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Abstract 

Background: NSCLC is the most common type of lung cancer, making up 85% of all lung 

cancer cases. One of the primary challenges is the difficulty in early detection, leading to 

low survival rates. Respiratory infections can damage cells, impair lung function, and 

hinder lung cells from destroying cancer cells. Such infections complicate 50-70% of 

cancer cases and cause immunosuppression, preventing the immune system from 

effectively combating cancer. Additionally, chronic lung tissue inflammation can progress 

into cancer. Lung cancer is often accompanied by secondary infections and inflammation 

related to the cancer itself. 

Aim: To improve the therapeutic effectiveness of treatments for NSCLC and respiratory 

infections, addressing the primary challenge of limited drug targeting, suboptimal 

bioavailability, and systemic toxicity. Our focus was on investigating innovative strategies 

through particle engineering in pulmonary drug delivery to provide more tailored solutions 

for effective treatments. 

Methods: This thesis investigated the development and evaluation of lipid nanoparticles 

produced using the microemulsion technique, subsequently transformed into powders 

through spray drying. Additionally, it explored the development of spray-dried 

microparticles utilizing the two and three fluid nozzle configurations, loaded with one or 

two repurposed drugs—pimozide, hydroxychloroquine, or rifaximin—to target NSCLC 

and related infections and inflammations. The thesis evaluated their physical stability, 

chemical integrity, functional performance, and in vitro efficacy. 

Results & Conclusion: Pimozide-loaded nanostructured lipid carriers (NLCs) 

outperformed solid lipid nanoparticles (SLNs) and liquid lipid carriers (LLCs) with higher 

encapsulation efficiency, potential cytotoxicity against A549 lung cancer cells, and a 

biphasic drug release profile. NLCs with pimozide and hydroxychloroquine showed 

synergistic antiproliferative and anti-inflammatory effects. Microparticles made with the 

three-fluid nozzle method had better recovery percentages, customized release profiles, 

and enhanced activities compared to the two-fluid nozzle method. Microparticles with 

hydroxychloroquine and rifaximin, prepared using the three-fluid nozzle, exhibited 
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superior antiproliferative, anti-inflammatory, and antimicrobial effects against drug-

resistant A. baumannii. 
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Chapter 1 

General Introduction 



1. Introduction to particle engineering strategies in formulation development

Particle engineering is a pivotal aspect of pharmaceutical development, enabling 

targeted drug delivery and enhanced bioavailability. This section explores various 

facets of particle engineering, emphasizing its critical role in advancing drug delivery 

systems. 

1.1  Overview of particle engineering and its significance in drug delivery 

systems 

Particle engineering is a transformative approach in the formulation development of 

Active Pharmaceutical Ingredients (APIs). This field uses advanced approaches to 

modify particle characteristics, including size, shape, surface properties, and 

crystallinity, which are critical for optimizing drug performance and patient outcomes. 

The strategic alteration of these particle properties enhances the bioavailability, 

dissolution, and stability of APIs, addressing key challenges in pharmaceutical 

development [1]. Particle engineering in pharmaceuticals aims to enhance the 

effectiveness and delivery of medications. One approach involves decreasing particle 

size to the micro or nanoscale which can notably boost surface area and improve the 

solubility of drugs that are poorly soluble. Methods of transforming the size to the 

nano or micro level, and high energy ball milling are frequently utilized to produce 

these particles [2].  

Beyond size reduction, particle engineering also involves modifying the crystal form 

of an API. Polymorphism, the ability of a solid material to exist in more than one form 

or crystal structure, can affect the physical and chemical properties of a drug, 

including its solubility and melting point. Selecting the optimal polymorphic form is 

therefore essential for maximizing the therapeutic efficiency of a formulation [3].  

Surface engineering is another key area of particle technology in medicines. 

Modifying particle surface properties can improve medication targeting, minimize 

toxicity, and increase interaction with biological surroundings. Coating, surface 

functionalization, and the application of surfactants are used to alter the surface 

properties of APIs in order to achieve specific therapeutic goals [4].   
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Particle engineering also intersects with advanced drug delivery systems such as 

solid dispersions, liposomes, and nanoparticles. These systems utilize engineered 

particles to overcome the limitations of conventional dosage forms, offering controlled 

release profiles and targeted delivery that can significantly improve patient 

adherence and therapeutic outcomes [5, 6]. 

2. Non-small cell lung cancer (NSCLC) and related respiratory conditions

Non-small cell lung cancer (NSCLC) accounts for most lung cancer incidences 

globally and poses considerable treatment problems due to its complexity and 

resistance to traditional medicines. This section delves into NSCLC in depth, 

examining its biological properties, current therapeutic problems, and the critical 

need for novel drug delivery mechanisms. It also addresses linked respiratory 

disorders, such as bacterial lung infections, which complicate the treatment 

landscape and emphasize the necessity for integrated therapy methods. 

2.1  Overview of non-small cell lung cancer NSCLC 

Non-small cell lung cancer (NSCLC) makes up the majority, 85% of all lung cancer 

cases with smoking being the cause, in around 90% of these instances. However 

various other factors also contribute to the onset of lung cancer. Exposure to 

secondhand smoke, air pollution, radon and a family history of lung cancer are 

influencers. Genetic predispositions, like variations in the CYP1A1 gene can heighten 

vulnerability  [7].   Additionally, exposure to substances such as asbestos, tar, soot, 

arsenic, chromium, and nickel have been identified as risk factors [8].  

The examination of precursor lesions has gained importance in lung cancer 

screening efforts to emphasize detection. Currently acknowledged are three types of 

NSCLC; adenocarcinoma; squamous cell carcinoma; and large cell undifferentiated 

carcinoma as shown in (Figure 1) [9]. The risks linked with these lesions differ based 

on smoking intensity and duration [10]. Other conditions like fibrosis have also been 

linked to an increased likelihood of developing lung cancer. This underscores the 

interplay among factors, environmental influences, and lifestyle choices, in the 

development of NSCLC [11].   
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Figure 1. Types of non-small cell lung cancer 

 

2.2  Challenges and current treatment limitations 

 

 With the fact that there are many advances occurring when it comes to diagnosing 

and treating NSCLC, yet still, NSCLC which represents around 85% of lung cancer 

cases is an intimidating enemy as lung cancer is responsible for more than 1.6 

million deaths in the world yearly [12]. Detection at an early stage, therapeutic 

resistance and failure to control the tumors’ relapse and metastatic spread are 

examples of the detrimental obstacles which in turn limit the survival rates and 

disease-free patients. NSCLC, among other lung cancers, is recognized by not 

showing any visible symptoms at their development at the initial stages. Symptoms 

like breathing problems, chronically having headaches, back and chest pain, are 

usually noticed in later development of tumor stages. While diagnostic imaging is the 

tool of choice in tumors’ detection. Computed low-dose tomography and computed 

contrast enhanced tomography are the number one choice of tools in utilizing radio 

diagnoses for the purpose of screening [13, 14]. There is so much clinical evidence 

suggesting the decreasing effects of chemotherapy with progressive number of 

cycles of treatment administered to the patients. NSCLC, among every other type of 

cancer, is much more likely to gain resistance even though there are many different 
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drug combinations being used. Every patient that receives treatment gains resistance 

after treatment cycles [15, 16].  

 

2.3 Lung infections: Overview of bacterial infections affecting the lungs  

 

Respiratory infections affecting the lungs can be caused by bacteria, viruses and 

fungi showing symptoms, like coughing, chest discomfort, difficulty breathing and 

fever. Certain groups like the elderly or individuals with existing health issues may 

face varying degrees of impact from discomfort to respiratory issues. Complications 

include lung abscesses, pleural effusions, or acute respiratory distress syndrome 

(ARDS) leading to lung function problems that may need medical care [17]. 

Pneumonia, a type of lung infection occurs when the air sacs in the lungs become 

inflamed and can be triggered by pathogens like Streptococcus pneumoniae, 

Haemophilus influenzae, and Staphylococcus aureus [18]. The seriousness of the 

condition varies depending on the agent and the overall health of the individual. 

While fungal pneumonia is less frequent it poses a threat to people with immune 

systems, such as those with HIV/AIDS or undergoing chemotherapy and is often 

caused by fungi such as Pneumocystis jirovecii [19]. Additionally, viruses like 

Respiratory Syncytial Virus (RSV) and influenza are common causes of pneumonia 

that especially impact individuals with compromised immune systems  [20]. 

 

Multidrug-resistant bacterial strains complicate lung infection treatment and offer an 

increasing risk in hospital settings. Acinetobacter baumannii thrives in hospitals and 

is especially hazardous to persons with weaker immune systems because it is 

resistant to several therapies [21]. Similarly, Klebsiella pneumoniae causes severe 

hospital-acquired infections and has gained resistance to carbapenems, which are 

critical last-resort antibiotics, making treatment more difficult [22]. Pseudomonas 

aeruginosa is another challenging bacterium that affects cystic fibrosis sufferers and 

those who require mechanical ventilation. It is noted for its widespread antibiotic 

resistance, which complicates infection treatment [23].  

 

3. Advanced pulmonary drug delivery systems in treating NSCLC and 

respiratory infections 
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Non-small cell lung cancer (NSCLC) presents significant challenges due to its 

resistance to conventional chemotherapy and high metastatic potential. Advanced 

drug delivery systems, such as nanoparticle carriers and inhaled targeted therapies, 

offer promising solutions by delivering chemotherapeutics directly to tumor sites. 

These methods aim to enhance treatment efficacy, minimize side effects, and bypass 

some of the body's natural defense mechanisms that typically reduce drug 

effectiveness [24]. 

 

Respiratory infections, particularly those caused by multidrug-resistant bacteria, 

complicate the treatment situation for individuals with lung conditions, including 

NSCLC patients. These pathogens are notorious for their robust antibiotic resistance, 

especially in hospital settings, making infections difficult to manage with standard 

treatments [21-23]. Advanced pulmonary drug delivery systems are crucial in these 

scenarios for effectively targeting and treating infections, minimizing the impact of 

resistance, and improving patient outcomes. 

 

Moreover, the history of lung infections may contribute to long-term lung health 

issues, including an increased risk of lung cancer. Conditions like chronic 

inflammation and cellular damage, along with impaired lung function and weakened 

immune responses, can heighten the susceptibility to lung cancer [25]. The 

interaction between these infections and other risk factors, such as smoking, 

suggests that lung infections could synergistically increase lung cancer risks, 

emphasizing the importance of comprehensive strategies in both treatment and 

prevention [26]. 

 

Responsive pulmonary drug delivery technologies that adapt to specific lung tissue 

conditions, such as variations in pH or the presence of enzymes, are being 

developed to address these healthcare challenges more effectively. By facilitating the 

localized and controlled release of medications, these innovative pulmonary delivery 

systems hold the potential to revolutionize the management of both NSCLC and 

severe respiratory infections, reducing disease burden and enhancing quality of life 

for affected individuals [27]. 

 

The integration of these advanced technologies into clinical practice is imperative for 

addressing the aggressive nature of NSCLC and the growing issue of antibiotic-
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resistant respiratory infections. Ongoing research and development efforts are 

essential to refine these delivery mechanisms and ensure they meet the complex 

needs of these patient populations [28].  

 

3.1 Overview of pulmonary delivery devices 

 

Pulmonary delivery systems benefit from the respiratory tract's unique anatomical 

features, providing a direct route for pharmaceutical administration to the lungs. This 

is advantageous due to the vast surface area and significant vascularization, which 

promote rapid drug absorption [29]. These systems include nebulizers, metered-dose 

inhalers (MDIs), dry powder inhalers (DPIs), and soft mist inhalers, all of which are 

designed to suit varying drug characteristics and patient usability [30]. Effective 

medication deposition is critical and controlled by factors such as particle size and 

the patient's breathing pattern; aim for the appropriate particle size to ensure 

targeted delivery to lung tissues [31].  

 

Recent technological advances include nanoparticle-based drug carriers and smart 

inhalers that enhance drug stability and patient compliance [32, 33]. Regulatory and 

safety considerations are crucial, as all devices must meet stringent standards to 

ensure consistent and safe drug delivery [34]. 

 

3.2 Advantages and challenges of pulmonary drug delivery systems  

 

Inhaled drug products have been around for years, their ability of treating lung 

diseases is acknowledged as a first line therapy in many cases such as chronic 

obstructive pulmonary disease (COPD), and asthma. Furthermore, studies have 

explored the possibility of using inhaled therapy in chronic systemic illnesses such as 

diabetes mellitus [35, 36]. The following are significant benefits of inhaled 

medications that have demonstrated their effectiveness over time. These advantages 

include the ability to deliver high concentrations of the medication directly to the site 

of illness, thereby reducing the risk of systemic side effects.  

 

Moreover, pulmonary drug delivery can achieve comparable or superior efficacy with 

much smaller doses compared to systemic administration. Additionally, it eliminates 

the need for invasive injection-based delivery systems. Inhalable medication offers 
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versatility for a variety of products, whether they are small molecules or large 

proteins [37, 38]. Another aspect that makes pulmonary delivery system desirable is 

the massive absorptive surface area and the highly porous membrane in the alveolar 

region [39, 40]. Low absorption rates are often found in large molecules, but when 

inhaled, they can be absorbed in notable amounts as slow mucociliary clearance in 

the lungs leads to extended residency time [41]. Furthermore, inhaled therapy’s 

environment is enzymatically low which is entirely free of hepatic first-pass 

metabolism. The absorption kinetics are reproducible in the pulmonary delivery 

system, since in the field of pharmaceuticals, small alterations, in the size and site of 

deposition of aerosols are not expected to significantly affect how quickly small 

molecules are absorbed when inhaled. On the other hand, administering medications 

to parts of the gastrointestinal tract (GIT) can lead to changes in absorption rates 

because of notable differences in pH levels and surface areas, among those regions 

[38]. The biphasic release of the inhaled therapy proved the ability to provide a high 

concentration of the drug and maintain the concentration at a therapeutic level [42].  

 

Moving forward to addressing the drawbacks in pulmonary drug delivery, mucociliary 

clearance stands out as a lung clearance mechanism responsible for removing drug 

particles that accumulate in the conducting airways. Goblet cells within the airway 

epithelium, along with secreted mucus from submucosal glands, form a dual-layer 

mucus blanket over the ciliated epithelium. This blanket comprises a low-viscosity sol 

layer beneath a high-viscosity gel layer. Consequently, insoluble particles are 

propelled towards the throat (pharynx) and subsequently into the gastrointestinal 

tract through upward movement facilitated by the metachronous beating of the cilia 

[43, 44]. In healthy lungs, the activity of mucus varies across different areas of the 

airways, as determined by the quantity and rhythm of beating of ciliated cells. To 

maintain effective mucociliary clearance, it is essential for cilia activity to be normal, 

airway epithelial cells to remain intact, and the structure of the cilia to be preserved 

[44].  

 

Other factors influencing the effectiveness of inhalation therapy and its bioavailability 

in the lungs include the drug's aqueous solubility, its dissolution rate, and its 

elimination and clearance by alveolar macrophages. Notably, insoluble nanoparticles 

with an aerodynamic diameter of less than 6 µm are often eliminated through 
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mucociliary clearance. While nano-sized particles can more readily and rapidly reach 

the epithelial region and evade clearance mechanisms. 

 

3.3 Advancements in particle engineering for optimized pulmonary drug 

delivery  

 

Particle engineering is crucial in inhaled therapy, utilizing advanced techniques to 

tailor particles for specific therapeutic needs, including enhanced dispersibility and 

consistent particle size for reliable drug delivery to the lungs. It also aims to improve 

drug stability and bioavailability, essential for maintaining medication integrity [45]. 

Additionally, particle engineering develops extended-release formulations and 

precise targeting to treat chronic respiratory diseases, minimizing systemic side 

effects and improving therapeutic efficacy [46]. These efforts are vital as they can 

transform pulmonary disease treatment by overcoming current drug delivery 

challenges and catering to varied patient needs. 

 

3.4 Selection of active pharmaceutical ingredients (APIs) 

 

Drug development involves multiple stages to ensure safety, efficacy, and regulatory 

compliance. Clinical trials usually last six to seven years, with the entire approval 

process for a drug averaging 10.5 years and costing approximately $2.6 billion [47]. 

These hurdles have popularized "drug repurposing.” Drug repurposing, also known 

as repositioning, seeks new uses for existing FDA-approved drugs [48]. This method 

is less risky and cheaper than traditional drug development because it builds on 

previous successful preclinical trials, thereby also speeding up the evaluation 

process [49]. Around 70% of Phase I and II trials for repurposed drugs are funded by 

academic institutions, which often collaborate with industry for Phase III studies. 

Nevertheless, a shift from industry to academia has weakened this collaboration, 

reducing drug repositioning research and funding for commercialization [50].  

 

In the context of non-small cell lung cancer (NSCLC), the repurposing of existing 

drugs shows significant promise. These drugs, originally developed for other 

diseases, are now being explored for their ability to inhibit tumor growth, induce 

apoptosis, and enhance the effectiveness of existing cancer treatments. Their 

established safety profiles and mechanisms of action provide a crucial advance in 
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cancer drug development, potentially improving survival rates and enabling more 

personalized treatment approaches. As clinical trials verify these benefits, 

repurposed medications are becoming an increasingly vital component of NSCLC 

treatment strategies [51, 52].  

 

The selection of drugs for inclusion in this thesis highlights the innovative use of 

repurposed medications for treating non-small cell lung cancer (NSCLC) via 

advanced delivery systems such as lipid nanoparticles (LNPs) and solid dispersions 

via spray drying. The clinical uses and physicochemical properties of all APIs used in 

this thesis are summarised in (Table 1). 

 

Table 1. Clinical uses and physicochemical properties of pimozide, 

hydroxychloroquine, and rifaximin 

 

 

Property Pimozide  
(PMZ) 

Hydroxychloroquine 
(HQ)  

Rifaximin 
 (RFX) 

Clinical Use Antipsychotic (treats 
schizophrenia) 

Antimalarial, treats 
autoimmune disorders 

Antibiotic, treats 
gastrointestinal 

infections 

Aqueous Solubility 
[53] 

0.01 mg/mL at 25°C 20.0 mg/mL at 25°C 0.20 mg/mL at 25°C 

Dissolution Rate Slow Likely fast due to high 
solubility 

Relatively slow 

Melting Point 218°C 203°C 188°C 

Partition 
Coefficient (Log P) 

6.3 4.6 2.6 

Chemical Stability Stable under normal 
conditions 

Stable under normal 
conditions, degrades 

in light 

Sensitive to light 
and moisture 

Molecular Weight 461.59 g/mol 434.95 g/mol 785.94 g/mol 

Polarity Relatively non-polar Polar Polar 

pKa 8.6 8.3, 9.7 7.9 

Crystal Form and 
Polymorphism 

Crystalline solid Crystalline solid Crystalline solid 

 

 

Chapter 1: General Introduction 

20



The first candidate is pimozide, originally an antipsychotic, which has demonstrated 

potential in inhibiting cancer cell proliferation by blocking STAT3 signaling pathways, 

commonly active in cancer progression [54, 55]. Its delivery through inhalation 

therapy directly targets lung tissue, potentially enhancing drug concentration at the 

tumor site, while reducing systemic side effects, thereby optimizing therapeutic 

efficacy against NSCLC [56]. Pimozide depicted in Figure 2 (A) with a molecular 

weight of 461.59 g/mol shows low solubility in water (approximately 0.03 mg/mL at 

25°C) and low dissolution affecting how well it can be absorbed when taken orally. It 

has a level of lipophilicity shown by its Log P value of 6.3 making it easier for the 

compound to pass through cell membranes.  

 

Pimozide’s melting point is typically around 218°C indicating that it remains stable 

under heat. With a pKa of 8.6 pimozide can exist in both charged and uncharged 

states. Due to its high lipophilicity, indicated by a Log P value of 6.3, and a pKa of 

8.6, pimozide can effectively cross the lipid-rich cell membranes in the lungs. At the 

typical pH of lung fluid, which ranges from 6.3 to 7.4, the drug mostly remains non-

ionized, facilitating its movement across pulmonary barriers. This characteristic is 

beneficial for targeted drug delivery to the lungs. However, its high lipophilicity could 

also hinder its solubility in the aqueous lung environment, potentially limiting how well 

it is absorbed. To overcome this, solubilizing agents or advanced encapsulation 

technologies might be needed to enhance its water solubility and ensure effective 

distribution and activity within the lungs. 

 

Hydroxychloroquine, traditionally used for malaria and autoimmune disorders, 

exhibits notable antitumor and antiviral properties. It interferes with autophagy, a 

survival mechanism in cancer cells, and its antiviral properties are advantageous in 

managing respiratory infections that can complicate NSCLC [57]. 

Hydroxychloroquine, shown in Figure 2 (B), dissolves well in water, which 

contributes to its rapid dissolution rate in biological fluids and enhances its 

bioavailability. It melts at around 203°C and has a Log P value of about 4.6, 

indicating its lipophilicity and facilitating its movement across cell membranes. 

