It can be observed from Figure 10, that the 

release of INH was slowed down as the polymeric composition changed from CS to MC, 63% 

to 40 %, demonstrating that mannosylation facilitates the controlled release [85].  However, 

there was no significant change in the release patterns of INH from the spray-dried and freeze-

dried samples. Overall, the controlled release of the drug is favourable for chronic infections 

which otherwise need frequent drug administration to maintain the adequate drug concentration 

at the target site. 

5.7.2 Permeation study   

The diffusion cell model employed to study the concentration of permeated drug in the acceptor 

media ensures the homogenous distribution of the sample in the donor phase at a constant 

temperature. The nano-dimensional surface of particles possesses a large surface area available 

for the release of drug followed by permeation via effective passive diffusion. Approximately 

58˗72 µg/cm2 of INH was able to permeate across the membrane filter into the acceptor phase 

in 2 h, for the MC-based samples irrespective of the drying technique (Figure 11).  

 



39 
 

 

Figure 10: The in vitro release of INH from freeze-dried and spray-dried nanopowders, in the 

simulated lung media (pH 7.4) 

 

Figure 11: The in vitro permeation profile of INH (µg/cm2) from the freeze-dried and spray-

dried nanopowders from donor to acceptor chamber 

A slight visible difference was observed in the permeation pattern of INH from the CS-based 

nanopowders, with a maximum concentration of 46˗48 µg/cm2 for CSM. A similar trend was 

observed for the CSM highlighting that mannitol can somehow improve the permeation of the 

drug [86]. Also, mannosylation improves the permeation profile in isopropyl myristate 

(mimicking the pulmonary environment) impregnated membrane to ameliorate the absorption. 

[87]. 

5.7.3 Aerodynamic profile 

The aerodynamic profile as investigated by ACI presented the favorable MMAD of the 

nanopowders (Table 11). MMAD values for freeze-dried nanopowders, CS/HA NPs, and 
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MC/HA NPs were found to be 2.67 µm and 2.981 µm respectively. Similarly, the MMAD for 

the spray-dried nanopowders ranged between 1.632 µm ˗ 3.556 µm.  FPF <5 µm was observed 

to be high (80 %) for the MCM nanopowder revealing that the use of mannitol along with 

polymer MC produced the fine particles. This meant that more than 80 % of the particles in the 

powder were less than 5 µm in dimension and had a tendency to deposit in the upper parts of 

the lungs (particles in the range of 1.1 ˗ 4.7 µm are deposited in stage 2 ˗ 5 of ACI). FPF < 3 

µm was also found to be the highest (69 %) for the sample MCM.  

The particles below the range of 3 µm have a higher tendency to deposit in the bronchial as 

well as the alveolar region. Later, the best sample (MCM) was chosen for the evaluation by 

NGI. MCM nanopowder was evaluated in terms of mass size distribution and the results were 

fetched based on the surface coverage of the collection plates. The data (Figure 12) presented 

that the average mass size distribution of more than 50 % of the particles had a size of 1.37 ˗ 

2.3 µm. The results demonstrated that a higher fraction of the particles were in a similar range 

as observed via ACI testing. 

Table 11: The aerodynamic parameters of freeze-dried and spray-dried samples as 

determined by ACI 

Parameters MCM MCI400 MC/HA CSM CSI400 CS/HA 

MMAD 

(µm) 

1.632 ± 

0.11 

2.464 ± 

0.23 

2.981 ± 

0.12 

3.556 ± 

0.24 

2.891 ± 

0.09 

2.67 ± 

0.05 

FPF <5 µm 

(%) 

80.94 ± 

0.66 

74.89 ± 

0.16 

69.01 ± 

0.05 

62.73 ± 

1.8 

68.94 ± 

0.19 

62.11 ± 

1.06 

FPF <3 µm 

(%) 