Hydroxychloroquine is chemically stable under typical conditions and has a molecular 

weight of 434.95 g/mol. With polar groups and multiple pKa values around 8.3 and 

9.7, hydroxychloroquine can behave differently across various pH levels and 

interacts effectively with biological molecules.  
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Hydroxychloroquine, with its characteristic Log P value, exhibits strong lipophilicity, 

enabling it to effectively penetrate lipid-rich cell membranes, such as those in the 

lungs. At lung fluid's typical pH, the drug remains in its non-ionized state, facilitating 

efficient transport across pulmonary barriers that is a key advantage for pulmonary 

drug administration. However, its high lipophilicity might limit its solubility in the lungs' 

aqueous environment, potentially affecting its absorption. Thus, to target the lung, it 

may require a tailored delivery system such as encapsulation into LNPs or solid 

dispersions. 

 

The synergistic effects of combining hydroxychloroquine with pimozide in particle 

engineering delivery systems may amplify their anticancer effects, offering a robust 

dual-drug strategy for NSCLC therapy. 

Furthermore, rifaximin, primarily recognized for its antibacterial action, can target 

secondary bacterial infections in NSCLC patients, potentially improving their 

treatment outcomes and quality of life [58, 59]. Moreover, a previous study 

investigated the anticancer activity of rifaximin on Caco-2 cells, where the results 

revealed a significant reduction in cell viability with rifaximin treatment, accompanied 

by concentration-dependent decreases in cellular markers associated with 

proliferation, angiogenesis, and survival pathways [60]. These findings suggest that 

rifaximin's potential as a therapeutic agent for NSCLC could involve disrupting crucial 

signaling pathways involved in cancer cell viability.  

 

Rifaximin, displayed in Figure 2 (C), exhibits several physicochemical properties 

critical for its pharmacological effectiveness. It is moderately soluble in methanol and 

ethanol but slightly soluble in water, with a water solubility of about 0.2 mg/mL, which 

influences its oral and intravenous formulation. The compound has a melting point 

around 188°C. With a Log P value of 2.6, rifaximin is lipophilic, enabling effective 

membrane permeation crucial for its antibacterial action. It also has a molecular 

weight of 785.94 g/mol and features various polar groups affecting its interactions in 

biological systems. The pKa of approximately 7.9 impacts its ionization and thus its 

behavior in biological fluids. Rifaximin, with a Log P value of 2.6 and a pKa of 

approximately 7.9, suggests effective pulmonary absorption and therapeutic 

potential. At the lung's pH, the compound exists in its non-ionized form, optimizing its 

membrane penetration and bioavailability. This balance between solubility and 
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permeability at lung pH levels makes it particularly suited for treating pulmonary 

conditions, ensuring that it remains effective across varying respiratory environments. 

 

Integrating dual therapies as hydroxychloroquine with pimozide or with rifaximin in 

therapeutic regimens could provide a comprehensive approach to both bacterial and 

tumor challenges in NSCLC patients. This thesis highlights the strategic repurposing 

as well as the combination of these drugs, delivered through advanced systems, as a 

promising avenue to significantly improve therapeutic outcomes in NSCLC treatment 

and respiratory diseases. 

 

 

 

 

Figure 2. Chemical structures of different APIs used in this thesis 

 

3.5 Selection of excipients 

 

The appropriate choice of excipients for particle engineering is critical since a 

suitable excipient can improve medication stability, bioavailability, and patient 

compliance, hence optimizing therapeutic outcomes. Excipients play a diverse role in 

the formulation of inhalation products, influencing aspects from the aerodynamic 

behavior of particles to their hygroscopic properties. The selection process must 

consider factors such as the interaction between the drug and the excipient, the 

excipient's impact on the drug delivery mechanism, and its behavior under various 

physiological conditions. In this thesis, we utilized excipients such as stearic acid, 

oleic acid, poloxamer 407, PEG 400, PVP, HPMC-E5, trehalose, OraRez, and 

isomalt, which are among those currently employed in inhalation therapy. Table 2 
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lists a variety of excipients that have been utilized in inhalation therapies, reflecting 

their crucial roles and widespread application.  

 

Table 2. Current excipients used in inhalation 

 

 

Excipient Reference(s) 

L-leucine  [61-65] 

Dileucine [65] 

Tri leucine [66-69] 

Lactose [70] 

Glucose [71] 

Sucrose [65, 72] 

Trehalose [73] 

Isomalt [74-77] 

Hypromellose [78] 

Hydroxypropyl Cellulose [79, 80] 

Hydroxypropyl Methylcellulose (HPMC-

E5) 

[81-84] 

Sorbitol [85, 86] 

Mannitol [87] 

Ethanol [88-92] 

Menthol [89, 93] 

Alcohol  [89, 93] 

Poly (vinyl alcohol) (PVA) [65, 94-96] 

Polyvinylpyrrolidone (PVP) [97-100] 

trometamol [101] 

Myo-inositol [85, 86] 

Thymol [89] 

Chloro-butanol [89, 93] 

Poly (lactic-co-glycolic acid) (PLGA) [65, 96, 102] 

Ethylenediaminetetraacetic acid (EDITA) [103] 

Hydrochloric Acid (HCl) [101, 104] 

Citric Acid [78, 93, 101] 
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Oleic Acid [89, 93, 105] 

Sulfuric Acid [67, 89, 93, 106] 

Ascorbic Acid [67, 93, 107] 

Hydrochloric Acid [89, 93] 

Nitric Acid [89, 93] 

Oligo-lactic Acid [89-92] 

Stearic Acid [108-110] 

Propionic Acid [68] 

Poloxamer 407 [111-113] 

Benzoic Acid [68, 114] 

Hyaluronic Acid [65, 68, 96, 115] 

Maleic Acid [65] 

Succinic Acid [65, 116] 

Poly (lactic acid) (PLA) [117] 

Pullulan [118] 

Chitosan [119, 120] 

Sorbitans [101] 

Propylparaben [101] 

Methylparaben [101] 

HFA 134a (1,1,1,2-tetrafluoroethane)  [101] 

HFA 227 (heptafluoropropane) [101] 

Sorbitan Trioleate (SPAN 85) [89, 93, 105] 

Ovalbumin [106, 121] 

Dichlorodifluoromethane [93] 

Dichlorotetrafluoroethane [93] 

Acetylcysteine [93] 

Trichloromonofluoromethane [93] 

Tromethamine [89, 104] 

Stearyl Amine (SAM) [108, 122] 

Povidone K25 [78] 

Apaflurane (HFA 227) [78] 

Norflurane (HFA 134a) [93] 

Soya Lecithin [89, 93, 105] 

Hydrogenated Soy Lecithin [89, 93] 
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Gelatin [78, 106, 121] 

Glycine [85, 89, 123] 

Saccharin [89, 93] 

OraRez [124, 125] 

Saccharin Sodium [89, 93] 

Sodium Bisulfite [103] 

Sodium Chloride (NaCl) [101] 

Sodium Hydroxide (NaOH) [101, 104] 

Sodium Citrate [85, 89, 106] 

Acetone Sodium Bisulfate [89, 93] 

Edetate Sodium [89, 93, 104] 

Disodium Edetate [78] 

Sodium Maleate [65] 

Magnesium Stearate [126] 

Calcium Chloride [89, 106] 

Phosphates [101] 

Polysorbates  [127] 

Polysorbate 80 [89, 104, 128] 

Lysine Monohydrate [89] 

Alginate [106, 121] 

Phospholipids [89] 

Fatty Acid Soaps [67-69] 

Distearyolphosphatidylcholine (DSPC) [78, 106] 

DSPC1 [106] 

DSPC2 [106] 

1,2-Distearoyl-sn-glycero-3-

phosphoglycerol (DSPG) 

[78, 106, 129, 130] 

Dipalmitoyl phosphatidylcholine (DPPC) [94, 106, 129-131] 

Carboxylic Acid Functionalized Methyl 

Polyethylene Glycol  

[89-92] 

1,2-Dipalmitoyl-sn-glycero-3-

phosphoglycerol (DPPG) 

[108] 

Polyethylene Glycol (PEG 400) [132] 

Ammonia [89, 93] 
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Polyethylene Glycol (PEG 6000) [128] 

Benzalkonium Chloride [78, 89, 133] 

Cetylpyridinium chloride (CPC) [89, 93] 

Fumaryl Diketopiperazine [104, 134, 135] 

Water [78] 

 

 

To provide further insight into some of the key excipients utilized in the different 

formulations throughout the whole work, Table 3 outlines the physicochemical 

properties, of all the excipients utilized in this thesis which are critical to 

understanding their functionality and role in inhalation products. 

 

 

Table 3. Physicochemical properties of excipients utilized in this thesis 

 

Excipient Molecular 
Weight 
(g/mol) 

Physical 

State 
Melting 

Point (°C) 
Tg 

(°C) 

Solubility 
in Water 

Density 
(g/cm³) 

Key 
Features 

Stearic 
Acid 

284.48 Solid 69.3 - Insoluble 0.941 Low 
solubility 
in water, 
lubricant 

Oleic Acid 282.46 Oily liquid Liquid at 
room 

temperature 

- Insoluble 0.895 Low 
solubility 
in water, 

moisturize
r 

Poloxamer 

407 
12,000 - 
14,000 

White 
granular 
powder 

Approx. 56 ˂25 Soluble - Thermo-
reversible, 
surfactant 

PEG 400 400 Clear 
viscous 
liquid 

Liquid at 
room 

temperature 

- Miscible 1.125 High 
viscosity, 
solvent 

PVP 40 40000 White 
powder 

N/A 150-
180 

Highly 
soluble 

- Binder, 
stabilizer, 

Higher 
viscosity 

than 
HPMC-E5 

HPMC-E5 1261.4 White to 
off-white 
powder 

N/A  
178- 
200 

Soluble 
in cold 
water 

- Film 
formation, 

thermal 
gelation, 

low 
hygroscop

icity, 
viscosity 
3-6 mPas 

Chapter 1: General Introduction 

27



Trehalose 342.3 White 
crystalline 

powder 

97 
 

120 Highly 
soluble 

- Stability, 
less 

hygroscop
ic 

Isomalt 344.3 White 
crystalline 

145-150 60 Modera-
tely 

soluble 

- Stability, 
low-

caloric 
sweetener 

OraRez - White free-
flowing 
powder 

No defined 

melting point 
- Soluble - Bio-

adhesive, 
soluble in 

water 

 

 

Stearic acid is commonly used as a structural component in the formulation of lipid 

nanoparticles, where it forms a solid core that encapsulates the API, offering 

protection against degradation. This saturated fatty acid has a high melting point that 

contributes to a stable, rigid nanoparticle structure, ideal for sensitive molecules that 

degrade easily. Additionally, its role extends to functioning as a functional modifier by 

controlling the release rate of the encapsulated drug, thus facilitating sustained-

release formulations [136]. 

 

Oleic acid, a monounsaturated fatty acid, is used in lipid nanoparticles to produce the 

lipid shell or matrix, providing fluidity and flexibility due to its cis-double bond, which 

causes a bend in the structure. Oleic acid's fluid nature at body temperature makes it 

ideal for encapsulating APIs, especially those that require a dynamic environment for 

stability. Oleic acid influences nanoparticle surface features such as charge and 

hydrophobicity, which impacts cellular absorption and circulation time in the body. 

Furthermore, oleic acid increases the bioavailability of hydrophobic pharmaceuticals 

by increasing their solubility and enabling the uptake of drug-loaded nanoparticles 

into cells, leveraging its affinity for biological membranes to boost drug absorption 

rates [137, 138]. 

 

Poloxamer 407 plays an essential role in drug delivery systems that use 

nanoparticles attributed to their unique amphiphilic properties. Acting as both a 

surfactant and stabilizer it helps reduce the surface tension between lipid 

nanoparticles and water thus enhancing their stability and preventing clumping. Its 

emulsifying qualities are key in creating and maintaining emulsions during 

nanoparticle production. Moreover, Poloxamer 407’s ability to form a gel at body 

temperature (37°C) is beneficial for controlling the release of drugs over time. This 
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feature also enhances the wetting of nanoparticles improving their interaction with 

tissues and promoting their uptake by temporarily altering the cell membrane's 

permeability. Compared to distinct types of poloxamers, Poloxamer 407 stands out 

due to its molecular weight and well balanced hydrophilic hydrophobic group ratio 

making it ideal for developing more potent and efficient drug delivery formulations 

[111-113]. 

 

Polyethylene Glycol (PEG 400) enhances the stability, solubility, biocompatibility, and 

efficacy of lipid nanoparticles (LNPs). As a surfactant, it decreases surface tension at 

the oil-water interface, enhancing colloidal stability and avoiding nanoparticle 

aggregation [139]. This ensures that drugs are delivered consistently and effectively. 

Furthermore, PEG 400 improves the solubility of hydrophobic medicines within LNPs, 

increasing their total bioavailability [132]. Its role in PEGylation offers "stealth" 

qualities on LNPs. PEGylation, which involves attaching PEG molecules to the 

surface of nanoparticles, creates camouflage that allows the nanoparticles to avoid 

detection by the body's immune system. This decreases opsonization and 

phagocytosis, increasing the nanoparticles' circulation duration in the bloodstream. 

PEG 400 is also known for its biological compatibility and minimal harmful effects, 

which lowers possible immunogenic responses and boosts the safety characteristics 

of nanoparticle formulations. PEG 400's variety of features makes it a fundamental 

component in the fabrication of effective and safe nanoparticle-based drug delivery 

systems [132]. 

 

Hydroxypropyl Methylcellulose (HPMC-E5)'s contribution to LNPs is critical to 

improving the stability, efficacy, and safety of pulmonary drug delivery systems. As a 

stabilizing agent, it prevents particle aggregation in the respiratory system by 

establishing a hydrophilic barrier surrounding the nanoparticles and increasing the 

formulation's viscosity [83]. This viscosity alteration is especially useful since it allows 

for the controlled release of active substances straight into the lungs, which supports 

long-term therapeutic effects. Furthermore, HPMC-E5 boosts the mucoadhesive 

capabilities, allowing them to stick to respiratory tract mucosal surfaces more 

efficiently [82]. This extends the formulation's duration of action at the site of 

absorption, potentially boosting the drug's therapeutic efficacy [83]. 

 

Chapter 1: General Introduction 

29



On the other hand, HPMC-E5 enhances the spray drying procedure by acting as a 

stabilizer, binder, and film former, which ensures uniformity and stability in the feed 

solution and the final dried particles [81]. It improves the solubility and dissolution 

rates of spray-dried powders, essential for pharmaceuticals that require rapid 

absorption. As a protective agent, it shields sensitive active ingredients from thermal 

degradation during the drying process. Additionally, its capacity to form a controlled-

release matrix supports the gradual release of drugs, enhancing therapeutic 

outcomes [84]. HPMC-E5 also increases the load capacity of spray-dried particles, 

allowing for higher concentrations of active ingredients. 

 

In the spray drying of drugs intended for inhalation, Polyvinylpyrrolidone (PVP) 

serves multiple crucial roles due to its exceptional binding, stabilizing, and 

physicochemical properties. As a stabilizer, PVP the APIs from thermal and chemical 

degradation during the drying process, maintaining their efficacy [100]. It acts as a 

carrier, effectively encapsulating APIs to form stable, homogeneous particles with 

controlled sizes and morphologies suitable for optimal lung deposition [99]. PVP also 

enhances the solubility and dissolution rates of poorly soluble drugs, facilitating 

immediate release and absorption in the lungs [98]. Additionally, it can be formulated 

to provide controlled or sustained drug release, which is beneficial for chronic 

treatments, while protecting the drug from environmental factors like moisture during 

storage and use [97]. 

 

Trehalose plays a multifunctional role in the spray drying of inhaled therapies, 

primarily by stabilizing sensitive biological molecules such as proteins and peptides 

during the drying process [140, 141]. It protects these molecules from denaturation 

and degradation by forming a stable amorphous matrix that immobilizes them. This is 

due to its high glass transition temperature. As an excipient, trehalose enhances the 

flow properties and dispersibility of the dry powder, crucial for ideal lung delivery. It 

also controls hygroscopicity, preventing excessive moisture absorption that could 

compromise the powder’s stability and aerodynamic performance. Additionally, 

trehalose acts as a bulking agent, evenly distributing active ingredients within the 

powder, and serves as a taste-masking agent, improving patient compliance by 

providing a slightly sweet flavor [142]. 
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OraRez, a pharmaceutical-grade copolymer of methyl vinyl ether and maleic 

anhydride, significantly enhances the performance of inhaled delivery systems 

through its role as a film former. Its solubility in water and alcohols facilitates uniform 

mixing with APIs and other components, allowing it to form continuous films during 

the spray drying process. These films encapsulate APIs, providing a protective 

barrier that maintains stability against thermal and mechanical stress. This 

encapsulation is crucial for preserving the integrity of sensitive molecules and 

controlling drug release kinetics. The protective films also influence the physical 

properties of the resultant spray-dried particles, such as size, shape, and surface 

roughness, optimizing their aerodynamics for deeper lung penetration and effective 

deposition in the respiratory tract [125]. 

 

Moreover, OraRez’s strong chelating properties enable it to form complexes with 

APIs, further enhancing stability and delivery efficiency. Its film-forming ability also 

serves to manage moisture sensitivity, preventing clumping and preserving the 

dispersibility and flow characteristics of dry powders. Additionally, OraRez increases 

the mucoadhesive properties of formulations, improving retention time within the 

respiratory tract, which benefits prolonged drug action [124]. 

 

Isomalt plays a critical role in the spray drying of pulmonary-delivered therapies due 

to its stability, inertness, and physical properties. As a carrier and bulking agent, it 

facilitates the formation of consistently sized particles optimal for lung deposition [74, 

76]. Isomalt's thermal stability protects heat-sensitive APIs during spray drying, while 

its low hygroscopicity prevents moisture-related clumping, ensuring powders remain 

free-flowing for effective delivery through inhalation devices [75]. Additionally, isomalt 

is chemically inert, it is compatible with other excipients, allowing for complex 

formulations without adverse interactions. Its mildly sweet taste can also mask the 

bitter flavors of certain APIs, improving patient compliance [77].     

 

4. Design of experiments (DoE) 
 

A structured factorial design approach and Design of Experiments (DoE) are 

employed to assess the influence of various formulations on drug stability, solubility, 

and other physical properties. DoE provides several advantages compared to the 
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traditional method. These advantages include the capability to both identify and 

predict interactions among multiple variables, enhancing the robustness and 

efficiency of our experimental analyses [143]. 

 

By employing DoE, the impact of multiple formulation variables (independent 

variables) is efficiently investigated on selected drug attributes (dependent variables). 

In this thesis, the dependent variables include key physical properties of the drug, 

such as stability under various storage conditions and encapsulation efficiency in 

different formulations. The independent variables are the components of the drug 

formulation itself, such as the variety of excipients, or lipid utilized, and the type of 

nozzle used during spray drying. These were chosen based on preliminary literature 

reviews, which indicated their likely impact on the drug's physical properties. 

 

To analyze the data obtained from these experiments, one-way Analysis of Variance 

(ANOVA) is utilized. This statistical method allows us to determine whether there are 

statistically significant differences between the means of three or more independent 

(unrelated) groups. By applying one-way ANOVA, the impact of each formulation 

variable on the drug properties is effectively assessed. This analysis helps in 

identifying which factors significantly influence the outcome, providing a statistical 

basis for selecting the optimal drug formulation. 

 

5. Particle engineering techniques employed in this thesis 
 

In this thesis, key particle engineering techniques are discussed, including the 

encapsulation of APIs into lipid nanoparticles for enhanced delivery and protection, 

and spray drying, to control particle size and stability, improving solubility and 

handling. 

 

5.1 Lipid-Based Nanoparticle delivery systems (LNPs) 

 

Lipid nanoparticles, known as (LNPs) have made progress in the field of 

nanomedicine by providing solutions for drug delivery systems especially for RNA, 

DNA, proteins and small molecule medications [144]. These particles are made up of 

a core composed of the lipid matrix encapsulating APIs and surrounded by a 
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protective layer comprising surfactants. This design not only shields the substances 

inside from enzymatic breakdown in the bloodstream but also improves their 

effectiveness in reaching target cells. Such a setup is particularly advantageous for 

maintaining the stability and uptake of molecules like mRNA and siRNA. Those are 

naturally fragile, making them essential for gene therapy applications [145]. 

 

In gene therapy, LNPs have improved how genes are delivered, making the process 

more efficient and stable. This technology played a role, in the creation of mRNA-

based vaccines like those developed for COVID 19 [146]. LNPs played a role in 

stabilizing the mRNA helping it enter host cells effectively to prompt the desired 

response. Apart from fighting diseases researchers are looking into using LNPs for 

developing vaccines, against cancer. In this area LNPs are used to encapsulate 

antigens and adjuvants to enhance response and ensure delivery [147]. 

 

Moreover, LNPs play a role in cancer treatment by targeting tumor cells thereby 

reducing the adverse effects linked to traditional chemotherapy. Customizing LNPs to 

react to triggers like the environment within tumors or enzymes unique to tumors 

allows these particles to transport medication straight, to the tumor location 

enhancing treatment effectiveness and minimizing overall bodily harm [148]. 

LNPs are leading the way in transforming therapy for difficult conditions like non-

small cell lung cancer (NSCLC) which is the most common type of lung cancer. LNPs 

are perfectly designed to tackle the challenges of NSCLC treatment by providing 

drug delivery methods that play a role in improving treatment effectiveness and 

reducing side effects linked to traditional therapies [149]. 

 

The development of LNPs, for treating NSCLC is centered around their ability to 

transport substances directly to cancer cells avoiding harm to tissues. This 

customized approach depends on the characteristics of tumor environments such as 

proteins found on cancer cell surfaces or the acidic nature within tumors, which 

prompt the release of the contained medications [150]. For instance, LNPs can be 

modified to contain molecules that bind to receptors, on NSCLC cell surfaces 

ensuring that the therapeutic cargo reaches the cancer cells precisely. 

 

Moreover, researchers are investigating LNPs for their ability to deliver drugs 

together. In the case of NSCLC this might involve mixing chemotherapy medications, 
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with targeted therapies or immune system regulators in a nanoparticle. These 

combinations could target pathways related to tumor development and resistance 

potentially enhancing treatment effectiveness and addressing the issue of drug 

resistance frequently encountered in NSCLC treatment [151]. 

 

5.2  Amorphous solid dispersions 

 

Amorphous solid dispersions represent a breakthrough in science, especially in 

enhancing the solubility, bioavailability, and dissolution rate of poorly soluble 

medications. During this formulation process APIs are dispersed within a carrier 

matrix which is usually a polymer. This technique plays an essential role in enhancing 

drug delivery systems by transforming poorly soluble medications into more soluble 

forms. 

 

 Solid dispersions are a pharmaceutical technique used to increase medication 

solubility, primarily by converting APIs from crystalline to amorphous states. This 

transition is significant because the amorphous form is less stable than the crystalline 

form, but it is more soluble. While the stability decrease may appear to be a 

drawback, it allows for a faster dissolving rate when the drug is put into biological 

fluids, resulting in increased drug absorption into the body. This transformation 

procedure is particularly important because many freshly created chemical 

compounds have low solubility issues throughout the drug discovery phase. 

 

Polymers are frequently used as carriers inside solid dispersions to sustain the 

amorphous state and improve formulation stability. These polymers help to stabilize 

the medication's amorphous shape, protecting it from returning to its original less 

soluble crystalline form. The stability provided by polymers is vital for preserving the 

drug's solubility during its shelf life. It should be noted that the choice of polymer, as 

well as the exact manufacturing technique utilized to form the dispersion and the 

drug-to-carrier ratio, are all major elements that impact the final pharmaceutical 

product's effectiveness [152].  

 

Spray drying, melt extrusion, and solvent evaporation are some of the production 

techniques that can be used to produce solid dispersions. Each of these techniques 
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has specific advantages in terms of scalability, drug loading capability, and 

compatibility with distinct types of APIs [153]. 

 

Solid dispersions can be characterized as the API’s dispersion of a solid state in an 

inert carrier that is prepared by dissolution, melting or melting-dissolution [154]. To 

develop an amorphous solid dispersion composition successfully, three main aspects 

must be monitored including the characteristics of the API, stabilizing polymer, and 

the technology used in processing, for example melt extrusion and spray drying 

[155]. Amorphous products could be classified into pure amorphous drugs, and solid 

dispersions. The composition of the molecularly pure consists solely of the drug and 

performed by the using the evaporation of the rotary evaporator, freeze-drying or 

spray-drying [156]. Crystal structures are prevented from forming by quick solvent 

removal; hence, this results in the formation of random amorphous materials [157].  

 

Amorphous solid dispersions are mixtures of low water solubility drugs with 

hydrophilic carriers, accountable for the drug release profile modulation, and 

indicated by the size reduction of the drug particle to a molecular level co-dissolving 

or solubilizing the drug in soluble carriers. In general, they offer better dispersibility 

and wettability as the supersaturation state of the drug is enforced by solubilization in 

hydrophilic carriers [156, 158, 159]. Interestingly, solid amorphous dispersions are 

used as a method of elevating the bioavailability of drugs of low solubility by 

enhancing their dissolution extent and rate[154]. The solid dispersion’s physical state 

will rely on physicochemical characteristics of the drug and the carrier, the 

interactions between the drug and the carrier and the method of preparation [160]. 

 

5.2.1  Advantages and limitations of co-amorphous systems 

 

Co-amorphous solid dispersions represent another approach in which the 

stabilization of the amorphous drug is performed through strong intermolecular 

interactions with another low molecular weight co-former. It applies stability and 

solubility enhancements over the crystalline and amorphous drugs. Co-amorphization 

prevents recrystallization in the case of contacting biological fluids or while in 

storage, through molecular interactions [161]. One amorphous drug stabilizing 

technique is to hinder the molecular dynamics through the creation of binary mixtures 

with sugars, polymers, etc.[162]. These mixtures are named co-amorphous systems 
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and are indicated by enhanced drugs stability in glassy state in addition to improved 

dissolution rate and solubility [163]. 

 

Co amorphous forms are receiving attention in the pharmaceutical industry due, to 

their ability to improve the solubility and stability of soluble medications. This method 

involves turning forms of APIs into non crystalline states by thoroughly blending them 

with small molecules or other APIs without the need for polymers commonly used in 

amorphous solid dispersions [164]. The primary goal of utilizing such forms in 

pharmaceuticals is to boost the solubility and dissolution rates of drugs which are 

significant challenges for many new chemical compounds. By mixing the API with a 

co former, like another drug or a pharmaceutical additive, the molecular interactions 

between these components prevent the drug from re-crystallizing thus preserving its 

co-amorphous state and enhancing its absorption into the body [161]. 

 

Preserving the crystalline state of the medication helps ensure its efficacy and safety 

until it reaches the patient, thus extending its lifespan. Co-amorphous systems are 

instrumental in developing combination medications. By combining two APIs within 

an amorphous system, synergistic therapeutic benefit can be achieved, improving 

patient compliance by reducing the necessity for multiple prescriptions and potentially 

minimizing undesired side effects through dosage adjustments, for each component 

[165]. However, developing co-amorphous forms poses several challenges. It is 

critical to choose a suitable co-former that is both API compatible with and successful 

at stabilizing the amorphous form. Furthermore, the manufacturing process must be 

closely monitored to ensure a uniform mixture and avoid separation during scale-up 

and production.  

 

6. Solid state variability and its impact on pharmaceutical development 
 

Various physical states, like crystalline and amorphous structures, can impact how 

well a drug dissolves, its stability and its distribution in the body. These differences 

can influence the effectiveness and safety of a drug requiring research and 

monitoring, throughout the drug development process.  
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6.1  Comparative analysis of crystalline and amorphous solids 

 

Solid substances can exist in either crystalline or amorphous forms (Figure 3). In a 

crystalline state, molecules arrange themselves in a lattice pattern, with long range 

organization resulting in a low energy structure. This stability impacts physical 

properties like melting point and solubility which vary based on the type of bonds 

present within the crystal structure. On the other hand, amorphous solids lack this 

long-range order seen in crystals and exhibit short range interactions between 

molecules. The absence of a defined structure in amorphous solids places them in a 

higher energy state making them more soluble and prone to faster dissolution rates 

than their crystalline counterparts [166]. However, it's important to note that 

amorphous solids are not as stable as crystals and may transform into crystalline 

forms over time requiring stabilization when used in pharmaceutical applications, for 

optimal effectiveness. 

 

 

 

Figure 3. Crystalline and amorphous solids 

 

 

6.2  Understanding polymorphism in APIs: Stability, solubility, and screening   

 processes 
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The API molecule can exist in a variety of crystalline forms known as polymorphs, 

each having a different molecular packing inside three dimensions. Because their 

crystal structures differ, these polymorphs have diverse physical properties. A 

metastable polymorph is less stable than the most stable form, with a lower melting 

point and higher solubility. These metastable polymorphs, like amorphous solids, 

eventually return to their most stable crystalline form. This shift is frequently 

facilitated by a solvent-mediated process during dissolution, in which the API 

recrystallizes into a more stable form with reduced solubility as it approaches 

equilibrium [167].  Given the potential for any API to exhibit polymorphism, a 

comprehensive screening is essential to identify all polymorphs and the specific 

conditions that promote their formation. 

 

6.3  Impact of polymorphism on drug deposition and effectiveness 

 

The polymorphism of materials is affected by the conditions of operating, the solvent 

mixture [168], and additives[169], in the process of spray-drying. Polymorphism could 

take part in hydrogen bonding, conformational exchanges as well as ionization[170]. 

The polymorphism of the API shows an essential aspect that might change the 

energy of the surface, flow crystal shape, aerosolization, and mechanical 

characteristics of the adhesive mixture [171]. The Fine Particle Fraction (FPF) of 

inhalable dry powders is influenced by many factors, such as morphology, size, and 

polymorphism, thus when combined affect the performance of the aerosol [172].  

 

Powder compositions must include the drug in the required aerodynamic size 

distribution to deposit in the target area at the flow rate which they are supposed to 

be inhaled [70]. Functional requirements necessitate good flow characteristics of the 

composition and managing of the inter-particulate forces in the powder. To 

accomplish these needs several kinds of compositions, with or without excipients, 

and specific engineering of the particles could be applied [70]. Size of the particle is a 

sensitive aspect that affects the performance of the aerosol, it can impact lung 

deposition and retention in several airway regions. It is shown as the aerodynamic 

diameter (Da) reflecting the diameter of the unit density sphere with the same settling 

velocity as the particle. Therefore, using aerodynamic diameters facilitates the 

comparison of particles with varied sizes, shapes, and densities in terms of their 

settling behavior in an airflow stream. The aerodynamic diameter is the parameter of 
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choice that distinguishes the powder’s aerosol performance. Particles with 1 to 5 µm 

Da value are usually stated to be preferred for lung deposition and distribution [173-

175]. If the powder has a large median particle size, the FPF, (the mass % of fine 

particles in the aerosol < 5 µm) is low. Particles with a higher than 5 µm Da value are 

most likely to be deposited in the oropharynx and the upper respiratory tract regions. 

While in particles of Da value less than 0.5 µm are likely to be exhaled out.  

 

The shape of the particle is another property that may affect the aerodynamic 

diameter directly because it affects how a particle interacts with air. Non-spherical 

particles, such as elongated or irregular forms, have higher air resistance and settling 

velocities than spherical particles. This is due to differences in drag, effective density, 

and particle orientation as it passes through the air. These elements combine to 

affect how rapidly and efficiently a particle can travel and settle in an airflow, 

influencing aerodynamic diameter predictions [176, 177].   

 

7. Preparation of lipid nanoparticles and solid dispersions 
 

7.1  Detailed description of different lipid nanoparticles: SLN, NLC, LLC 

 

Particle engineering is utilized to develop APIs via lipid nanoparticles (LNPs) to 

improve drug delivery, stability, and bioavailability by enclosing ingredients, in lipid-

based carriers. Lipid nanoparticles (LNPs) are becoming increasingly popular as 

carriers for drug delivery because of their characteristics and benefits. LNPs consist 

of formulations, such as nanostructured lipid carriers (NLCs), solid lipid nanoparticles 

(SLNs), hybrid lipid nanoparticles, and liposomes. These nanoparticles have features 

that make them well suited for drug delivery systems. Initially they demonstrate 

biocompatibility and biodegradability.  

 

LNPs can be made up of lipids like phospholipids, cholesterol and other lipid 

derivatives that closely resemble the bilayers in cell membranes [177]. This structural 

resemblance enhances their compatibility with systems. Reduces the chances of 

toxicity. Additionally, LNPs have a capability to encapsulate both hydrophilic and 

hydrophobic drugs in their core or lipid layers. This flexibility allows for the delivery of 

many therapeutic agents, including small molecules, proteins, nucleic acids, and 

gene-based treatments. By enclosing drugs in the core and hydrophilic drugs in the 
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aqueous layer of LNPs controlled release is facilitated leading to enhanced 

bioavailability [178]. LNPs can protect encapsulated drugs from degradation, 

metabolism, and elimination in the body, thereby extending their circulation time and 

enhancing their therapeutic efficacy. 

 

 Moreover, LNPs can improve drug solubility, enabling the delivery of poorly water-

soluble drugs that would otherwise exhibit limited bioavailability [179]. LNPs also can 

overcome biological barriers, such as the blood-brain barrier, by utilizing specific 

targeting ligands, which can enhance drug accumulation in desired tissues or cells 

while minimizing off-target effects [180]. Formulation and manufacturing of LNPs can 

be achieved by different production methods such as hot or cold high-pressure 

homogenization or micro-emulsion techniques [181]. 

 

In this thesis, the utilized techniques are classified into three categories: Solid Lipid 

Nanoparticles (SLN), Nanostructured Lipid Carriers (NLC), and Liquid Lipid Carriers 

(LLC) (Figure 4). All LNPs are prepared by the microemulsion formation technique 

[182]. This method uses oil, water, and surfactants to stabilize small droplets within 

another liquid. To prepare SLN, NLC, and LLC, the components comprising the lipid, 

water, and surfactant were heated beyond the Phase Inversion Temperature (PIT) 

with intensive agitation to create microemulsions. Specifically, the hydrophobic drug 

was dissolved at 85°C in a lipid phase, which was made of stearic acid for SLN, oleic 

acid for LLC, or a combination of both for NLC formulations.  

 

Solid Lipid Nanoparticles (SLN) are composed of solid lipids, providing a strong 

framework for encapsulating hydrophobic drugs. This encapsulation reduces drug 

leakage and degradation, enhancing stability and allowing for controlled release 

[183]. SLNs are particularly effective for improving the bioavailability of soluble drugs 

and ensuring sustained release within targeted delivery systems. By preserving 

active compounds until they reach their intended site of action, SLNs represent a 

leading nanotechnology-based delivery method that optimizes therapeutic efficacy 

and stability. 

 

Nanostructured Lipid Carriers (NLC) advance beyond SLN by combining solid and 

liquid lipids to form a structured matrix that increases drug loading capacity and 

reduces potential drug expulsion [184]. This blend allows NLCs to accommodate 
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both hydrophilic and hydrophobic medications, addressing SLN limitations such as 

drug loading and expulsion [185]. Additionally, the unique composition of NLCs 

enhances carrier stability and offers adjustable drug release patterns, making them 

an effective solution for controlled drug delivery. 

 

Liquid Lipid Carriers (LLCs) use liquid lipids that remain fluid at both ambient and 

physiological temperatures, which provides considerable benefits for drug delivery 

[186]. One major advantage of LLCs is their capacity to dissolve and stabilize high 

quantities of liquid-soluble pharmaceuticals, hence increasing the solubility of poorly 

water-soluble treatments. These carriers enable the quick release of active 

substances, which is critical for illnesses needing urgent therapeutic benefits [186]. 

Furthermore, LLCs are biocompatible, and their affinity for biological membranes 

promotes effective drug absorption. Despite its benefits, the fluid nature of LLCs can 

provide obstacles such as potential leakage and stability issues, which must be 

managed carefully through formulation and storage procedures. 

 

 

 

Figure 4. Lipid nano particles prepared in this thesis including, SLN, NLC, and LLC. 

 

7.1.1  Limitations of lipid nanoparticles LNPs 

 

One of the main constraints of LNPs is their stability. Lipid nanoparticles can be 

susceptible to temperature, pH, and ionic strength variations in their surroundings, 

affecting their structural integrity and, as a result, the efficacy of the encapsulated 

medicine. This instability might result in premature drug release or nanoparticle 
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disintegration, posing substantial storage and distribution issues, especially in areas 

lacking advanced healthcare infrastructure [187]. 

 

Another issue to consider is the chance of immunogenicity. Although LNPs are 

commonly viewed as safe and compatible with the body there is a risk that they might 

elicit reactions, in some people [188]. This could lead to inflammation or other 

negative outcomes impacting the efficacy of the drug delivery method and safety 

worries for patients. 

 

Additionally, the ability to increase production poses a challenge. The processes 

involved in LNP production are complex and demand a level of accuracy, making 

scaling up operations both challenging and costly. This limitation could hinder the 

large-scale production needed for use especially for treatments that necessitate 

global distribution, like vaccines [189]. Moreover, the precision of targeting with LNPs 

is still restricted. While LNPs can be customized to target tissues or cells, achieving 

the precision required for certain medical purposes remains a challenge. The 

characteristics of the lipid components and the changing nature of systems can 

impact targeting effectiveness by modifying how LNPs interact with target cells [190]. 

 

Furthermore, the encapsulation efficiency of certain medications, particularly those 

with strong hydrophilicity, can be low. This inefficiency may necessitate higher doses 

to produce therapeutic effects, thus raising treatment costs and complexity. 

 

7.2  Overview of spray drying in particle engineering 

 

Spray drying is a pivotal technology in particle engineering, offering extensive control 

over particle characteristics and playing an essential role in optimizing drug delivery 

and efficacy. The technique's adaptability, efficiency, and scalability make it a 

cornerstone in pharmaceutical manufacturing. Spray drying is an advanced 

technique widely used in particle engineering, particularly in the pharmaceutical 

sector, to enhance the physical properties of drug particles. This process transforms 

a liquid solution, suspension, or emulsion into a dry powder by atomizing the liquid 

into a hot drying chamber where the solvent evaporates rapidly [191]. The ability to 

control particle size, morphology, and composition makes spray drying invaluable for 

producing consistent, high-quality pharmaceutical products [192].  
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The spray drying process begins with atomization, where the liquid feed is dispersed 

into fine droplets using an atomizer, which significantly increases the surface area of 

the liquid and facilitates rapid heat and mass transfer. As these droplets encounter 

hot air, the solvent quickly evaporates, leading to the formation of solid particles. 

Finally, the dried particles are collected; larger particles settle under gravity, while 

finer particles are removed using cyclone separators [193]. This efficient sequence 

ensures effective drying and particle recovery. 

 

The spray drying process is carefully designed to accommodate various properties of 

the feed solution, which significantly influence the choice of equipment and 

operational parameters. Atomization, where the liquid feed is dispersed into fine 

droplets using an atomizer, is a critical step that depends on the viscosity of the feed. 

This property determines how smoothly the feed will flow through the system and 

impacts decisions regarding atomization techniques to ensure optimal cleaning and 

maintenance. The atomizer type used affects droplet size and distribution, crucial for 

determining the final particle size and morphology [194]. 

 

Feed solutions with unique characteristics such as high pH, flammability, hygroscopic 

nature, abrasiveness, and thermoplastic properties pose additional challenges [195]. 

For instance, feeds with a high pH can corrode equipment walls, while flammable 

feeds necessitate stringent safety measures during the drying process. Hygroscopic 

products may become sticky, affecting their interaction with equipment surfaces, and 

abrasive materials can wear down vital components like piping systems and pumps. 

Thermoplastic materials with lower glass transition temperatures add complexity to 

the spray drying process, as they can become tacky when exposed to heat, leading 

to material sticking to equipment and forming clumps [196]. 

 

The process parameters like inlet and outlet temperatures are closely monitored to 

control the drying rate and temperature of the drying gas, which directly impacts the 

solvent evaporation rate and ensures the integrity of thermally sensitive feeds. Inlet 

temperature is important to quickly dry the solvent from the liquid feed solution while 

the outlet temperature indicates how much moisture has been removed. The 

aspirator processing at full capacity is essential for the efficient generation of airflow, 

transport of droplets, transfer and control of heat, collection of products, and 
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prevention of particle aggregation. Nitrogen gas is used to avoid oxidation or 

explosion. Additionally, the residence time in the drying chamber is optimized to 

ensure complete drying without degrading the product. Each of these parameters is 

adapted based on the specific properties of the feed to achieve efficient drying while 

maintaining product quality and ensuring the longevity and safety of the drying 

equipment [197, 198]. 

 

The Péclet number is a crucial dimensionless metric in spray drying, expressing the 

relationship between the solvent evaporation rate and solute diffusion within a 

droplet. A low Péclet number indicates that solute diffusion is comparable to or 

exceeds the rate of solvent evaporation, typically resulting in denser particles with 

minimal void spaces [199]. Conversely, a high Péclet number suggests that 

evaporation outpaces diffusion, leading to solute accumulation at the droplet surface, 

which often forms a shell and results in hollow particles after drying. This relationship 

highlights the impact of the Péclet number on particle morphology during the spray 

drying process. The Péclet number can be raised by altering the feedstock's 

viscosity, either by adding polymer excipients or by increasing the solute 

concentration [200, 201]. This adjustment decreases the diffusion movement of 

molecules within the solvent, influencing particle morphology. A thorough 

understanding of solute kinetics within the droplet is essential for producing particles 

with distinct morphologies. By modifying the composition of the feedstock and the 

drying conditions, composite particles with varying proportions of API and excipients 

at the core and surface have been successfully developed [200, 201]. 

 

7.2.1  Applications of spray drying 

 

Spray drying offers several significant benefits in pharmaceutical applications and 

manufacturing processes. It enhances the bioavailability of poorly soluble drugs by 

converting them into highly bioavailable particles, and through microencapsulation, it 

allows for controlled drug release, which improves therapeutic effects and minimizes 

side effects [202]. Additionally, it is capable of producing inhalable medications, 

creating powders with optimal particle sizes for effective pulmonary delivery [203]. 