69.46 ± 

0.97 

59.14 ± 

1.11 

50.11 ± 

0.18 

44.04 ± 

0.19 

50.91 ± 

0.61 

68.70 ± 

0.11 

 

 

Figure 12: Mass size distribution of deposited particles in the NGI based on the surface 

coverage area of plates 
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5.8 Discussion of in silico studies 

The in silico stochastic lung modeling was used to determine the exhaled fraction of the 

nanopowders (EXH), the extra-thoracic fraction of the drug (ET) referring to the deposition in 

the extra-thoracic airways and the faction of nanopowders deposited in the bronchial and acinar 

regions termed as LUNG. As shown in figure 13, approximately, 30 % of the nanopowders 

were deposited in the extra-thoracic region for all the freeze-dried samples irrespective of BH 

time. 

On the contrary, the results varied for the ET fraction of spray-dried samples in the range of 14-

41 %. Similarly, EXH was presented to be higher in the case of spray-dried samples, especially 

for I400-based nanopowders. However, MCM demonstrated better aerodynamic characteristics 

in the model, by presenting low EXH with high ET and LUNG fraction than all the other spray-

dried nanopowders, by increasing BH time. Moreover, mannitol was found to be a promising 

excipient for spray-drying for the pulmonary inhalation dosage forms as compared to I400, 

based on the results.  

Surprisingly, freeze-drying yielded nanopowders which depicted a good deposition profile with 

a low EXH fraction. Besides, the LUNG and ET fraction was also found to be high for the 

freeze-dried samples, irrespective of the composition. Overall, the in silico deposition profile 

correlated well with the in vitro deposition study.  

 

Figure 13: Presentation of in silico deposition modeling at two breath-hold (BH) times, for 

the freeze-dried and spray-dried nanopowders. [ET: fraction of the nanopowder deposited in 

the extra-thoracic airways, LUNG: cumulative fraction of nanopowders deposited in the 

bronchial and acinar region, EXH: exhaled fraction of the nanopowders]. 

5.9 Results of colloidal stability in culture media 

To take account of the behavior of the nanosystem in the cell culture during the ex-vivo studies, 

the colloidal stability of the nanopowders was tested in RPMI and DMEM media.  The results, 
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as shown in figure 14, show that there is a slight change in the PDI of the particles. The possible 

reason for this increase in the PDI on incubation for a long time can be due to the presence of 

salts in the media. The presence of ionic charge in the media was responsible for the cohesive 

forces and hence the low dispersity of the particles. The nanosuspensions exhibited a homo-

dispersive nature as can be seen from the PDI index values < 0.7 [88]. Similar behavior was 

observed for the size measurements.  

 

Figure 14: Stability of the nanosuspensions in RPMI and DMEM with the relative change in 

particle size (nm), zeta potential (mV), and polydispersity index (PDI) over 24 h. Bars=size; 

Dots= PDI (n=2) 

There was found to be a relative increase in the size of the NPs that may also be contributed to 

the detection of electronic cloud (due to ions in culture media) around the particle in the zeta 

sizer. Altogether, results did not deviate remarkably and the formulations were considered to 

be stable, even though the measurements were performed with a lag time of 15 days due to the 

pandemic. Results are expressed as mean ± SEM, n=2. 

5.10 Evaluation of ex vivo studies  

5.10.1 Cytotoxicity studies 

The toxicity profile of the nanosuspensions on the different cells was evaluated by MTT assay. 