The advantages of spray drying extend to its versatility in handling various 

formulations such as solutions, suspensions, and emulsions [204]. It is an efficient 

process that quickly dries materials, preventing thermal degradation of heat-sensitive 

Chapter 1: General Introduction 

44



substances [192]. Moreover, it allows for the customization of particle shapes like 

porous or hollow structures, which can impact how quickly drugs dissolve and their 

availability, in the body [205]. 

 

Spray drying is crucial in the pharmaceutical industry, not only for its direct 

applications in drug formulation but also for its role in advancing drug delivery 

technologies like dry powder inhalers (DPIs). The method allows for precise control 

over particle characteristics, crucial for ensuring the effectiveness, safety, and 

stability of pharmaceutical products [201]. 

 

7.2.2 Advanced spray drying strategies 

 

Advanced spray drying strategies have significantly enhanced the ability to engineer 

particle properties for specialized pharmaceutical applications. Among these 

strategies, the implementation of two-fluid and three-fluid nozzles (Figure 5) provides 

sophisticated tools for tailoring particle characteristics such as size, distribution, and 

morphology. 

 

The two-fluid nozzle (2FN) is the cornerstone of spray drying, combining two 

streams: a liquid holding the medicine and excipients and a compressed gas. This 

structure allows the gas to shear the liquid into fine droplets, which quickly dry when 

they encounter the drying chamber's heated air. The fundamental advantage of the 

2FN is its simple design and ability to generate small particles with exact control over 

their size and distribution [206]. This feature is useful for creating particles suitable 

for specific routes of administration, such as inhalation. 

 

On the other hand, the three fluid nozzle (3FN) enhances flexibility by incorporating 

another feed solution into the atomization procedure [207]. This additional fluid 

enables the creation of particle structures like core shell configurations with the core 

holding the medication and the shell acting as a barrier to regulate release timing. 

This capability proves valuable in crafting controlled or sustained release drugs, 

where precise control, over drug release timing and speed significantly influences 

effectiveness. 
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The 3FN has a distinguished, multiple-layered concentric structure that is made from 

inner and outer nozzles for liquid, and an outermost nozzle for gas [208]. Hence, this 

nozzle configuration has the ability of spraying two different solvents simultaneously, 

solving conventional two fluid nozzles’ obstacles which is only able of spraying one 

solvent at a time, in which the drug and the coating agent are suspended or 

dissolved. This suggests that conventional 2FN spray drying might not be effective 

for microencapsulation when there is a notable contrast between the materials 

forming the core and shell of the microcapsules. This difference, such as variations in 

solubility or miscibility, could necessitate a substantial amount of coating agent to 

ensure proper encapsulation [209].  

 

The 3FN allows dissolving the drug and carrier in separate solvents, which spares 

the need of a common solvent. Application of this nozzle in the stage of atomization 

of spray drying permits gel formation, ionic complexation, and cross-linking, and 

hence the formed complexes/gels may be dried into particulates instantly [210]. In 

this method, the feeds of the two liquids are separately pumped and only mixed when 

reaching the nozzle’s tip where they meet. The feeds of the two feed solutions may 

be made from immiscible materials which permits single core microcapsule formation 

[211]. Aggregation of incompatible particles is avoided when using 3FN which may 

take place in the case of using traditional 2FN since it only has a single feed channel 

and nozzle [212]. 
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Figure 5. Schematic illustration of two different nozzle types: two-fluid nozzle (2FN) 

and three-fluid nozzle (3FN). 

 

7.2.3  Limitations of spray drying in pharmaceutical formulations 

 

Spray drying is known for its energy usage, which can be a downside. It involves a 

large amount of heat and air flow leading to increased expenses and energy 

consumption. This can make spray drying less cost effective for large scale 

operations. Additionally, the elevated temperatures during the process can harm heat 

substances such as proteins, enzymes, and certain pharmaceutical compounds by 

causing them to deteriorate or lose their effectiveness. Another limitation is the 

potential for product loss. During spray drying, small particles can be carried away 

with the exhaust gases, which not only reduces the yield but can also lead to 

inconsistencies in product quality [213]. This loss can be particularly significant when 

processing high-value products or when strict dosage accuracy is required. 

 

Handling extremely viscous liquids or suspensions can also be difficult. Spray drying 

equipment is normally efficient at handling particular viscosity ranges; however, 

solutions that are very viscous may clog the nozzles, disturbing the process 

continuity and harming the uniformity and quality of the finished product. Adjusting 
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these qualities frequently necessitates additional processing stages, which adds 

complexity and significant costs to the manufacturing process. 

 

Moreover, the control over particle size and morphology in spray drying can 

sometimes be limited. While the technique is excellent for creating powders with a 

uniform size distribution, achieving precise control over particle shape and exact size 

can be difficult. This limitation can affect applications that require highly specific 

particle geometries for proper function, such as certain drug delivery systems. 

 

Lastly, the scale-up of spray drying processes from laboratory to industrial scale can 

introduce unexpected challenges. Parameters optimized on a small scale may not 

translate directly to larger systems due to differences in drying kinetics and spray 

dynamics. This issue requires careful re-optimization and control, which can delay 

development timelines and increase costs. 

 

8. Physicochemical characterization techniques  

 

In the development of advanced particle engineering for pulmonary drug delivery 

systems, rigorous physicochemical characterization is essential to ensure  the 

physical stability, chemical integrity, and functional performance of the formulated 

solid dispersions. This section delves into the most critical characterization 

techniques that directly impact the performance and therapeutic outcomes of 

inhalable therapies.  

 

8.1 Spectroscopic methods 

 

Dynamic light scattering (DLS) is used for analyzing particle size and zeta potential in 

LNPs and spray-dried solid dispersions, applicable whether these systems 

encapsulate one or multiple APIs. In the context of LNPs, DLS helps determine the 

size distribution and stability of the nanoparticles, which are crucial for ensuring 

consistent drug delivery, effective tissue targeting, and reduced clearance by the 

body’s immune system [214]. The zeta potential measurement provided by DLS 

assesses the surface charge of nanoparticles, which influences their colloidal stability 

and interaction with biological membranes [215]. It indicates the electrostatic stability 
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of the nanoparticles in physiological conditions, which is crucial for their interaction 

with cell membranes and subsequent drug release and absorption.  

 

Similarly, for spray-dried solid dispersions, DLS is instrumental in determining the 

uniformity of particle sizes resulting from the spray drying process. This uniformity is 

essential for achieving predictable dissolution rates and bioavailability in 

pharmaceutical formulations. Zeta potential measurements can help in assessing the 

surface charge of the particles, which influences their stability in suspension and their 

ability to avoid premature aggregation, ensuring consistent delivery and efficacy, also 

can guide the optimization of surface properties to enhance the stability and 

dispersibility of the particles in biological fluids. 

 

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy is essential for 

analyzing bonding characteristics in crystalline and amorphous states, examining 

molecular absorption across the infrared spectrum. This absorption is due to 

molecular vibrations, such as stretching and bending, occurring at frequencies that 

are specific to different functional groups and their dipole moments. The resulting 

absorption patterns and frequencies provide insights into the chemical structure of 

molecules, helping identify functional groups and their roles in intermolecular 

bonding. FTIR is particularly valuable in understanding the chemical dynamics of 

drug encapsulation in nanoparticle and solid dispersion formulations. 

 

In the context of spray-dried LNP and solid dispersion systems, FTIR analysis 

elucidates chemical interactions and encapsulation efficiencies. For single-drug LNP 

formulations, distinct peaks characterize individual compounds, indicating successful 

encapsulation within lipid matrices. Broadening of bands above 3000 cm⁻¹ suggests 

the formation of intermolecular hydrogen bonds between drugs and lipids, enhancing 

molecular cohesion [216]. Significant changes in aromatic and carbonyl stretches 

suggest additional hydrogen bonding [217], while the decrease in peak intensity may 

reflect conformational changes due to encapsulation [218].  
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In dual-drug LNP formulations, spectral shifts and peak broadening indicate 

interactions within lipid matrices that affect encapsulation efficiency and stability. 

Comparisons between 2FN and 3FN systems show enhanced molecular interactions 

and homogeneity in 2FN systems, indicative of the formation of drug microspheres. 

Further, analysis of dual-drug solid dispersions highlights the impact of delivery 

methods on integration, with inner nozzle delivery yielding superior peak intensities 

and interactions compared to single-feed systems, and external nozzle delivery 

showing the least effectiveness in optimal dispersion and integration within the 

matrix. 

 

X-Ray Powder Diffraction (XRPD) employs Bragg's Law, which correlates the angles 

and wavelengths of diffracted X-rays to the spacing of crystal planes, making it highly 

effective for analyzing crystalline structures. XRPD identifies different crystalline 

phases within a sample; each crystalline substance produces a distinct set of 

diffraction peaks, similar to a fingerprint [219]. The patterns indicated in the 

formulation are compared to the pure drug diffractogram to identify the substance. 

Additionally, XRPD determines the degree of crystallinity, distinguishing between fully 

crystalline, semi-crystalline, and amorphous materials based on their unique 

diffraction patterns [220]. 

 

The technique is vital in evaluating spray-dried solid dispersions. XRPD assesses the 

crystalline or amorphous nature of APIs, influencing the physical stability and 

dissolution behavior of the drug. Moreover, it determines crystallinity within the lipid 

or polymer matrix, impacting encapsulation efficiency and drug release kinetics, 

ensuring APIs maintain their desired physical state for effective delivery. 

 

8.2 Drug release method 

 

The encapsulation efficiency indicates the quality of the drug delivery mechanism 

while also influencing the formulation approach for optimal therapeutic effects. It is 

used to evaluate the efficacy of drug delivery systems, such as LNPs and spray-dried 

solid dispersions, regardless of whether they include one or more active medicinal 

components.  
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Encapsulation efficiency (EE%) in LNPs defines how well the lipid-based 

nanoparticles encapsulate and preserve the APIs from degradation, resulting in 

targeted distribution and controlled release.  In the case of spray-dried solid 

dispersions, this technique assesses the spray drying process's capacity to evenly 

distribute and embed the API inside the polymeric or inert matrix, which is crucial for 

achieving optimal solubility and release profiles. When numerous APIs are involved, 

encapsulation efficiency becomes even more important since it assesses the delivery 

system's ability to manage different drugs at the same time without compromising 

their stability or overall formulation efficacy. The encapsulation efficiency percentage 

for the LNPs was calculated using equation (1) [221]: 

 

 

 

(Equation 1) 

 

To estimate the in vivo performance of inhalable therapies, drug release studies are 

conducted utilizing dialysis bag measurements and a simulated lung fluid (SLF) as 

the dissolving medium to accurately imitate the lung's unique environment. 

SLF is formulated to reflect the ionic composition and pH of lung fluids, providing a 

realistic setting for evaluating how the drug will behave once inhaled. When testing 

formulations intended for pulmonary delivery, the dialysis bag is filled with the drug 

formulation and then submerged in SLF. This setup allows for the assessment of how 

quickly and effectively the drug is released from particles small enough to be carried 

deep into the lung tissues.  

 

For spray-dried solid dispersions, this method determines how the physicochemical 

properties of the formulation influence the dissolution rate in the lung environment. 

Factors such as the solubility of the matrix, particle size, and the presence of 

hygroscopic or mucoadhesive excipients can significantly affect the release profile. 

Similarly, for LNPs, studying drug release in SLF can provide insights into how the 

encapsulation within lipid-based nanoparticles protects the drug during inhalation and 
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facilitates its release at the target site. The ability to release the drug in a controlled 

manner is evaluated for the formulations through this method. 

 

8.3 Thermal analysis methods 

 

Dynamic Vapor Sorption (DVS) is a critical technique for analyzing moisture 

interaction properties of spray-dried solid dispersions. It measures the absorption and 

release of moisture under controlled humidity conditions, essential for creating 

sorption isotherms that demonstrate the relationship between moisture content and 

relative humidity. These isotherms provide vital insights into a material’s 

hygroscopicity and moisture stability [222]. For spray-dried solid dispersions, 

monitoring moisture uptake is crucial as excessive moisture can degrade APIs, 

affecting drug efficacy and shelf life. DVS plays a key role in determining the stability 

of these dispersions across various humidity conditions, helping to maintain structural 

integrity and ensure controlled release of encapsulated APIs  [223]. 

 

8.4  Surface and particle analysis 

 

Scanning Electron Microscopy (SEM) generates high-resolution images by focusing 

an electron beam on sample surfaces, revealing shape and surface properties of 

spray-dried solid dispersions. SEM analysis involves exposing samples to a high-

energy electron beam, producing signals from backscattered and secondary 

electrons that indicate the atomic number of surface atoms and sample topography, 

respectively. Coating with a thin gold layer enhances image quality by ensuring 

uniform surface conductivity [224]. SEM provides crucial visual data on particle size, 

shape, and distribution, key for assessing the quality and consistency of drug 

formulations. It also detects size increases possibly due to nanoparticle aggregation 

during spray drying [225, 226], and investigates the degree of aggregation impacting 

solubility and dissolution rates of APIs. 

 

SEM assesses surface texture, differentiating between smooth and wrinkled 

particles, with implications for their physical behaviour. Smooth surfaces improve 

particle flowability by reducing inter-particle friction, whereas wrinkled surfaces hinder 
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close packing, reducing aggregation likelihood and potentially enhancing dissolution 

rates due to increased surface area [227, 228].  

 

9. Biological Assays 
 

9.1  Importance of biological assays in evaluating drug efficacy 

 

In the attempt to advance pulmonary drug delivery systems for the treatment of 

NSCLC and respiratory infections, biological assays play a pivotal role in assessing 

the therapeutic efficacy and safety of novel formulations. Throughout this thesis, an 

array of biological tests, including cell culture, MTT cell viability assays, anti-

inflammatory assays, and antimicrobial activity assessments are used, to evaluate 

the interaction of APIs within spray-dried LNP and solid dispersion systems. 

 

Cell culture and MTT cell viability assay utilizing the A549 cell line, derived from 

human lung carcinoma, provide a relevant biological context to evaluate inhalation 

therapies, reflecting the cellular environment of human alveolar basal epithelial cells. 

The MTT assay offers quantitative insights into the cytotoxicity and biological 

compatibility of these formulations, measuring cell viability through mitochondrial 

activity. This is crucial for understanding the impact of single and dual drug-loaded 

systems on lung cancer cells, particularly when investigating the synergistic effects of 

drugs like pimozide and hydroxychloroquine. 

 

On the other hand, the anti-inflammatory assays are integral for testing how spray-

dried LNPs and solid dispersions modulate inflammation, a significant concern in 

respiratory infections and cancer  [229]. By evaluating cytokine levels and gene 

expression related to inflammation, such as IRAK1, through PCR techniques, the 

anti-inflammatory potential of our formulations can be assessed. This helps in 

understanding whether the formulations can effectively reduce inflammation markers 

compared to controls, providing insights into their potential therapeutic benefits. 

 

Furthermore, given the dual challenges of NSCLC and respiratory infections, 

assessing the antimicrobial efficacy of formulations containing drugs like rifaximin 

and hydroxychloroquine is critical. Using methods such as disc diffusion and 
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Minimum Inhibitory Concentration (MIC) tests, the activity of these drugs against 

pathogens, including multidrug-resistant strains was evaluated. These assays are 

essential for confirming that our engineered particles can effectively target and inhibit 

bacterial growth, which is vital for treating respiratory infections alongside cancer. 

By integrating these biological assays into our research, we aim to comprehensively 

evaluate the efficacy of our drug delivery systems, ensuring they meet the 

therapeutic needs for treating NSCLC and respiratory infections. 

 

9.2 Cell culture and viability assays 

 

Cell culture, MTT, and cell viability assay are used to determine the cytotoxicity, 

therapeutic effectiveness, and interaction of APIs within the spray-dried LNPs and 

solid dispersions delivery systems. Cell culture using A549 cells, derived from human 

lung carcinoma, is a fundamental method in pulmonary drug delivery research, 

allowing for the assessment of therapeutic agents designed for respiratory 

conditions. These cells serve as a model for human alveolar basal epithelial cells, 

making them particularly suitable for evaluating inhalation therapies such as spray-

dried solid dispersions and LNPs [230]. The A549 cell line provides a relevant 

biological environment to test the interaction of these particles with lung tissue, 

especially important when these formulations are intended to be delivered directly to 

the lungs. 

 

The MTT cell viability assay, utilized alongside A549 cell culture, is used for 

measuring the cytotoxicity and biological compatibility of pharmaceutical 

formulations. This assay involves the conversion of the MTT reagent, a yellow 

tetrazole, into an insoluble purple formazan product by active mitochondrial enzymes 

present only in living cells. The amount of formazan produced is directly proportional 

to the number of viable cells, thus providing a quantitative measure of cell viability 

[231].  

 

When formulations contain two different APIs, understanding their combined effect on 

cells is crucial. This is where the Combination Index (CI) becomes essential. The CI 

is calculated using the results from the MTT assay to evaluate the type of interaction 

between the APIs at various concentrations. A synergistic interaction (CI < 1) 

suggests that the combined effect of the APIs is greater than their individual effects, 
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potentially allowing for dose reduction without compromising therapeutic efficacy. An 

additive effect (CI = 1) indicates that the APIs work independently without enhancing 

or reducing each other's activity. An antagonistic effect (CI > 1) implies that one API 

may interfere with the activity of the other, which could diminish the formulation's 

overall therapeutic value [232]. 

 

9.3 Anti-inflammatory Assays 

 

Anti-inflammatory tests are used to evaluate how well spray dried LNPs, and solid 

dispersions can reduce inflammation. These tests analyze cytokines, like IL 1β, IL 6, 

IL 8 and TNF α to understand the effectiveness of drug formulations. Cytokines play 

a role in indicating inflammation levels and the body’s response to it.  

The anti-inflammatory test method involves using the THP 1 cell line, which is 

transformed into macrophages through Phorbol 12-myristate 13-acetate (PMA) 

treatment. These macrophages are then triggered with lipopolysaccharide (LPS) to 

induce a reaction. After stimulation, the cells are exposed to test substances. RNA is 

extracted for analysis. The expression of IRAK1 RNA, a gene related to 

inflammation, is measured using PCR (qPCR). This process involves converting RNA 

into cDNA that is amplified in a PCR cycle. The relative IRAK1 expression is 

calculated using the 2−ΔΔCT method with 18S rRNA, as the reference gene. 

 

This approach accurately assesses the ability of substances to reduce inflammation 

by monitoring changes in genes related to inflammation following treatment. This 

analysis aids in determining whether the formulation can effectively decrease the 

production of these molecules compared to a control group indicating the therapeutic 

value of the formulation. Additionally, when multiple active pharmaceutical ingredients 

are present in formulations it is essential to evaluate not only the anti-inflammatory 

properties of each ingredient, but also how they collectively impact inflammation. This 

assessment can indicate additive or conflicting interactions, among the ingredients. 

 

9.4 Antimicrobial activity 

 

The antimicrobial activity of spray-dried formulations containing two APIs against 

clinical isolates is evaluated using two primary methods: the disc diffusion method 

Chapter 1: General Introduction 

55



and the Minimum Inhibitory Concentration (MIC) test, both conducted according to 

CLSI guidelines (CLSI M100, 2023).  

 

For the disc diffusion test, blank discs impregnated with the formulations were placed 

on Mueller-Hinton agar plates inoculated with a standard bacterial suspension of 

Acinetobacter baumannii, including strains with Multi-Drug Resistant (MDR) and 

Extensively Drug-Resistant (XDR) phenotypes. After incubating overnight at 37°C, 

the diameter of the inhibition zones around the discs is measured, indicating the 

effectiveness of the antimicrobial agents against these challenging bacterial profiles. 

 

In parallel, the MIC is determined by adding the formulations to broth microdilutions 

with a standardized bacterial culture, including MDR and XDR strains, and then 

incubating these mixtures to identify the lowest concentration of the formulation that 

prevented visible bacterial growth. 

 

10.  Applications of particle engineering for pulmonary drug delivery 
 

Particle engineering for pulmonary drug delivery refers to a variety of strategies for 

increasing the efficacy and safety of drugs used to treat respiratory disorders. This 

technique improves medication solubility, bioavailability, and targeted specificity by 

adjusting particle size, shape, and surface features [1]. It can be used to treat 

respiratory disorders like infections, and lung cancer by allowing medications to be 

delivered directly to the lungs more efficiently. Particle engineering also helps to 

develop pulmonary vaccination, immunotherapy, gene delivery, and diagnostic 

imaging, all of which provide promise revolutionary options for respiratory healthcare. 

 

10.1 How LNPs and spray drying contribute to pulmonary drug delivery 

 

LNP delivery system has numerous uses in pulmonary medication delivery, 

addressing issues in treating respiratory disorders such as asthma, COPD, 

infections, and non-small cell lung cancer (Figure 6). LNPs successfully encapsulate 

hydrophobic medicines, increasing their solubility and bioavailability, which are critical 

for effective treatment. Tailored surface alterations allow for targeted distribution, 

decreasing off-target effects, while regulated release mechanisms extend therapeutic 
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effects. LNPs also play a vital role in lung vaccination, immunotherapy, and gene 

delivery, triggering strong immune responses and permitting the safe transfer of 

nucleic acids for gene therapy, including NSCLC treatment [233, 234].  