Different concentrations (0.01 mg/ml, 0.5 mg/ml and 1 mg/ml) of the nascent drug i.e., INH 

were used for the assay together with an equivalent concentration of the nanosuspensions 

corresponding to 0.01 mg/ml, 0.5 mg/ml and 1 mg/ml of INH. For the A549 cells, almost all 

the samples demonstrated the viability of more than 80 %, and MC-based nanosystems 

exhibited up to 100 % viability of cells (Figure 15A). On the contrary, the cytotoxicity of the 
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nanosuspensions on the Raw 264.7 macrophages was found to be concentration-dependent. The 

low concentrations of INH, i.e., 0.5 mg/ml and 0.01 mg/ml exhibited more than 50 % cell 

viability but it was cytotoxic to the Raw 264.7 macrophages at high concentrations (Figure 

15B). The variation in the cytotoxicity may also be attributed to the change in the polymeric 

concentrations. Altogether, all the nanosuspensions had viability percentages above the 

threshold percentage of 50 %. Likewise, the cytotoxicity studies on the primary human 

macrophages derived from human blood highlighted similar behavior (Figure 15C). The results 

were evidently but not primarily dependent on the increase in the concentration. Furthermore, 

almost all the results were promising and presented a viability of ≥ 70 %. The primary purpose 

of the evaluation of cytotoxicity assay on primary macrophages was to find the optimal 

concentration of the samples for future experiments using human macrophages.  

 

Figure 15: The percentage viability of nanosuspensions on (A) A549 cells, (B) Raw 264.7 

macrophages, and (C) primary human macrophages, after an incubation period of 24 h for 

different concentrations (0.01, 0.5, 1 mg/ml). All the results are expressed as mean ± S.D, 

n=3 
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5.10.2 Blood compatibility study 

The studies were also performed to validate the compatibility of the formulations with RBCs 

pivotal to the safety concern. The hemolytic activity was analyzed by the spectrophotometric 

analysis of plasma-free hemoglobin derivatives, followed by the incubation of nanosuspensions 

with blood for 4 h and 24 h.  

Triton-X serves as a positive control with 100 % cell lysis whereas PBS was used as a negative 

control with no cell lytic effect (Figure 16). According to ISO/TR 7406, the safe hemolytic ratio 

for the biomaterials is considered to be less than 5 % [89]. All the nanosuspensions were found 

to be hemocompatible in the case of this study where none of the samples posed any visible 

lytic effect on RBCs, irrespective of the incubation period.  

 

Figure 16: Blood compatibility study performed on fresh human blood, after 4 h and 24 h. 

The results are expressed as mean ± SEM, with the results from three different blood donors. 

5.10.3 Uptake of nanopowders by macrophages (Qualitative and quantitative) 

Figure 17 shows the qualitative visualization of Rh-B labeled NPs inside the A549 cells and 

Raw 264.7 macrophages by CLSM. The study was performed on A549 cells based on the fact 

that NPs interact with alveolar epithelial cells before engulfment by macrophages. As it can be 

seen from the figure, there is a shift in fluorescence intensity after the internalization of NPs 

inside the cells as compared to the untreated control. The uptake of Rh-B CS/HA NPs was 

relatively lower in A549 cells and Raw 264.7 macrophages as compared to Rh-B MC/HA NPs. 

Macrophages are the immune cells responsible for phagocytosis and are more responsive to the 

uptake of NPs as compared to alveolar epithelial cells. Additionally, there are surface receptors 

present on the macrophages that play a role in the uptake of NPs. 
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Figure 17: Nanoparticulate uptake study by confocal laser scanning microscopy after an 

incubation period of 2 h. The red color indicates the fluorescence due to Rhodamine-B dye 

(Excitation λmax= 546 nm, Emission λmax= 568 nm) and the blue color is indicated the 

fluorescence due to DAPI-nuclei dye (Excitation λmax= 359 nm, Emission λmax= 457 nm) 

This increase in the translocation of the mannose conjugated NPs was also reported in a 

quantitative study using flow cytometry. It can be observed from figure 18, that after a while of 

2 h, there was a relative increase in the uptake of Rh-B MC/HA NPs as compared to Rh-B 

CS/HA NPs. This established our hypothesis that mannosylation of the polymer can improve 

the engulfment of NPs in the macrophages.  