 

 

 

Figure 6. A schematic view of the delivery of therapeutics through lipid-based 

nanoparticles via a dry powder inhaler. 

 

Furthermore, LNPs act as carriers for imaging probes, facilitating non-invasive 

diagnostic imaging of lung diseases [235]. These achievements demonstrate LNPs' 

potential to alter pulmonary medicine by enhancing therapeutic efficacy, safety, and 

patient outcomes in a variety of respiratory diseases, including NSCLC. 

On the other hand, spray drying is important in pulmonary medication delivery 

because it allows for a wide range of applications that improve therapeutic effects.  

 

Spray drying allows for the creation of inhalable powders with the best aerodynamic 

qualities for lung deposition by precisely controlling particle size and morphological 

characteristics [236]. This approach improves drug stability by eliminating moisture 

and forming a protective matrix, ensuring an extended shelf life. It also makes it 
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easier to develop controlled release systems, which allow for more consistent 

medication release kinetics and better patient compliance. Spray drying facilitates the 

development of combination therapies by allowing numerous medications to be co-

encapsulated in a single particle. Furthermore, it is used in the manufacturing of dry 

powder vaccines, which provide better durability and immunological response than 

liquid formulations [237]. 

 

10.2 Potential impact on treating NSCLC and other respiratory diseases 

 

Pulmonary drug delivery systems provide targeted treatment for lung cancer and 

other respiratory illnesses, maximizing therapeutic efficacy while minimizing systemic 

adverse effects. They allow for direct administration of drugs to the lungs, which 

provides fast relief and improves treatment outcomes. 

 

It has been proven that inhaled anticancer medications are effective in treating lung 

cancers [238-244]. Inhaled anticancer drugs can modify the bio-distribution of the 

medications and elevate the accumulation of a bigger proportion in the lungs in 

comparison to intravenous administration [245-249] . Moreover, the systemic 

distribution is limited in the case of inhaled anticancer medications which also limits 

the correlated toxicity [238, 243]. Common side effects of inhaled anticancer drugs 

are usually localized, mild and treatable such as glossitis. Few cases have reported 

difficulties relating to respiration, like hypoxia and forced expiratory volume. Most of 

the side effects after treatment with inhaled anticancer drugs are caused by the drug 

type, dose, and duration of treatment [238, 240-244]. Nevertheless, these side 

effects could be not related directly to inhaled anticancer drugs or the disease state 

of progression [241, 243]. 

 

Earlier research demonstrated that a certain quantity of inhaled medications was 

detected in the lymph nodes. Tatsumura et al. conducted a study where they used 5-

fluorouracil in the treatment of lung cancer and 5-fluorouracil was present in elevated 

levels in the regional lymph nodes, which lead to the assumption of the drug being 

absorbed in the bronchial tree into the lymphatic path [242]. Furthermore, absorbed 

medications into the lymphatic circulation could be redistributed in the peripheral 

airways, which could allow accessing hardly parts of the lungs [44, 250]. Therefore, 

in cases where cancer metastasizes to the lungs, which are typically located distally 
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from the major airways but receive blood from pulmonary veins and arteries, inhaled 

anticancer medications may offer significant benefits [251-253].  

 

Contagious illnesses that are caused by bacterial pathogens play a leading role in 

human mortality and morbidity which makes them a vital threat to human health 

worldwide [254, 255]. While many of the currently available inhaled products are 

corticosteroids and bronchodilators that are used in the treatment of asthma and 

COPD [256], the inhalation of antibiotics is still limited in comparison with 

bronchodilators, not opposing intense pre-clinical and clinical studies and 

implications concerned with the emergence of resistances of bacterial 

antibiotics[256].  

 

Nevertheless, there is a wide use of inhaled antibiotics in intensive care units (ICU) in 

the treatment of particularly severely ill patients [257]. ICU patients are significantly at 

risk of nosocomial infections, and almost 40% of severely diseased patients are at 

risk of developing ventilator-associated pneumonia, which in turn could cause a 

longer stay in the ICU and may increase the rate of mortality [258].  

Most of these infections are treated with antibiotics intravenously, and to date, there 

is no routine use of inhaled antibiotics. ICU patients can be subjected to extensively 

drug-resistant microorganisms and multidrug resistant microorganisms’ emergence. 

Hence, it is called for novel approaches and new treatments that cope with the 

pandemic to abolish infections caused by significant resistant bacteria [259, 260].  

 

Among the advantages of administering antibiotics through the pulmonary route, the 

most noticeable would be the direct delivery of high antibiotic doses to the lung 

directly, as the concentrations of the antibiotic locally are much greater when 

compared to the pathogen’s inhibitory concentration [261]. A recent double-blind 

placebo trial studied the emergence of bacterial resistance following the inhalation of 

antibiotics in severely diseased patients following mechanical ventilation. When 

compared to the placebo group, the group which received the inhaled antibiotics 

succeeded in abolishing multidrug resistant pathogens and intercepted the 

emergence resistant strains [262].  

 

Recently, a trial confirmed those previous studies assuring minimum bacterial 

resistance in patients that are undergoing treatment via nebulized antibiotics [263]. 
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Due to the low systemic bioavailability, inhaled therapy of colistin and 

aminoglycosides significantly limited nephrotoxicity [264, 265], and this benefit may 

overcome possible respiratory adverse effects. Intravenous colistin was compared to 

aerosolized colistin in a recent study in patients with ventilator-associated pneumonia 

that occurred due to multidrug-resistant Gram-negative bacteria. The results of this 

study showed lower incidence of renal complications in the group which received 

colistin via inhalation [266]. As mentioned above, pulmonary administration of 

antibiotics can reduce harmful outcomes of systemic antibiotics. As it may decrease 

the potential diarrhoea risk of Clostridioides difficile due to the antibiotic being 

disposed in the lungs only. 

 

11. Aims and objectives 
 

Effective drug delivery for non-small cell lung cancer (NSCLC) and respiratory 

infections remains a critical challenge due to several factors, including inadequate 

targeting of drugs to the affected lung tissues, limited bioavailability of therapeutic 

agents, and the risk of systemic toxicity from drugs that affect non-target areas. 

Despite existing advances in drug delivery, these issues persist and impact treatment 

outcomes. This thesis addresses these gaps by developing and evaluating novel 

pulmonary drug delivery systems that incorporate advanced particle engineering 

techniques. Specifically, the work focuses on improving drug targeting precision, 

enhancing bioavailability within the lung, and minimizing systemic side effects, thus 

bridging significant knowledge gaps in the design and implementation of more 

effective pulmonary drug delivery strategies. The structure of this thesis is outlined in 

Figure (7).  

 

The specific objectives are as follows: 

 

1. Investigate the literature on advanced inhalation therapies for NSCLC and 

respiratory infections, emphasizing the potential of sophisticated targeting 

mechanisms and repurposed drugs formulated through particle engineering methods. 

2. Develop and optimize spray-dried lipid nanoparticle (LNP) formulations loaded 

with repurposed drugs, particularly pimozide (PMZ), for inhalation delivery.  
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3. Evaluate the efficacy of dual drug-loaded spray-dried LNP formulations, 

focusing on the synergistic effects of PMZ and hydroxychloroquine (HQ) in inhibiting 

the growth of A549 lung cancer cells and their anti-inflammatory properties. 

4. Compare the therapeutic potential of PMZ and HQ combination therapy using 

advanced spray drying techniques, such as two-fluid and three-fluid nozzle spray 

drying, to optimize particle characteristics, drug release profiles, and therapeutic 

effects. 

5. Assess the antimicrobial effects of spray-dried rifaximin (RFX) and HQ loaded 

particles using advanced spray drying techniques, aiming to develop a combination 

therapy for NSCLC and respiratory infections targeting both bacterial infections and 

antitumor activity. 

 

By achieving these objectives, the thesis seeks to contribute to the advancement of 

pulmonary drug delivery systems, offering tailored solutions for the effective 

treatment of NSCLC and respiratory diseases through innovative particle engineering 

approaches. 
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      Figure 7. Diagram illustrating the framework of this PhD Thesis 
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Chapter Summary: 

In this chapter, current literature regarding methods for delivering drugs directly to the 
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administration routes like oral and parenteral are compared with direct lung delivery, 

which offers reduced side effects and enhanced targeting precision. The chapter 
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nanoparticles and lipid carriers. Additionally, it discusses the potential benefits of 

combining inhalation therapy with chemotherapy and immunotherapy to improve 

therapeutic outcomes and patient well-being. 
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Abstract: Throughout the years, considerable progress has been made in methods for delivering
drugs directly to the lungs, which offers enhanced precision in targeting specific lung regions.
Currently, for treatment of lung cancer, the prevalent routes for drug administration are oral and
parenteral. These methods, while effective, often come with side effects including hair loss, nausea,
vomiting, susceptibility to infections, and bleeding. Direct drug delivery to the lungs presents a range
of advantages. Notably, it can significantly reduce or even eliminate these side effects and provide
more accurate targeting of malignancies. This approach is especially beneficial for treating conditions
like lung cancer and various respiratory diseases. However, the journey towards perfecting inhaled
drug delivery systems has not been without its challenges, primarily due to the complex structure
and functions of the respiratory tract. This comprehensive review will investigate delivery strategies
that target lung cancer, specifically focusing on non-small-cell lung cancer (NSCLC)—a predominant
variant of lung cancer. Within the scope of this review, active and passive targeting techniques are
covered which highlight the roles of advanced tools like nanoparticles and lipid carriers. Furthermore,
this review will shed light on the potential synergies of combining inhalation therapy with other
treatment approaches, such as chemotherapy and immunotherapy. The goal is to determine how these
combinations might amplify therapeutic results, optimizing patient outcomes and overall well-being.

Keywords: NSCLC; passive and active targeting; nanoparticles; immunotherapy; liposomes; inhalers

1. Introduction

The respiratory tract has three major physiological functions: ventilation, diffusion,
and perfusion. Ventilation is the process of breathing in which air enters the lungs due to
the mechanical movement of the diaphragm. This process also involves air movement from
the blood into the bronchial trees and alveolar space. Diffusion is the molecular mechanism
that encompasses carbon dioxide transport, which ultimately affects the pH of the blood.
Perfusion is critical for ventilation and diffusion as it maintains efficient blood circulation
in order to match the high rate of gas exchange in the lungs [1].

The passage of air and the amount of energy required for ventilation is influenced by
several physical factors [2]. These factors include alveolar surface tension, lung compliance,
and airway resistance, which are vital for maintaining optimal respiratory function. One of
the most important of these factors is alveolar surface tension, which refers to the tendency
of the surface of the alveoli to resist expansion. This is reduced by lung surfactant, which
coats the alveolar surface and decreases surface tension. By doing so, the surfactant helps
keep the alveoli open during exhalation and promotes easier breathing during inhalation.
Without surfactants, the airways would collapse after exhalation, making re-inflation
during inhalation harder and less efficient.

Lung compliance is another crucial factor and refers to the ability of the lungs to
expand when the air volume is increased. It is expressed as the volume change per unit
of pressure change (mL/cm H2O or L/cm H2O) and depends on two essential factors:
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elasticity and surface tension. Elasticity refers to the tendency of the lung tissue to return
to its original shape after being stretched, while surface tension refers to the tendency of
the liquid lining the alveoli to resist expansion. Decreased surface tension and increased
elasticity of the lung tissues enhance pulmonary compliance, allowing the lungs to rebound
after being stretched during inhalation. This, in turn, increases the upstream pressure,
which promotes better ventilation. Finally, airway resistance refers to the force that resists
air flow through the airways. It is influenced by several factors, including the diameter
and length of the airways, as well as the viscosity of the air. Higher airway resistance
makes it harder for the air to move through the airways, leading to breathing difficulties.
Understanding these physical factors is vital to maintaining healthy respiratory function
and can help to identify and treat any underlying respiratory conditions.

2. Lung Cancer, Etiology, and Current Practice

Lung cancer remains a predominant cause of cancer-induced fatalities across the globe,
representing nearly one-fourth of these tragic deaths [3]. Cancer is complex and therefore
requires treatments that are dependent on several factors, such as the stage of the disease,
its specific location within the body, the patient’s overall health and age, and other under-
lying medical conditions. Predominantly, localized cancers that have not spread beyond
their point of origin are treated with surgical interventions, followed by chemotherapy
sessions [4]. Non-small-cell lung cancer (NSCLC) encompasses a variety of lung cancer
types, including adenocarcinoma, squamous cell, and large-cell undifferentiated carcinoma.
Adenocarcinoma is the most prevalent, constituting about 40–50% of NSCLC cases [5], with
bronchiolo-alveolar carcinoma accounting for 10–15% of these cases [6]. While squamous
cell cancer typically originates at the central regions of the lung, large-cell undifferentiated
carcinoma is characterized by its rapid proliferation and its ability to manifest anywhere
within the lung [7]. Collectively, NSCLC represents roughly 85% of all diagnosed lung
cancer cases, with a significant majority of patients being elderly. The average age of
diagnosis is around 70 years [8].

Tobacco smoking remains the main cause of NSCLC, being responsible for nearly
90% of all cases, yet there are other contributors like exposure to second-hand smoke,
the presence of radon, environmental pollution, genetic predispositions towards lung
cancer, and certain genetic markers like the CYP1A1 gene variant [9]. External factors,
such as exposure to harmful substances like asbestos, tar, and specific metals, also play
a pivotal role [10]. The probability of developing lung cancer is intrinsically tied to the
frequency and longevity of smoking habits [11]. Interestingly, individuals with HIV present
heightened risks of lung cancer as compared to the broader population [12], and a noticeable
association has been established between pulmonary fibrosis and increased lung cancer
susceptibility [13].

For NSCLC, the range of therapeutic alternatives includes surgery, radiation, chemother-
apy, and specialized medical interventions. Chemotherapy typically involves a combination
of a platinum-based compound with other therapeutic agents. First-line treatments usually
encompass a platinum-based compound, synergized with a third-generation cytotoxic
drug [14]. There are FDA-sanctioned treatments for NSCLCs exhibiting EGFR mutations,
including compounds like gefitinib, erlotinib, and others [15]. Moreover, Bevacizumab, a
compound targeting VEGF, has been approved for the first-line treatment of non-squamous
NSCLC, especially when paired with chemotherapy [6]. Lung carcinoid tumors, although
rare, are categorized as either typical or atypical carcinoids, both originating from neu-
roendocrine cells. Central carcinoids emerge within the central regions of the lungs, while
peripheral carcinoids evolve toward the lungs’ extremities.

For patients with metastatic lung carcinoids, a variety of treatments is available,
which range from surgical procedures to chemotherapy. Subcutaneous administrations
of drugs like octreotide are commonly the go-to treatments, while targeted drugs like
everolimus also show efficacy. To treat stage III atypical carcinoids, a mix of cisplatin
and etoposide is typically used and is occasionally augmented with radiation sessions.
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The European Neuroendocrine Tumor Society has approved adjuvant therapy for atypical
carcinoids with lymph node involvement, but such interventions are not recommended
for typical carcinoids [16]. As medical research progresses, newer therapeutic strategies
continue to emerge, offering hope and improved outcomes for patients globally. It is
crucial to understand that each patient’s treatment plan is tailored based on their unique
medical history and the specific nature of their cancer. Collaborations between oncologists,
radiologists, and other medical professionals ensure the best care and outcome for each
individual. In the area of cancer therapy, especially NSCLC, the development of drug
delivery systems containing naturally occurring compounds has attracted attention. Recent
research has described the anticancer effects of the natural cAMP-activating drug forskolin
in NSCLC cells. It was shown that forskolin can inhibit both proliferation and migration
in NSCLC cells. Interestingly, forskolin-mediated synergistic effects against Paclitaxel-
induced cytotoxicity were also observed [17]. In a different study, the sustained release and
intracellular accumulation of forskolin was found to prevent outer hair cells apoptosis [18].

3. Advantages of Direct Delivery to the Lungs to Target Lung Cancer

The administration of drugs to the lungs, or pulmonary delivery, has emerged as a
highly promising option for drug delivery due to its numerous advantages. The lungs have
a high surface area, which allows for the rapid and efficient absorption of drugs [19,20]. As
a result, the respiratory tissues have the ability to absorb large quantities of drugs, making
them an ideal route for drug delivery. Compared to the oral route, pulmonary drug delivery
offers a faster onset of action, higher bioavailability, and better patient compliance, all while
being non-invasive in nature [21–24]. Moreover, inhaled medication does not undergo first-
pass metabolism, leading to lower drug degradation. This method also promotes the direct
effect of the drug on the lungs, resulting in better selectivity and reduced circulation into the
body’s system, which in turn leads to fewer side effects and better therapeutic outcomes.

Studies have demonstrated that inhaling anticancer agents can effectively combat mi-
cro metastasis and distant metastasis by targeting the lymphatic drainage of the alveoli [25].
The interstitial space is crucial in delivering drugs directly to the lungs, which is vital for
suppressing lung cancer metastasis [19]. Upon being excreted from the lungs, these drugs
can accumulate in the interstitium, the peripheral airways, and the pulmonary lymphatic
system, enabling them to interact with cancer cells beyond the alveolar space and to re-
strict the invasiveness and metastasis of cancer [19]. Pulmonary drug delivery also limits
systemic exposure to drugs [26]. Intravenous treatments are impeded by poor selectivity,
systemic toxicity (including nausea, vomiting, nephrotoxicity, neurotoxicity, and anaemia),
and the development of multidrug-resistant pumps [26–28], as well as the necessity for
optimising drug dosing [29].

4. Lung Surfactants and Impact on Drug Deposition

Lung surfactants, also known as endogenous surfactants, are a combination of lipids
and proteins found in the lung’s alveolar lining. Their main role is to decrease surface
tension by forming a single layer at the alveolar air-liquid boundary [30]. Lung surfactants
facilitate the efficient spreading of drugs delivered to the lungs across mucus surfaces and
improve the aerosol transport between lung areas, resulting in more consistent drug dosing
within the deeper lung regions.

Exogenous surfactants are employed when there is a surfactant deficiency, serving
as a substitute treatment for respiratory distress syndromes [31]. These can be either
natural or artificially produced. Natural surfactants primarily contain phospholipids,
mainly dipalmitoylphosphatidylcholine (DPPC), neutral fats (chiefly cholesterol), and
proteins. Frequently used natural surfactants come from sources like humans, animals,
cows, and pigs. On the other hand, synthetic exogenous lung surfactants like colfosceril
and lucinactant are entirely synthesized, often based on DPPC.
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The surfactant layer plays a crucial role in drug deposition within the lungs [32].
Inhaled drugs must first navigate this layer to access the underlying tissue. The presence of
lung surfactants influences drug deposition in multiple ways, such as:

• Diffusion limitation: The surfactant layer might act as a barrier, hindering drugs from
reaching deeper tissues. This can lead to reduced drug concentrations in the lungs
and diminished treatment effectiveness.

• Extended residence time: The surfactant layer can prolong the duration of time that
the drugs linger in the lungs. This is beneficial for drugs that are rapidly expelled, as
it allows for extended exposure to lung tissue, which enhances their potency.

• Drug particle dimensions: The size of the drug particles affects their deposition depth
in the lungs. Larger particles might be trapped atop the surfactant layer, which limits
their penetration, while smaller particles might navigate past the layer to access the
deeper lung regions.

In essence, lung surfactants can enhance deposition by ensuring even alveolar expan-
sion during inhalation and enhancing alveolar resistance to collapse upon exhalation [33].
Additionally, lung surfactants quickly adhere and redistribute effectively at the air–water
boundary, facilitating the even spread of inhaled drugs across the mucus-covered lung
surfaces, optimizing drug deposition [30]. Thus, the surfactant quantity present can consid-
erably influence the drug amounts deposited in the lungs.

5. Mucociliary Clearance and Mucoadhesion, Getting the Balance Right

Mucociliary clearance (MCC) represents the mechanism by which the respiratory
system expels foreign entities, such as medications, via the synchronized efforts of cilia and
mucus. It is an essential protective function that safeguards the lungs from inhaled invaders
like allergens, harmful substances, and microbes [34]. This protective action propels the
mucus, along with any dissolved or adhered substances, from the lung’s tracheobronchial
region to the GIT. Conversely, the alveolo-bronchiolar clearance process shifts solutes,
lining fluid, and/or macrophages from the alveoli towards the MCC area [35]. An extended
clearance phase, lasting several days to several weeks, is characterized as the peripheral
and alveolar removal of particles via the macrophages. There is a notable correlation
between how long particles stay in the airways and their physical dimension. MCC quickly
expels larger particles from the airways, while tinier particles remain longer [36]. It has
been suggested, however, that the MCC’s efficiency diminishes in the deeper sections of
the respiratory system [35].