 

Figure 18: Quantification of uptake of NPs over 24 h by Flow cytometry (Detector FL3, 

Laser 488 nm, Filter BP 575/25, Software: BD Spectra viewer, Rhodamine B 546/568 

(Ex/Em) 

5.10.4 Macrophage phenotype analysis 

T-lymphocyte costimulatory molecules (CD80 and CD83) are the indicators of pro-

inflammatory macrophage-activated phenotype. CD80 influences cytokine expression and 
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hence is considered a prime co-stimulatory marker [90]. CD80 is also responsible for the 

expression of interleukin-6 which is involved in the resistance against TB due to its pro-

inflammatory nature [91]. Likewise, CD83 levels elevate in the activated macrophage. 

Moreover, it plays role in the differentiation of T-lymphocytes and tolerance. There is an 

alleviation of inflammation due to the inhibition of CD83. The expression of CD80 and CD83 

was explored by allowing the incubation of macrophages with nanosuspensions for 2 h. The 

macrophages derived from three different donors were used for the experiment to account for 

the genetic hematological and immunological differences. The average MFI is represented by 

a dotted line (Figure 19) which is representing the signals from the macrophages incubated in 

culture. MFI signals were relatively higher for MC/HA NPs as compared to other samples. 

Altogether, the results demonstrated the upregulation of the maturation markers and hence the 

T-cell activation essential to the immune regulation in TB. 

 

Figure 19: The expression of macrophage maturation markers, CD80 and CD83 as % 

quantified. The dotted line represents MF=1, which indicates the signal from the incubated 

macrophages in culture. All the results have been expressed as mean MFI ± SEM, n=blood 

from 3 donors 

5.10.5 Tolerogenic activity of NPs 

Macrophages can affect immune regulation and peripheral tolerance by the IDO expression. 

Hence, IDO activity was tested by the incubation of nanosuspensions with macrophage cultures 

(Figure 20).  



47 
 

 

Figure 20: Evaluation of the 2,3-Indoleamine dioxygenase (IDO) after the incubation of 

nanosuspensions with human macrophage culture 

The activation of the tolerogenic phenotype reduces or inhibits the T-cell response and hence 

the absence of tolerance which is contrary to the pro-inflammatory response. It is worth 

mentioning that the tolerogenic response suppresses immune regulation in TB. Also, the 

elevation of tolerogenic activity suppresses effector T-cells and can lead to the immune 

response tolerance which is not favourable in TB [92]. Interestingly, there was no tolerogenic 

response recorded for the nanosuspensions similar to that of control (macrophages in culture 

media). 
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6. CONCLUSION 

Although TB is a curable disease, however, the existing therapies have certain limitations. 

Already marketed dosage forms fail to deliver the drug to the target site where the causative 

bacteria reside. Therefore, an adequate drug dose has to be administered to maintain the 

therapeutic concentration at the target site which however leads to toxicity and drug resistance 

over time. 

 Hence, this project aimed to deliver the anti-tubercular to the target site to achieve consistent 

therapeutic outcomes. Moreover, the concept of nanotechnology was employed to design the 

delivery system along with a targeted approach.  

• After thorough literature review, the polymers employed in this work were selected 

based on their affinity for the pulmonary epithelial cells and alveolar macrophages having high 

biodegradability and biocompatibility. MC was synthesized successfully to improve the cellular 

uptake by exploiting the mannose receptors of macrophages. 

• Various critical parameters were studied by QbD and DoE. QbD was implemented to 

identify the CQAs, CPPs, and CMAs critical to the QTPPs for the preparation of 

nanosuspensions. The risk assessment indicated the influential parameters which were then 

studied to acquire the formulations with favorable parameters. Optimization was carried out 

using time-saving robust DoE that gave an output of the experimental runs to identify the most 

rational concentrations of polymers. The optimal concentrations of the HA and CS/MC were 

found to be 5 mg and 2.5 mg respectively. 10 % of the oral dose was encapsulated in the NPs, 

as established by the literature. And, the sonication speed for the homogenous mixing of the 

nanosuspension was selected to be 50 pulses per minute. 