Multiple factors can modulate the MCC, including those influencing the mucus or cilia.
Factors like augmented mucus secretion, reduced mucus thickness, and elevated ciliary mo-
tion can enhance the MCC’s speed. In contrast, altering the unique properties of mucus or
disrupting its structure can decelerate the MCC. Ambient conditions, such as temperatures
around 23 ◦C, can induce a moderate decline in MCC rates [37]. Additionally, smoking
can hinder the MCC by reducing ciliary abundance, thereby altering mucus dynamics.
Moreover, various upper respiratory ailments can affect the MCC due to their effects on
ciliary motion and/or mucus behavior; these include conditions like asthma, rhinitis, and
chronic sinusitis [37]. Accelerated MCC is seen as a limitation for inhaled treatments as
it limits the time that drugs remain at the deposition locale, thereby lowering the drug
bioavailability [36,38]. To counter this challenge, there is a need to enhance mucoadhesion,
which signifies a drug’s capability to bind to the mucus layer and ensure prolonged resi-
dence in the lungs [37]. Utilizing innovative mucoadhesive drug delivery systems capable
of adhering to the pulmonary mucosa [39] will extend the retention period at the action
site [40,41] and enhance the interaction between the pulmonary mucosa and the medication,
ensuring a broader drug spread. This mucoadhesive approach elevates drug concentrations
at the deposition site and increases drug uptake, thereby elevating drug bioavailability and
enhancing its absorption [42,43]. In essence, both mucociliary clearance and mucoadhesion
are essential determinants that influence drug transport within the respiratory system.
Achieving the right equilibrium between these elements is paramount for ideal respiratory
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drug delivery. While it is crucial to reduce the MCC to boost the performance of drugs
delivered to the lungs via mucoadhesive techniques, this adjustment should be performed
carefully, as the MCC acts as a native defense strategy of the lower respiratory tract against
potential infections, and overly aggressive mucoadhesive actions could jeopardize this
defense [44]. Overall, the MCC can positively affect the efficacy of inhaled anticancer
therapies because the MCC is crucial for removing inhaled particles including anticancer
therapeutic agents, which prevents drug accumulation and reduces toxicity. The MCC can
also affect the distribution of drugs across the respiratory tract. Thus, understanding the
MCC is essential for designing inhalable drug formulations that can target lung cancer
effectively. On the other hand, The MCC poses additional challenges because the rapid
clearance of inhaled anticancer therapies can limit the time that a therapeutic agent spends
in target tissue, especially within the lungs. Therefore, optimizing drug formulations for
effective penetration is crucial for balancing the contact time with the mucosal surface
absorption risk, as diseases affecting mucociliary clearance vary.

6. Methods and Devices for Inhalation

Inhalation devices are commonly utilized for administering medications in the form
of finely-ground particles, suspensions, or solutions. The efficacy of drug delivery to the
lower respiratory tract is influenced by a multitude of factors, including the type of inhaler
used, the internal resistance of dry powder inhalers, the drug formulation, the size of the
particle, the velocity of the produced aerosol of pressurized metered-dose inhalers, and
the ease of use [45]. It should be noted that each inhalation device has its own unique set
of advantages and disadvantages, which can affect the way that medication is delivered
to the lungs. Consequently, it is essential to carefully consider the characteristics of each
inhaler before selecting an appropriate device for drug administration [46].

The most commonly used devices for inhalation include pressurized metered-dose
inhalers (PMDIs), which are inhalers that use a metering system to correctly dispense the
desired propellant volume; PMDIs with spacers or valves holding chambers that serve
as aerosol reservoirs and are linked to a pressurized metered-dose inhaler. These devices
are especially beneficial for small children because they require less coordination between
inhaling and dispensing medication. Additionally, there are the breath-actuated pressur-
ized metered-dose inhalers that are activated by the patient’s inhalation, removing the
requirement for hand-to-breath coordination [47]. One of the most essential advantages
of these inhalers is their ability to administer several doses of medication. The dry pow-
der inhalers (DPIs) also spread medication as a powdered substance of respirable-sized
micronised particles. Moreover, there are nebulisers which generate aerosol particles by
either using a high-velocity gas jet of oxygen or air (jet nebuliser) or a rapidly vibrating
piezoelectric crystal (ultrasonic nebuliser) [47]. Soft mist inhalers are types of nebulizers
that are designed to convert liquid medicine into inhalable droplets, similar to handheld
nebulizers and multi-dose devices like metered-dose inhalers and dry powder inhalers [47].

7. Assessment of Drug Deposition, Current Methods, and Accuracy for Assessment of
Deposition of Anticancer Agents

Accurately assessing the distribution of drugs throughout the lungs is crucial when
evaluating their efficacy in treating lung cancer via inhaled chemotherapy [48]. Adminis-
tering the appropriate chemotherapeutic agents at the correct doses, intervals, and disease
locations can lead to better outcomes for patients [49]. Factors such as particle size, den-
sity, shape, velocity, charge, hygroscopicity, and surface properties [50], as well as the
patient’s breathing pattern and respiratory system condition, are all vital factors for effi-
ciently depositing the particles in the lungs [51]. Various methods, including lung imaging
techniques, pharmacokinetic analysis, and direct drug concentration assay in lung tissue,
can be used to assess the deposition of anticancer agents [52]. However, the accuracy
of these methods depends on the types of anticancer agent, delivery system, and target
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tissue. The process of determining the rate of the absorption of inhaled drugs is crucial for
determining their effectiveness [53].

When it comes to assessing the absorption and disposition of inhaled medications
meant for systemic administration, there are different methods that can be used. These
methods include in vivo, in vitro, and ex vivo models. The Andersen cascade impactor is a
commonly used method for determining lung deposition. The next generation impactor
(NGI) is another method that calculates various aerosolization performance parameters
such as mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD),
fine particle fraction (FPF), emitted fraction percent (EF%), and residual fraction percent
(RF%) based on the drug deposition percentage at each step [54]. On the other hand, the
isolated perfused lung (IPL) is an ex vivo technique that involves removing the lungs from
an animal, such as a rodent or guinea pig, and placing them in a synthetic environment.

The advancement of inhaled therapeutics and the exploration of aerosol dynamics have
significantly benefited from in silico techniques, which robust mechanisms for anticipating
deposition within respiratory tracts [55]. Numerous computational strategies, intricate
airway designs, and diverse suppositions related to flow and aerosol mechanics have
been employed in past numerical examinations. An array of in silico techniques exists
for forecasting the aerosol accumulation in the upper respiratory tracts, encompassing
medical imaging-derived airway designs from techniques like computed tomography
(CT) and magnetic resonance imaging (MRI), airflow designs such as Reynolds-averaged
Navier-Stokes (RANS), large eddy simulation (LES), and direct numerical simulation
(DNS), alongside aerosol movement and accumulation models like Lagrangian or Eulerian
methodologies [56].

The in vivo-in vitro correlation (IVIVC) procedure plays a crucial role in pharmaceuti-
cal advancement, linking the deposition of medicines in human lungs to estimates derived
from in vitro physical respiratory designs and in silico computational models. This correla-
tion offers insightful projections concerning a drug’s final destination post-administration
through diverse inhalation aerosol mechanisms. The process of labelling is integral in this
context, necessitating validation to ascertain the radiotracer’s accuracy as a drug marker
prior to the radioactive aerosol’s inhalation by the patient or participant. This entails
quantifying the dosage and particle size distribution of the aerosolized medication and
radiotracer and comparing these findings with the unlabelled drug [57].

Gamma scintigraphy is a widely used method for evaluating lung deposition accuracy
and is often used to quantify whole-lung deposition and oropharyngeal deposition. How-
ever, despite its effectiveness, single-photon emission computed tomography (SPECT) and
positron emission tomography (PET) have a stronger theoretical basis for quantification [58].
The multi-planar information provided by SPECT and PET enables a precise and in-depth
evaluation of the deposited dosage in various lung regions [59]. Overall, the accuracy
of these methods can vary depending on various factors, including the sensitivity and
specificity of the imaging technique, the timing and duration of drug administration, and
the variability in patient anatomy and breathing patterns.

8. Effect of Particle Size and Shape on Their Lung Deposition

As the inhaled particles travel through the respiratory tract, their physical character-
istics including size, shape, and density influence their inertia and, consequently, their
deposition [50,60,61]. This behaviour is largely defined by the particles’ aerodynamic diam-
eters, which correspond to the diameter of a unit-density sphere that achieves the same
velocity in the airstream as the particle in question. Techniques such as light scattering,
laser diffraction, or image analysis can be employed to measure the geometric diameter of
these particles, which can then be translated into their aerodynamic diameters [62].

The deposition of these inhaled particles in the airways occurs primarily through
three mechanisms: inertial impaction, gravitational sedimentation, and diffusion [63,64].
Particles larger than 5 µm generally cannot alter their path within the airflow and tend
to impact and deposit in the upper airways through inertial impaction [65–67]. Particles
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between 1 and 5 µm usually settle in the lower airways (bronchioles and alveoli) through
gravitational sedimentation [68]. Meanwhile, particles smaller than 1 µm often stay sus-
pended in the airstream and are likely to be exhaled without depositing, with diffusion
being their main deposition mechanism [68,69]. Notably, particles smaller than about
500 nm may show increased lung deposition [70–72].

For inhaled chemotherapeutic agents, particles within the aerodynamic diameter range
of 1–5 µm are preferred [73]. The effectiveness of these inhaled formulations is frequently
assessed based on the fine particle fraction (FPF) or fine particle dose (FPD), which refers to
the portion or dose of particles within this size range. Another important metric is the mass
median aerodynamic diameter (MMAD), the diameter below which 50% of the particles
fall, which serves as an indicator of the aerosol characteristics of these formulations [60].
Also, the clearance of the inhaled particles is highly dependent on their size and occurs
through three primary mechanisms: mucociliary clearance, phagocytosis, and systemic
uptake [74].

Mucociliary clearance is the most prominent mechanism in the upper airways [75].
Here, mucus secreted by the ciliated columnar epithelium traps particles, which are then
moved upward by cilia and eventually coughed out or swallowed This method is particu-
larly effective for particles larger than 5 µm [76]. In contrast, smaller particles, which reach
the deeper parts of the lungs, remain there longer as mucociliary clearance is less dominant
in these regions [77,78]. While macrophages are present in the upper airways, their role in
phagocytosis is less pronounced [79].

In the deeper lungs, the clearance mechanisms are more complex and largely de-
pend on the particles’ dissolution characteristics. Slowly dissolving or insoluble particles
can be cleared through a combination of mucociliary clearance, phagocytosis by alveolar
macrophages, and endocytosis [80–82]. Alveolar macrophages predominantly handle the
clearance in the deep lungs, dealing mainly with particles sized between 1 and 5 µm [83].
These macrophages engulf the particles, which are then either digested lysosomally
or expelled through the lymphatic system or via mucociliary clearance [83]. Particles
smaller than 200 nm often evade detection by macrophages due to their size. They can be
quickly taken up by the epithelial cells or translocate to the systemic circulation through
protein/receptor-mediated mechanisms or by endocytosis via alveolar caveolae [84].

Another important aspect affecting the lung drug delivery of inhaled chemotherapy is
the shape of the inhaled agents. The larger the contact areas, such as elongated shapes, the
less effective inhalation is for lung targeting. This is because their shape leads to stronger
van der Waals forces, resulting in a higher tendency for the particles to clump together
or aggregate [85]. This was investigated by a study that compared particles that had
similar sizes but different shapes, including spheres, cubes, plates, needles, and pollen-like
forms. This study aimed to explore how particle shape affects the particles’ movements,
aerosolization, and ability to deposit in the lungs. It was found that particles resembling
pollen were most advantageous for inhalation drug delivery. Compared to the other shapes,
these pollen-like particles demonstrated superior aerosolization, flowability, and deposition
qualities, making them more suitable for this application [86].

The efficacy and safety of inhaled anti-lung cancer treatments depend on the drug
deposition in the lungs. Several factors determine the success of these therapies. The site
of action is critical because the medication targets tumor cells inside the lungs. Therefore,
it is crucial for drug particles to deposit at the target site for therapeutic efficacy. The size
and dispersion of the medication particles determine their deposition in the respiratory
tract. Ideally, the particles should be small enough to reach the deeper areas of the lungs
where cancer cells reside. The aerodynamic properties of the particles significantly impact
their penetration and deposition. Additionally, individual differences in lung function and
physiology can influence inhaled drug deposition patterns. Factors such as respiratory
rate, tidal volume, and airway geometry can alter drug deposition. The appropriate device
selection should be based on the drug and patient’s specific properties and the formulation
of the anti-cancer agent, which influences its deposition in the lungs. Finally, the drug’s
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distribution in the tumor microenvironment is critical and can be affected by factors such
as blood flow, tumor vascularization, and interstitial pressure.

9. Challenges for the Delivery of Inhaled Chemotherapy

Inhaled therapy is a popular method for treating respiratory disorders like asthma,
chronic obstructive pulmonary disease (COPD), and cystic fibrosis. This method delivers
medication straight to the lungs through inhalation. Nevertheless, various challenges come
with inhaled chemotherapy that can affect its safety and effectiveness.

9.1. Uniform Drug Deposition

It is difficult to achieve the homogenous deposition of the chemotherapeutic medi-
cation in the lungs. Inhaled medications may not be distributed equally throughout the
respiratory system, resulting in drug concentration differences at distinct lung areas.

9.2. Patient Variability

Variability in patient anatomy, respiratory rates, and inhalation patterns can all have
an impact on inhaled chemotherapeutic deposition. It is difficult to provide consistent and
effective drug distribution across a heterogeneous patient group.

9.3. Device Design and Performance

Inhalation device design and function are critical for medicine delivery. Issues such as
device blockage, poor aerosolization, or insufficient patient breathing techniques can all
have an impact on inhaled anti-lung-cancer agents’ delivery efficiency.

9.4. Disease-Specific Challenges

Inhaled chemotherapy may bring distinct complications for certain lung conditions. Con-
ditions such as chronic obstructive pulmonary disease (COPD) or cystic fibrosis, for example,
may change lung physiology, which in turn impacts drug deposition and effectiveness.

9.5. Toxicity and Side Effects

Chemotherapy inhalation may induce local irritation or systemic side effects. The
continuous difficulty of designing inhaled chemotherapy formulations involves balancing
therapeutic efficacy with minimizing side effects.

9.6. Drug Stability

Some chemotherapy medications could be affected by environmental conditions such
as temperature and humidity. It is critical to ensure a drug’s stability during storage and
inhalation in order to preserve its effectiveness.

10. Formulation of Anticancer Agents Using Carrier Free Technology

Carrier-free technology is an innovative approach to drug delivery and involves the
direct transportation of the drug to the desired target without the need for any auxiliary
carrier particles. This method has gathered significant attention due to its inherent ability
to enhance therapeutic results while simultaneously reducing potential side effects [87]. In
the area of nanotechnology, there has been a surge of comprehensive research that focuses
on the delivery of anti-cancer drugs. The primary objective of these studies is to strengthen
therapeutic effectiveness while limiting associated toxicities [88–90]. As the medical field
continues to advance, there has been a notable evolution in the formulation of carrier-free
nanodrugs. These nano-drugs are self-assembled using prodrugs, unmodified drugs, or
amphiphilic drug-drug conjugates [91]. Their unique attributes, such as enhanced pharma-
codynamics/pharmacokinetics, diminished toxicity, and superior drug-loading capabilities,
have made carrier-free nanodrugs a focal point for oncological treatments. An essential
area of exploration is the design and application of multi-functional carrier-free nanodrugs,
especially those with potent anti-cancer properties suitable for clinical administration. In

85



Pharmaceutics 2023, 15, 2777 9 of 31

comparison to nanodrugs that utilize inorganic or organic carriers, carrier-free nanodrugs
offer a plethora of advantages. Among those advantages is their impressive drug-carrying
capacities combined with their reduced side effects [92–94]. Their engineered structures
enhance accumulation within tumors [95,96]. Furthermore, the synthesis process of these
carrier-free nanodrugs is both simple and environmentally friendly [95], often avoiding
the use of harmful reagents like organic solvents. These nanodrugs also demonstrate
prolonged retention in the bloodstream as compared to standard anti-cancer drugs [93,94].
This extended retention facilitates the build-up of anti-cancer agents within tumor tissues,
leading to increased absorption by tumor cells [93]. Carrier-free technology stands out as a
groundbreaking advancement in drug delivery, offering a multitude of benefits that are not
present in the traditional carrier-based systems [97].

A variety of techniques have been innovatively developed for the synthesis of carrier-
free nanodrugs. These include methods such as nanoprecipitation, template-assisted nano-
precipitation, thin-film hydration, the spray-drying approach, the supercritical fluid (SCF)
method, and wet media grinding [98]. These techniques have catalyzed the latest break-
throughs in the domain of carrier-free nanodrugs tailored for oncological interventions.
Broadly, these advancements can be segmented into three distinct categories:

1. Self-assembly of a singular anti-cancer drug.
2. Self-assembly of multiple anti-cancer drugs.
3. Self-assembly of anti-cancer drugs in conjunction with other therapeutic agents,

including photosensitizers, photothermal agents, immune reagents, and genetic
materials [99,100].

The formulation of carrier-free nanodrugs often involves the strategic coupling of
two drug entities or the conjugation of functional organic compounds—such as fatty acids,
vitamins, proteins, and photosensitizers—to drug molecules. This is achieved through
the establishment of covalent bonds and/or physical interactions. Such an intricate de-
sign enhances the stability, targeting precision, and therapeutic potency of anti-cancer
medications [101]. In a research study, a unique carrier-free multidrug nanocrystal was
employed for combination chemotherapy. This involved the assembly of three primary
water-insoluble drugs into nanorods, which were subsequently conjugated with PEG to
bolster their environmental stability [96]. Both the in vivo and in vitro assessments re-
vealed that these multidrug nanocrystals exhibited a therapeutic efficacy that was up to
three times superior to that of the unbound drugs, even when administered in equivalent
dosages. Furthermore, they effectively overcame the phenomenon of multidrug resistance.
In another study, distinct formulations of pure nanodrugs were prepared with curcumin
and 10-hydroxycamptothecin, using a variety of solvents and anti-solvents [102]. As per
the documented findings, the synthesis of the nanoparticles from agents like doxorubicin,
ionidamine, and triphenylphosphine had the potential to diminish metabolic energy by
specifically targeting the mitochondria [103]. Notably, these prepared nanoparticles suc-
ceeded in extending the half-life of doxorubicin in the circulatory system to a commendable
3 h [94].

A recent research study has made a significant breakthrough in creating lactose-
free dry powder formulations of two important medicines, fluticasone propionate and
salmeterol xinafoate FP/SX, by utilizing advanced organic solutions and a spray-drying
particle engineering design. These formulations also feature mannitol as an excipient,
which helps in molecular combination. The resultant spray-dried powders exhibit crucial
properties that are essential for the effective administration of the inhaled medication [104].

Two other studies have reported on the development of carrier-free chemo-photodynamic
nanodrugs. In one study, chlorine e6 and doxorubicin molecules self-assembled into
nanoparticles through electrostatic π-π stacking and hydrophobic interactions [95]. The
other study created a carrier-free nanodrug by using curcumin with a donor-acceptor pair
composed of perylene and 5,10,15,20-tetro(4-pyridyl)porphyrin (H2TPyP) as photosensi-
tizers [105]. This allowed for photodynamic therapy and curcumin inhibited cancer cell
growth. The fluorescence state of the curcumin was only activated when it was released
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from the nano-platform, allowing for the self-monitoring of the drug release [94]. Com-
bining more than two different drug types is often necessary to achieve a more effective
therapeutic impact. Optimising the ratios of various chemotherapy drugs in nanodrugs will
increase their efficiency while reducing the likelihood of additional side effects. Recently,
different targeting ligands, such as antibodies, peptides, and specific cell membranes with
a high affinity for cancer cells, have been developed to improve the targeting capability of
carrier-free nanodrugs. To increase the stability and therapeutic effectiveness of carrier-free
nanodrugs, which are somewhat unstable and prone to precipitation and aggregation, it is
essential to incorporate amphiphilic protein, peptide, and nucleic acid preparations with
therapeutic functions as stabilisers. Coating the carrier-free nanodrugs with different cell
membranes is another promising approach for endowing the unprotected nanodrugs with
excellent biocompatibility and biological stabilisation [106].

Two research studies have investigated the formulation of carrier-free chemo-
photodynamic nanodrugs. The first study explored the self-assembly of chlorine e6 and
doxorubicin molecules into nanoparticles. This assembly was facilitated by the intricate
interplay of electrostatic π-π stacking and hydrophobic forces [95]. In a parallel study,
a distinctive carrier-free nanodrug was prepared by combining curcumin with a donor-
acceptor, specifically perylene and 5,10,15,20-tetro(4-pyridyl)porphyrin (H2TPyP), which
acted as photosensitizers [105]. This innovative combination not only enabled photody-
namic therapy but also effectively reduced the proliferation of the cancer cells. Interestingly,
the fluorescence state of the curcumin was exclusively activated upon its release from
the nano-platform, offering a unique mechanism for the real-time monitoring of the drug
dispersion [94]. In cancer therapy, the combination of multiple drug variants is often im-
perative for achieving an enhanced therapeutic outcome. By optimising the proportions of
diverse chemotherapy agents within nanodrugs, one can potentially increase their efficacy
while simultaneously diminishing the risk of supplementary adverse reactions. In recent
times, a plethora of targeting ligands, encompassing antibodies, peptides, and specific
cell membranes with a pronounced affinity for malignant cells, have been innovatively
designed. These advancements aim to augment the targeting precision of carrier-free
nanodrugs. However, it is crucial to acknowledge that carrier-free nanodrugs, in their
native states, exhibit certain limitations such as instability and tendencies for precipitation
and aggregation. To counteract these challenges and improve the stability and therapeutic
efficacy of these nanodrugs, the integration of amphiphilic proteins, peptides, and nucleic
acid formulations with therapeutic attributes has been deemed essential. These components
act as stabilizers, ensuring the robustness of the nanodrugs. Furthermore, enveloping the
carrier-free nanodrugs with diverse cell membranes has emerged as a promising strategy.
This encapsulation not only confers the nanodrugs with superior biocompatibility but also
ensures their biological stabilisation, leading to enhanced therapeutic outcomes [106].

11. Strategies for Drug Targeting of NSCLC

Although various treatment options are available for NSCLC, the survival rate remains
relatively low; therefore, there is a need for new treatment strategies. Figure 1 shows some
examples of the current strategies for targeting NSCLC while Table 1 shows examples of
the current pulmonary-delivered medicines that have been investigated for lung cancer.
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11.1. Active Targeting for NSCLC in Inhaled Therapies

Active targeting is a therapeutic strategy that uses monoclonal antibodies or small-
molecule inhibitors to specifically target the proteins or signaling pathways that are dysreg-
ulated in cancer cells. This technique involves the use of ligands or antibodies to selectively
deliver therapeutic agents to the tumor site. One of the most commonly used approaches
of active targeting is the targeting of overexpressed receptors on cancer cells, such as the
epidermal growth factor receptor (EGFR) or the human epidermal growth factor receptor
2 (HER2). This method has been found to be effective in several cancer types, including
non-small-cell lung cancer (NSCLC).

In NSCLC, targeted therapies have been developed that specifically target these re-
ceptors, including tyrosine kinase inhibitors (TKIs) and monoclonal antibodies (mAbs).
For instance, osimertinib, a third-generation EGFR-TKI, has shown efficacy for treating
NSCLC patients with EGFR mutations [107]. This drug has been found to be particu-
larly effective in patients who have developed resistance to other EGFR-TKIs. Similarly,
Trastuzumab, a mAb that targets HER2, has shown efficacy in NSCLC patients with HER2
overexpression [108]. Other examples of active targeting strategies for NSCLC include the
use of ligands that target tumor-specific antigens, such as folate or transferrin receptors,
or the use of nanoparticles that can selectively deliver therapeutic agents to the tumor
site. These strategies are still in experimental phases and require further research and
development. Active targeting is a promising therapeutic strategy for the treatment of
NSCLC and other cancers. By selectively delivering therapeutic agents to the tumor site,
this technique can minimize the side effects associated with traditional chemotherapy and
improve patient outcomes.

11.1.1. Immune Checkpoint Inhibitors (ICIs)

Immunotherapy has emerged as an effective treatment option for cancer patients.
Immune checkpoint inhibitors (ICIs) are a type of immunotherapy that work by blocking
specific pathways in the immune system. These pathways, known as immune check-
points, are responsible for regulating the immune system’s response against cancer cells.
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One of the most important immune checkpoint pathways is the programmed death
1 (PD-1)/programmed death ligand 1 (PD-L1) pathway. Cancer cells can activate this path-
way to evade detection by the immune system. ICIs such as pembrolizumab, nivolumab,
and atezolizumab target the PD-1/PD-L1 pathway, preventing cancer cells from evading
the immune system [109]. Another important immune checkpoint pathway is the cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) pathway. This pathway regulates the activity
of T cells, which play a crucial role in the immune response against cancer cells. ICIs such
as ipilimumab target the CTLA-4 pathway, enhancing the activity of T cells against cancer
cells. Non-small-cell lung cancer (NSCLC) is one type of cancer that can be treated with
ICIs. These treatments have been shown to be effective in improving the survival rates and
the quality of life for patients with NSCLC. Ongoing research aims to identify new ICIs
and optimize their use in order to further improve outcomes for cancer patients.

11.1.2. Tyrosine Kinase Inhibitors (TKIs)

Non-small-cell lung cancer (NSCLC) is often associated with mutations in receptor
tyrosine kinases, such as EGFR and ALK. Tyrosine kinase inhibitors (TKIs) are a class
of drug that have been developed to specifically target these mutations in the tyrosine
kinase domain of these receptors. TKIs work by obstructing the downstream signaling
pathways that are triggered by these mutations. By doing so, they prevent the cancer cells
from proliferating and cause them to undergo apoptosis, or programmed cell death. This
mechanism makes TKIs a promising treatment option for NSCLC. Several TKIs have been
approved for the treatment of NSCLC, including erlotinib, afatinib, and crizotinib [110].
These drugs have shown significant efficacy in improving the overall survival and the
quality of life of NSCLC patients. However, the choice of TKI may depend on the specific
genetic profile of the tumor and the patient’s overall health condition. Overall, TKIs are
a targeted therapy that offers a promising treatment option for NSCLC patients with
mutations in their receptor tyrosine kinases. With the availability of several approved TKIs
and ongoing research in this field, the future of NSCLC treatment looks more hopeful than
ever before.

11.1.3. Antibody-Drug Conjugates (ADCs)

Antibody-drug conjugates (ADCs) are a type of targeted cancer therapy that combines
an antibody with a cytotoxic medication. The antibody is designed to specifically recognize
and bind to a particular antigen on the surface of the cancer cells. Once the antibody
attaches to the cancer cells, the cytotoxic medicine is released and delivered directly to the
cancer cells, sparing the healthy cells from damage. This targeted approach can potentially
enhance the efficacy of the chemotherapy while reducing its side effects. Rovalpituzumab
tesirine and sacituzumab govitecan are some of the ADCs that are currently being studied
for non-small-cell lung cancer (NSCLC) and have shown promising results in clinical
trials [111].

11.1.4. Personalized Inhaled Medicine Approaches

Individualizing inhaled medicines based on the genetic and molecular profiles of
NSCLC tumors can improve treatment outcomes. Identifying specific mutations or in-
dicators that can be targeted with personalized medicine formulations could be part of
this approach.

11.2. Passive Targeting for NSCLC in Inhaled Therapies

Passive targeting is a method of delivering medicines to a tumor site by taking ad-
vantage of the increased permeability and retention (EPR) effect, which occurs due to the
abnormal blood vessels in the tumor. This approach allows for a higher concentration of
medicine to accumulate in the tumor tissues than in healthy tissues. Some examples of
passive targeting strategies for NSCLC (Non-small-cell lung cancer) are listed below.
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11.2.1. Use of Amorphous Solid Dispersions

Solid dispersions refer to a formulation technique that involves dispersing a drug in a
solid matrix. In this technique, the drug is mixed with an inert carrier molecule, which helps
to reduce the loss of the drug within the inhalation device and minimize the deposition of
the drug in the oropharyngeal area [112].

11.2.2. Use of Nanoparticle Delivery Systems

Non-small-cell lung cancer (NSCLC) is a challenging disease to treat due to its complex
molecular heterogeneity and resistance to conventional therapies. However, nanoparticle-
based drug delivery systems have emerged as promising approaches for combatting
NSCLC. These tiny particles offer numerous advantages, including the ability to selectively
target cancer cells, enhance drug efficacy, and reduce toxicity. Inhalable self-assembled albu-
min nanoparticles conjugated with doxorubicin and octyl aldehyde and adsorbed with the
apoptotic TRAIL protein represent a novel inhalation-based combination therapy method
for the treatment of resistant lung cancer [113]. A study reported that inhaling mesoporous
silica nanoparticles (MSNs) resulted in the preferential concentration of nanoparticles in
mouse lungs, preventing the MSNs’ escape into the systemic circulation and limiting their
accumulation in other organs. The experimental data showed that the proposed DDS meets
the key requirements for effective non-small-cell lung cancer treatment [114].

11.2.3. Lipid-Based Nanoparticle Delivery Systems (LNPs)

Lipid-drug conjugate nanoparticles are a type of drug delivery system that shows
great potential for the targeted delivery of drugs to cancer cells, including NSCLC. These
nanoparticles are composed of a core of drug molecules that are covalently attached to
lipid molecules, forming a protective shell around the drug core. The lipid shells of these
nanoparticles can be designed to be either hydrophilic or hydrophobic, enabling them
to interact with different types of cells and tissues in the body and providing a platform
for efficient drug delivery. The covalent linkage of drugs to lipid molecules allows them
to self-assemble into nanoparticles, which can provideenhanced stability and circulation
times as compared to other lipid nanoparticle formulations. The conjugation of the drugs to
lipids also offers improved biocompatibility, making these nanoparticles safe and effective
drug carriers.

A study found that the NLC was highly effective for the tumor-targeted inhaled de-
livery of anticancer drugs (doxorubicin or paclitaxel) and the delivery of siRNA mixtures
specifically to lung cancer cells, resulting in efficient tumor growth suppression and the
prevention of adverse side effects on healthy organs [115]. This technology has the poten-
tial to revolutionize cancer treatment by enabling targeted drug delivery and improving
treatment outcomes.

11.2.4. Liposomes

Liposomes are small, spherical structures made up of a double layer of phospholipids
that can hold hydrophobic drugs within their core. They consist of one or more layers
of lipid bilayer that encircle an aqueous pocket. Liposomes have been found to accu-
mulate in non-small-cell lung cancer (NSCLC) tumors and can enhance the effectiveness
of chemotherapy drugs in this type of cancer [116]. Several studies have demonstrated
that liposomal formulations of chemotherapy drugs, such as the inhalable liposomal cur-
cumin formulation, represent a promising pulmonary medicine for the treatment of lung
cancer [117]. Another study showed that liposomal nanoparticles loaded with paclitaxel
showed superior antitumor activity against NSCLC in vitro and in vivo as compared to
free paclitaxel [118].

11.2.5. Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are tiny particles made up of solid lipids that are
dispersed in an aqueous solution. They are smaller than liposomes and are known for their
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high stability and biocompatibility. SLNs have shown immense drug delivery potential
for the treatment of non-small-cell lung cancer (NSCLC) due to their ability to improve
drug efficacy and reduce toxicity. Studies have reported that different types of SLNs
have been successful in enhancing the anti-tumor efficacy of drugs used to treat NSCLC.
For instance, paclitaxel-loaded solid lipid nanoparticles (PTX-SLNs) were found to be
effective in improving the anti-tumor efficacy of paclitaxel in lung cancer cells both in vitro
and in a mouse model of NSCLC [119]. Similarly, another study reported the creation
of an erlotinib-loaded solid lipid nanoparticle (ERL-SLNs)-based dry powder inhaler
formulation. The synthesized ETB-SLNs exhibited high anticancer activity in lung cancer
cells [120]. In a different study, findings confirmed that in a mouse inhalation model,
the repeated inhalation exposure to SLN at concentrations lower than a 200-µg deposit
dosage was safe [121]. Dry powder formulations using chitosan-derivative-coated solid
lipid nanoparticles for inhalation have contributed to increased anti-cancer action in folate
receptor-positive lung tumors [122]. According to a different study, epirubicin solid lipid
nanoparticles (EPI-SLNs) could be used as an inhalable delivery strategy for lung cancer
treatment [123].Finally, another study has reported that SLNs are a promising pulmonary
delivery mechanism for enhancing the bioavailability of medicines that are weakly water
soluble, such as naringeninin NSCLC [124].

11.2.6. Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers (NLCs) are a drug delivery system similar to solid lipid
nanoparticles (SLNs) but which have the added benefit of containing a mixture of solid
and liquid lipids. Because of this, NLCs can encapsulate multiple drugs with different
physicochemical properties, making them more versatile for accommodating a wider range
of drugs. NLCs have been shown to improve the solubility and bioavailability of drugs and
enhance their targeting ability. Docetaxel-loaded poloxamer-coated poly (lactic-co-glycolic
acid) (PLGA) NPs were developed for the treatment of NSCLC via the pulmonary route.
When compared to free DTX, these nanoparticles demonstrated greater cytotoxicity and
regulated drug release, indicating improved treatment efficacy [125]. In vivo investigations
demonstrated that the optimised formulation of nano-lipid carriers (NLCs) containing
Paclitaxel (PTX) and Doxorubicin (DOX) exhibited improved retention and drug accumula-
tion in the lungs with no evidence of tissue abnormalities and helped to reduce harmful
effects in non-target tissues. Furthermore, both the cell line and in vivo results revealed that
low-medication doses could be effective in achieving targeted therapeutic outcomes. These
findings support the hypothesis that the pulmonary delivery of chemotherapeutics via an
adequate inhalable nano-lipid carrier could be a promising chemotherapeutic method for
lung cancer [126].

11.2.7. Lipid-Polymer Hybrid Nanoparticles (LPHN)

Hybrid nanoparticles are a combination of lipids and polymers that have the potential
to improve a drug’s loading and release properties. They can overcome biological barriers
and increase therapeutic effectiveness, making them attractive platforms for drug delivery.
These nanoparticles are designed to target non-small-cell lung cancer (NSCLC) by incor-
porating tumor-targeting ligands or antibodies onto their surfaces. This allows them to
selectively bind to tumor cells and deliver drugs directly to the cancerous tissue.

Studies have shown that inhalable hybrid lipid protein nanoparticles nanocomposites
that are dual-targeted can deliver genistein and all-trans retinoic acid for lung cancer
therapy [127]. Aptamer-decorated lipid-polymer hybrid nanoparticles (ALPNPs) have
also been found to have high drug loading capacities and good stability and are efficiently
taken up by lung cancer cells in vitro. Co-delivery of docetaxel prodrug and cisplatin in the
ALPNPs resulted in synergistic cytotoxicity against lung cancer cells compared to either
drug alone. Another study reported that inhalation formulations based on silibinin-loaded
chitosan-coated PLGA/PCL nanoparticles improved cytotoxicity and bioavailability in
lung cancer patients [128].
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11.2.8. Polymeric Nanoparticle Delivery Systems

Polymeric nanoparticles are synthesized using biodegradable polymers such as poly
(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG). These nanoparticles are
capable of encapsulating drugs for targeted delivery, and they can release the drugs in a
controlled and sustained manner. This feature of polymeric nanoparticles makes them an
attractive option for drug delivery in the treatment of lung cancer, especially non-small-cell
lung cancer (NSCLC).

According to a recent study on A549 cells, the afatinib-loaded PLGA nanoparticles dry
powder inhaler had improved penetration and a stronger cytotoxic capability at a lower
IC50 value than the plain afatinib dimaleate solution [129].

11.2.9. Gold Nanoparticle Delivery Systems

Gold nanoparticles are tiny biocompatible particles that can be functionalized with
targeting ligands in order to selectively target cancer cells. They have been used as a
passive targeting strategy for non-small-cell lung cancer (NSCLC), as they can accumulate
in tumors through the EPR effect and can be imaged using computed tomography (CT)
scans [130]. Researchers have developed gold nanocages coated with hyaluronic acid (HA)
for the targeted delivery of docetaxel to the NSCLC cells that overexpress CD44, a receptor
for HA. These nanocages were shown to selectively accumulate in CD44-positive NSCLC
cells and enhance the cytotoxicity of docetaxel. In addition, a multifunctional AuNP-based
nanoplatform was developed for the targeted co-delivery of cisplatin and siRNA to NSCLC
cells. According to the most recent research, inhalation is the best route for delivering gold
nanoparticles to the lung, with high deposition efficiency, good distribution, tissue integrity
preservation, and no evidence of caused inflammation [131].

11.2.10. Use of pH-Sensitive Drug Delivery Systems

A recent study demonstrated that the pulmonary co-delivery of doxorubicin and
siRNA via pH-Sensitive nanoparticles has an improved antitumor activity as compared to
the single delivery method [132]. According to one study, nanoparticles of pH-responsive
PEG-Doxorubicin conjugates were rapidly released at acidic pH. They spread easily in
propellant-based metered-dose inhalers [133].

Overall, pH-sensitive drug delivery systems offer a promising approach for targeted
drug delivery to tumors, including NSCLC. These systems can be tailored to respond to the
unique properties of a tumor’s microenvironment, such as its acidic pH, and can deliver
drugs with increased efficacy and reduced toxicity.

Table 1. Examples of current pulmonary-delivered medicines and repurposed medicines investigated
for lung cancer.

API Type Formulation Type Delivery Method Reference

Azacitidine Solution Aerosol, Nebulizer [134]

Azacitidine Solution/Dry powder Aerosol, Nebulizer/Dry
powder, nose-only inhalation [135]

Bevacizumab Dry powder Aerosol, nasal inhalation [136]

2-ME
2-methoxyestradiol

Nanocomposites and
nanoaggregates Intratrchial insufflation [137]

5-Fluorouracil Lipid coated nanoparticles Inhalation Aerosol, Nebulizer [138,139]

Epirubicin Solid Lipid Nanoparticles
(SLNs) Inhalation Aerosol, Nebulizer [123]

9-Nitrocampthotecin Liposome Inhalation Aerosol, Nebulizer [140–142]
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Table 1. Cont.

API Type Formulation Type Delivery Method Reference

Afatinib & paclitaxel Lipid-based nanocarriers

In vitro: Turbospin (single
dose powder inhaler device).

In vivo: Dry powder
insufflator—Lipid-based

nanocarriers

[129,143]

Camptothecin Aerosolized liposomal
Camptothecin Inhalation Aerosol, Nebulizer [144]

Carboplatin Solution Inhalation Aerosol, Nebulizer [145]

Doxorubicin
Celecoxib

Liposomes, EGF-modified
gelatine nanoparticles, PLGA

microparticles, drug
conjugates

Inhalation, Aerosol, pMDI [114,146–151]

Lipid-based nanocarriers Inexpose™ nebulizer
Nanolipidcarriers [152]

Celecoxib & Docetaxel Solution Inhalation Aerosol, MDI [153,154]

Cisplatin SLIT: Lipid vesicles Inhalation Aerosol, nebulizer [155]

Cisplatin loaded
EGF-modified GP Gelatin nanoparticle Endotrachial installation [156]

CpG & Poly I:C Liposomal formulations Intratracheal instillation [157]

Curcumin

Nanocomposites and
nanoaggregates

In vitro: Aerosol using
cascade impactors [158]

Liposomal formulations Intratracheal instillation [159]
Liposomal formulations IntratrachialInsufflator [117]

Curcuminoids Lipid-based nanocarriers Aerosol, Side stream jet
nebulizer [160]

Methotroxate HFA-based Microparticles Aerosol, Metered Dose Inhaler [161]

Docetaxel Liposomal formulations Intratracheal administration [116]

Docetaxel Lipid-based nanoemulsion OMRON MicroAIR nebulize [162]

Docetaxel Nanoparticles DPI [125]

Docetaxel and Curcumin Nanoemulsion In vitro: Aerosol, Anderson
cascade impactor [163]

Doxorubicin

Poly(butyl cyanoacrylate)
nanoparticles Aerosol, DPI [164]

Effervescent nanoparticles Intratrachial insufflator [165]
Highly porus large PLGA

microparticles Inhalation [28,133,144,166–170]

Liposomal formulations Intratracheal administration
using microsprayer [171]

Solution (0.4 to 9.4 mg/m2) Aerosol, Nebulizer [172]

Liposomal formulations Aerosol, One-jet Collison
nebulizer [173]

Doxorubicin & ASO, or siRNA
LHRH receptor-targeted

mesoporous silica
nanoparticles

Inhalation [114,132]

Doxorubicin and paclitaxel Lipid-based nanocarriers
Collision nebulizer connected

to nose-only exposure
chamber

[115,126]

Epirubicin Solid lipid nanoparticles Aerosol, nebulizer [123]

Erlotinib Microparticles Aerosol, DPI [120]
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Table 1. Cont.