• The ionic gelation method was employed for the synthesis of nanosuspension which is 

a very cost-effective and time-saving nanosuspension synthetic approach. Also, Spray-drying 

and freeze-drying were utilized to obtain the dry nanopowders for inhalation. The PDI for the 

freeze-dried nanopowders was approximately 0.2 which revealed the highly uniform and 

narrow size distribution. The results were different in the case of spray-dried nanopowders. 

Mannitol-based samples were homogenous with the PDI values less than 0.25. Unlikely, the 

use of Inhalac® 400 presented the aggregation in the samples due to the hygroscopic nature of 

the excipient. The average particle size was 300 nm for the freeze-dried nanopowders. 
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However, the particle size varied within the range of 299 to 404 nm for the spray-dried samples. 

The zeta potential values were high for all the nanopowders irrespective of the drying technique. 

• All the in vitro characterization approaches demonstrated the compatibility among the 

excipients, polymers, and drug. The aerodynamic parameters of the nanopowders were highly 

promising in the case of spray-dried MCM with an MMAD of 1.632 and FPF < 5 µm of 80 % 

among all the samples. However, the drying techniques did not significantly alter the in vitro 

deposition studies and the in silico deposition profile. The in vitro release profile presented that 

upon mannosylation, the drug release was slowed down from 63 % to 40 %. Likewise, using 

MC as a polymer and mannitol as an excipient improved the permeation profile of the 

nanopowders. 

• The nanosystems were found to be biocompatible, hemocompatible, and posed no 

toxicity to the cells based on the ex vivo studies. As the cure to TB involves T-cell stimulation, 

so the interaction of macrophages with the NPs was also studied to determine the immune 

response. No immune-suppressive response was exhibited during the studies. Furthermore, no 

tolerogenic activity was presented by the nanopowders. The T-lymphocyte costimulatory 

markers CD80 and CD83 were upregulated in the macrophage phenotype study which 

highlighted the T-cell activation upon the contact of nanosystems to macrophages. 
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7. NOVELTY AND PRACTICAL ASPECTS 

The conventional therapies for TB are failing in the long run due to patient non-compliance as 

a result of longer duration of therapy, off-site organ toxicity, and economic burden on the 

patient. Thus, a delivery system with simplicity, safety, scalability, low production costs, and 

high therapeutic efficacy is the need for an hour.  

• The novelty of this work is based on the aspect that all the preliminary regulatory aspects 

were also explored apart from the pharmaceutical concerns. The thorough literature review gave 

an insight into the critical aspects of formulation development followed by QbD rational 

designing. 

• The optimization of the formulations through robust DoE is considered a pivotal step 

toward the application of polymeric-based nanosystems. Developing pulmonary inhalation 

powders with favorable particle characteristics improved the aerodynamic profile. 

• A pulmonary inhalation system developed using nanotechnology combined the 

promising attributes of nano-dimensional powders and inhalation in a targeted approach toward 

macrophages in the lungs. The nanosystem prolonged the release of INH in the SLF thereby 

reducing the dosing frequency and hence the dose-dependent toxicity. 

• The method used was cost-effective along with the low cost of natural polymers. The 

lyophilized powders for injection are already on the market and hence this freeze-dried 

approach can easily be scaled-up for the pulmonary administration. Moreover, the pulmonary 

powders available in the pharmaceutical industry employ spray-drying currently. Therefore, 

both drying approaches can be practical in terms of R&D.   

• Several clinical trials using nanotechnology to target macrophages in different diseases 

are ongoing and awaiting favorable clinical outcomes. This work not only focused on the 

practical aspects but also the novelty in terms of immune regulation.  

• The studies conducted on macrophages presented promising outcomes and therefore 

provide a foundation for in vivo studies in the future.  

• Altogether, this pulmonary inhalation approach is innovative in the field of 

pharmaceutical technology. 
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