API Type Formulation Type Delivery Method Reference

Gefitinib Lipid-based nanocarriers Intratracheal installation [174]

Cisplatin EGF-modified Gelatin
Nanoparticles (LNPs) Aerosol, nebulizer [27]

Gemcitabine & cisplatin Niosomes Aerosol, nebulizer [175]

Gemcitabine Solution Aerosol, nebulizer [176–178]

Retinoic acid and and
genistein Nanoparticles DPI [127]

Gemcitabine-HCl Liposomal formulations Intratracheal/Insufflator
(Aerosol) [179]

HC & 5-Amino levulinic acid Cationic Liposomal
nanoparticles Endotrachial installation [180]

Hyaluronan (HA)-cisplatin
conjugates Drug conjugates Endotrachial installation [181]

IL-2 Liposomes Aerosol, nebulizer [181]

Doxorubicin Solution Aerosol, nebulizer [113]

Cyclosporin A and paclitaxel Liposomes Aerosol nebulizer [182]

Doxorubicin Self-assembled albumin
nanoparticles Aerosol, nebulizer [113]

Anti-carbonic anhydrase IX
(CA IX) antibody, conjugated
to the surface of triptolide
(TPL)

Liposomes Aerosol [118]

9-Bromo-noscapine Lipid-based nanocarriers Inhalation by indigenously
developed apparatus [183]

Myricetin Nanoencapsulated
Phospholipid Complex

In vitro: Aerosol using
Aerolizer connected to

Anderson Cascade Impigner
[184]

Silibinin Nanoparticles Inhalation, DPI [128]

Nitro-camptothecin Liposomes Aerosol, nebulizer [185–187]

Oridonin DLPC liposome Aerosol jet nebulizer [188]

Paclitaxel

Liposomes Aerosol, nebulizer [168]
Lung surfactant mimetic and

pH-responsive lipid
nanovesicles

Inhalation [139]

Chitosan-coated folate-PEG
nanoparticles

Endotracheal administration,
Micro Sprayer Aerosolizer

IA-1C
[119]

Lipid-based nanocarriers DP insufflator [189]
Lipid-based nanocarriers Aerosol, Collison nebulizer [190]

SLN- solid lipid nanoparticle DPI- dry powder inhaler [122]

Phospho-sulindac Liposome Aerosol, nebulizer [191]

Quercetin Lipid-based nanocarriers OMRON MicroAIR nebulizer [192–194]

Naringenin SLN Intratracheal instillation [124]

Resveratrol Nanocomposites and
nanoaggregates Inhalation [195]

siRNA DOTAP-modified PLGA
nanoparticles

In vitro: aerosol generated by
small scale powder disperser [196]

Sorafenib Tosylate Liposomal formulations In vitro: DPI, Revolizer device [197]
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Table 1. Cont.

API Type Formulation Type Delivery Method Reference

TAS-103 PLGA Nanocomposites and
nanoaggregates DPI, insufflator [198]

Temozolomide

Liposomal formulations
Intratracheal administration

using Microsprayer
IA-1C system

[199]

Nanocomposites and
nanoaggregates In vitro: DPI, AxahalerTM [200]

Liposomal formulations
Micro sprayer Aerosolizer
Pulmonary Aerosol Kit for
Mouse Model PAK-MSA

[201]

Amodiaquine Nanoparticles Inhalation, aerosol [202]

Pioglitazone Powder Inhalation, aerosol [203]

Telmisartan Nanoparticles Intratumoral distribution [204]

Amodiaquine Inhalable nanoparticulate
system Inhalation, nebulizer [202]

Bexarotene (Targretin) &
budesonide Powders Inhalation, aerosol, turbuhaler [205–207]

Itraconazole
Dry powder for inhalation

In vitro: Cyclohaler™ Dry
Powder Inhaler, twin stage

impigner apparatus.
[208]

Dry powder for inhalation Inhalation Aerosol, DPI [209]
Solid dispersion Inhalation Aerosol, DPI [210]

Fisetin Dry powder Aerosol, DPI [211]

Isotretinoin Powder Aerosol [212]

Metformin Sterosomes Aerosol, nebulizer [213]

Pirfenidone Liposome
Microsprayer® Aerosolizer
Pulmonary Aerosol-Kit for

Mouse
[214]

The pioneering work by Cory et al. in exploring the various delivery systems for
5-fluorouracil (5-FU) has significantly contributed to lung cancer therapy. Their investiga-
tion into liposomes, microspheres, and lipid-coated nanoparticles (LNPs) has provided
crucial insights. In particular, the varying release times, with liposomes releasing 5-FU
within 4–10 h and microspheres composed of poly-(lactide-co-glycolide) (PLGA) and
poly-(lactide-co-caprolactone) (PLCL), showed slower release rates and demonstrated the
potential for customizable delivery durations. This is crucial for tailoring treatments to
specific patient needs [138].

Building on this context, another study by Cory et al. examined the inhalation delivery
of 5-FU in LNPs using a hamster model. The research highlighted the distribution and
concentration of 5-FU in different tissues post-inhalation, revealing initial high concentra-
tions in the trachea, larynx, and esophagus, and comparatively lower levels in the lung.
This distribution pattern underlines the feasibility of LNPs for lung cancer chemotherapy
through inhalation [139].

Bart et al.’s study on aerosolized SLIT cisplatin in lung carcinoma patients further
supports this potential. The treatment was well-received, showing minimal systemic
toxicity and manageable side effects, which were predominantly gastrointestinal and
respiratory. The pharmacokinetic analysis revealed low plasma platinum levels, which
were indicative of effective local delivery, bolstering the case for aerosolized SLIT cisplatin
as a viable lung cancer treatment [155].
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Similarly, Zhang et al.’s investigation into liposomal gefitinib dry powder inhalers
(LGDs) for non-small-cell lung cancer (NSCLC) treatment aligns with these findings. The
LDGs’ rapid absorption from the lung, their higher concentration and retention as compared
to oral administration, and their reduced inflammatory response and potential for lung
injury, all point to the superiority of this method for NSCLC treatment [174].

In a parallel vein, Kim et al. focus on doxorubicin-loaded PLGA microparticles (Dox
PLGA MPs), revealing their high encapsulation efficiency and effective aerosolization
characteristics. After pulmonary administration, these MPs demonstrated prolonged lung
retention and significant in vitro cytotoxicity against melanoma cells. The resulting smaller
tumor sizes in a melanoma metastasis mouse model illustrate the potential of Dox PLGA
MPs for long-term inhalation therapy in lung cancer [147].

In the area of in vivo activity, Koshkina and Kleinerman investigated the efficacy of
aerosolized gemcitabine for treating osteosarcoma lung metastases. Aerosol GCB’s superi-
ority over intraperitoneal administration in inhibiting lung metastases growth, coupled
with its non-toxic profile, showcases its potential as an effective treatment modality [176].
The authors in other studies evaluated the aerosolized paclitaxel (PTX) in liposomal for-
mulations, which similarly demonstrated a significant reduction in lung tumour burdens
and enhanced survival rates in a murine model of renal carcinoma with pulmonary metas-
tases [168]. Shepard et al. contributed to this growing body of research by developing
a dry powder pulmonary formulation of bevacizumab, a monoclonal antibody used in
NSCLC treatment. This formulation’s suitability for deep lung delivery, coupled with the
maintenance of bevacizumab’s anti-VEGF bioactivity and its efficacy at lower doses than
intravenous controls in a rat NSCLC model, underscores the potential of such innovative
formulations [136].

The development of an inhalable, stable dry powder formulation of 5-azacytidine
(5AZA), an epigenetic therapy drug by Kuehl et al., further exemplifies this trend. The
formulation’s superior pharmacokinetics and its effectiveness in reducing the tumour
burden in an orthotopic rat lung cancer model, demonstrates its ability to reprogram the
cancer genome and marks a significant advancement in lung cancer treatment [135].

The study on phospho-sulindac, a derivative of sulindac with anticancer activity, ad-
dresses the challenges of metabolic stability that limit its use in systemic therapy. The
aerosolized form of phospho-sulindac, developed to overcome first-pass metabolism,
showed high levels of the intact drug in the lungs and significantly inhibited lung tu-
morigenesis. This method not only improved the survival of mice bearing orthotopic A549
xenografts but also minimized hydrolysis to less active metabolites [191].

Based on combination therapy, a study by Koshkina et al. examined the co-delivery of
cyclosporine A paclitaxel via liposomal aerosol in a Renca-lung-metastases mouse model.
The combination yielded favorable effects on tumor growth, although weight loss in the
treated mice suggested potential toxicity in need of management. However, no significant
toxicity was observed histopathologically [182].

In the clinical setting, Zarogoulidis et al. explored inhaled chemotherapy as an al-
ternative for NSCLC treatment. Patients receiving a combination of intravenous and
inhaled carboplatin showed a significant increase in survival rates, suggesting the efficacy
of inhaled carboplatin as an alternative pulmonary drug delivery method [145].

12. Use of Repurposed Inhaled Anticancer Agents for Targeting NSCLC

Over the past few years, there has been a growing interest in repurposing inhaled
anticancer agents for the treatment of non-small-cell lung cancer (NSCLC). Several inhaled
anticancer agents have shown promise in targeting NSCLC, as indicated in Table 1. For
instance, paclitaxel, a drug that stabilizes microtubules and inhibits cell division, has
been found to be effective when inhaled using a nebulizer in the preclinical models of
NSCLC [215]. In a phase II clinical trial, the combination of paclitaxel and carboplatin
was linked with significant survival rates and moderate toxicity in fit, older patients with
advanced NSCLC [216]. Another potential candidate for being repurposed as an anti-cancer
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therapy is amodiaquine, a drug that is commonly used to treat malaria. In pre-clinical
studies, amodiaquine was shown to have anti-cancer properties, especially for NSCLC [202].
The drug has been found to inhibit the growth of cancer cells and induce cell death in vitro.
Further studies are needed to evaluate its efficacy in treating NSCLC in vivo. Liposomal
cisplatin is another inhaled anticancer agent that has shown promise for treating NSCLC.
Cisplatin is a chemotherapy drug that can effectively kill cancer cells, but its use is limited
due to its toxic side effects. Liposomal cisplatin is a reformulated version of cisplatin, which
is encapsulated in a liposomal carrier to reduce its toxicity.

Several examples of repurposed drugs that are used to target NSCLC are listed in
Table 1. These drugs have been approved for other indications and are being repurposed
for NSCLC treatment based on their potential anticancer properties. Repurposing these
drugs can provide a faster and more cost-effective approach to drug development, as these
drugs have already undergone safety and efficacy testing for their original indications. The
pulmonary route appears to be a viable strategy for reducing the significant systemic toxicity
associated with chemotherapy. In phase I, Ib/IIa, and II clinical trials, inhaled chemotherapy
was shown to be both practical and safe. Inhalation permits strong therapeutic doses to
be delivered directly to lung tumours without prior distribution in the body. As a result,
any severe systemic toxicities are decreased [217]. A recent review showed that as a local
treatment, inhaled cytotoxic chemotherapy is a potential therapy for bridging the gap
between local and broad systemic treatments. It could concentrate the dose in the lungs and
gradually disperse it into the blood and lymph systems, which are the primary pathways
for cancer invasion [218].

With the introduction of repurposed and targeted medications that offer greater
therapeutic alternatives, non-small-cell lung cancer (NSCLC) treatment has witnessed
tremendous breakthroughs. It can be seen from previous research that several medications
have been tested for their anticancer activities such as, but not limited to, amodiaquine
inhalable nanoparticles, which were successfully formulated and optimised by employ-
ing a systematic strategy of experiment design via a scalable high-pressure homogeniza-
tion (HPH) approach [202]. Another study claimed that pioglitazone aerosol could be a
beneficial drug for regional lung cancer prevention, and may even be used with other
medicines to create a combination chemoprevention (e.g., retinoids, biguanides such as
metformin, etc.) [203]. Since 1968, the inhalation of cytotoxic chemotherapy has been the
focus of various research studies, although only a few clinical trials have been conducted
so far [142,145,155,172,178,219–221] (Table 2). These trials have revealed that inhalation can
result in lower or minimal systemic side effects, offering an improved pharmacokinetic pro-
file. However, a major challenge in these trials is the exclusive use of nebulizers, including
jet, ultrasonic wave, and vibrating mesh types, to administer the chemotherapy. Typically
delivered via intravenous perfusion, these nebulizers aim to convert the chemotherapy
solution into fine droplets smaller than 5 µm for direct lung inhalation. However, a signifi-
cant portion of the aerosol is lost during the nebulization, affecting the effectiveness of this
delivery method [222–224].

Cytotoxic chemotherapy comprises hazardous drugs, necessitating extensive protec-
tive measures for healthcare personnel to minimize the exposure risks [225]. Achieving
effective lung deposition might require large drug doses administered over extended peri-
ods through nebulization, which raises health concerns [155]. Additionally, the infusion
of certain cytotoxic drugs, which make up about 10–30% of lung cancer chemotherapies,
can cause pulmonary toxicities, leading to clinician hesitancy in using this treatment ap-
proach [226].

Technological and pharmaceutical advancements offer new possibilities for inhaled
cytotoxic chemotherapy, contingent upon addressing key clinical and technological factors.
The administration time for aerosolized drugs varies based on dose and concentration,
and the efficiency of nebulizers in depositing the drug in the lungs also differs. For
example, a jet-nebulizer delivered only 10–15% of a radiolabelled CIS dose to the lungs,
whereas a vibrating mesh nebulizer achieved 43% lung deposition with a radiolabelled
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gemcitabine solution. This low efficiency imposes a critical limitation on delivering effective
treatment [178,219]. Additionally, the pressure generated by the nebulizer, which influences
the rate of nebulization (up to 0.3 mL/min), also impacts how quickly and efficiently the
drug is delivered to the patient’s lungs and plays a significant role in the overall success of
the therapy [155].

Table 2. Clinical studies investigating the safety and efficacy of inhaled chemotherapy for NSCLC.

Drug Phase Device,
Formulation

Patient
Status (n)

Deposition
in the Lung

Local Dose
Limiting
Toxicity

Severe
Systemic
Toxicity

Disease
Response

(n)
Reference

Azacitidine Phase 1/2

Aerosol,
Nebu-

lizer/Dry
powder,

nose-only
inhalation

Local and
metastatic

lung cancer

Direct
deposition

into the
bronchi and

lung

No
pulmonary

toxicity

Pale skin,
shortness of
breath, fast
heartbeat,
chest pain,

cough,
unusual

bruising or
bleeding

(29%) of
patients had

stable
disease with
one partial,

and one
complete
response

[134,135]

5-FU Pilot
Wave

nebulizer, iv
solution

Lung cancer
[222], lung
metastasis

[223]

5–15 times
more

concentrated
in tumor

compared to
lung tissues

None None

Complete
response

[142], Partial
response

[219],
progressive
disease [219]

[172]

9-nitro-
camptothecin I

Jet nebulizer,
liposome

dispersion

Lung cancer
and lung

metastases
[70]

4–10 time
more

concentrated
in the bron-
choalveolar

lavage
compared to

serum

Grade 2:
cough,

bronchial
irritation
Grade 3:

Chemical
pharyngitis

Grade 2:
nausea,

vomiting,
anaemia,

neutropenia

Partial
response

[155], stable
disease [155]

[142]

Cisplatin

I

Jet nebulizer,
liposome

dispersion

Advanced
NSCLC [61],
SCLC [172]

10–15% (radi-
olabelled
solution)

Grade 3:
Bronchitis,
dyspnea,

decreased
lung

function

Grade 3:
Fatigue
Grade 4:

thrombosis

Stable
disease [225],
progressive
disease [219]

[155]

Ib/IIa
Osteosarcoma

with lung
metastases

[64]
N/A Grade 2:

Hoarseness
Grade 3:
Nausea,

vomiting

Partial
response

[172], stable
disease [178],
progressive
disease [145]

[219]

Doxorubicin I Jet nebulizer,
solution

Lung
metastases:

[221]
sarcoma [64],

Osteosar-
coma [219],

NSCLC [61],
colorectal

[221],
thyroid [155],

Miscella-
neous
[221]

Correct
deposition in
the lung (ra-
diolabelled

solution)

Grade 2:
Cough,

wheezing,
dyspnea
Grade 3:
Hypoxia
Grade 4:

Respiratory
distress,
dyspnea

No Grade
3/4 toxicity

observed

Partial
response

[172], stable
disease [145],
progressive
disease [142]

[221]

Doxorubicin
(inhaled) +

cisplatin (iv)
and

docetaxel
(iv)

I/II Jet nebulizer,
solution

Advanced
NSCLC [227] N/A

Grade 3–4:
Cough,

decrease in
pulmonary

function test

Grade 3–4:
Constipation,

hypona-
tremia,

neutropenia

No
significant
improve in

survival,
most

patients had
stable

disease

[221]

Gemcitabine I
Mesh

nebulizer, iv
solution

NSCLC [224]
42 ± 16%
(homoge-

nous
deposition)

Grade 2–3:
Cough

Grade 4:
bronchospasm

Grade 3:
Fatigue,

vomiting

Minor
response

[172], stable
disease [219],
progressive
disease [219]

[178]
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Table 2. Cont.

Drug Phase Device,
Formulation

Patient
Status (n)

Deposition
in the Lung

Local Dose
Limiting
Toxicity

Severe
Systemic
Toxicity

Disease
Response

(n)
Reference

Carboplatin I/II Jet nebulizer,
solution

NSCLC
[145]

Deposition
in lung

parenchyma
(radiola-
belled

solution)

Grade 2–3
Cough

Grade 3:
Dyspnea,

hoarseness

Grade 3:
Fatigue,
alopecia,

rash,
anorexia,
anemia,

neutropenia,
pharyngitis,

mucositis
Grade 4:
anorexia,

neutropenia

No
significant
improve in

survival,
most

patients had
progressive

disease

[145]

13. Conclusions

This review provides an in-depth analysis of the different drug delivery systems for
the lungs that have been developed to address non-small cell lung cancer (NSCLC). It
begins by explaining the anatomy and physiology of the respiratory system, highlighting
the essential roles of both the upper and lower tracts in facilitating efficient drug delivery.
This article also discusses various inhalation devices ranging from pressurized petered-dose
inhalers, dry powder inhalers, nebulizers, and soft mist inhalers, underscoring the range of
options available and their unique advantages in delivering therapeutic agents to specific
lung regions. The success of each treatment is determined by several factors such as the
inhalation technique, the disease state, and the adherence to prescribed regimens. The
article also explores the use of carrier-free nanodrugs, which offer a green and straightfor-
ward synthesis technique that holds promise for longer drug retention and reduced side
effects. Targeting strategies for NSCLC have also advanced significantly in recent years, in-
cluding active targeting techniques that leverage monoclonal antibodies or small molecule
inhibitors that promise enhanced specificity. Passive targeting mechanisms, such as gold
nanoparticles, have potential for tumor accumulation and imaging capabilities and also
hold promise for NSCLC treatment. Collectively, these diverse innovations, when harmo-
niously integrated, have the potential to dramatically transform the therapeutic landscape
for NSCLC, heralding a future with more effective, tailored, and patient-centric treatments.
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Chapter Summary:  

 

In this chapter, the current literature on pulmonary drug delivery for treating lung 

diseases is reviewed. Pulmonary delivery offers benefits over traditional methods, such 

as non-invasive administration, localized delivery, low enzymatic activity, reduced drug 

degradation, higher patient compliance, and avoidance of first-pass metabolism. The 

focus is on inhalable nanocarrier powders, particularly lipid nanoparticle formulations 

like solid-lipid and nanostructured-lipid carriers, which offer deep lung deposition and 

controlled drug release. Spray drying is highlighted as a viable technique for producing 

these powders. Additionally, the chapter discusses dry powder inhalers (DPIs) for 

pulmonary delivery and the applications of SLN and NLC powders in treating chronic 

lung conditions. 
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Abstract: Lung diseases have received great attention in the past years because they contribute ap-
proximately one-third of the total global mortality. Pulmonary drug delivery is regarded as one of 
the most appealing routes to treat lung diseases. It addresses numerous drawbacks linked to tradi-
tional dosage forms. It presents notable features, such as, for example, a non-invasive route, local-
ized lung drug delivery, low enzymatic activity, low drug degradation, higher patient compliance, 
and avoiding first-pass metabolism. Therefore, the pulmonary route is commonly explored for de-
livering drugs both locally and systemically. Inhalable nanocarrier powders, especially, lipid nano-
particle formulations, including solid-lipid and nanostructured-lipid nanocarriers, are attracting 
considerable interest in addressing respiratory diseases thanks to their significant advantages, in-
cluding deep lung deposition, biocompatibility, biodegradability, mucoadhesion, and controlled 
drug released. Spray drying is a scalable, fast, and commercially viable technique to produce nano-
lipid powders. This review highlights the ideal criteria for inhalable spray-dried SLN and NLC 
powders for the pulmonary administration route. Additionally, the most promising inhalation de-
vices, known as dry powder inhalers (DPIs) for the pulmonary delivery of nanolipid powder-based 
medications, and pulmonary applications of SLN and NLC powders for treating chronic lung con-
ditions, are considered. 

Keywords: lung diseases; pulmonary drug route; inhalable lipid nanoparticles; spray drying  
technique; dry powder inhaler 
 

1. Introduction 
The lung is an attractive target for drug delivery due to its large surface area, which 

is about 75–140 m2, and a relatively low enzymatic controlled environment for systemic 
absorption of medications [1]. The lungs, located in the thoracic cavity, consist of major 
structures, such as bronchi, bronchioles, alveoli, and blood vessels (Figure 1). The airway 
passages serve to transport air in and out of the lungs while exchanging both O2 and CO2 
with the bloodstream, which is the main responsibility of the alveoli. Additionally, un-
derstanding their anatomy is vital in comprehending respiratory functions, diseases, and 
treatments [2,3]. 

The lungs have evolved protection mechanisms to prevent the invasion of unwanted 
airborne particles from invading the body, as they are a major port of entry. Despite their 
protective mechanisms, the lungs are consistently exposed to a range of stress factors, 
including chemical, microbial, and physical influences throughout life. Inhalation of var-
ious harmful toxins and microorganisms leads to the development of lung diseases. Lung 
diseases, including lung cancer, asthma, mycobacterium-based tuberculosis, COPD, and 
cystic fibrosis, are diseases that target the various regions of the lungs, particularly the 
airways [4–6]. Chronic inflammation typically elevates the susceptibility to debilitating 
lung conditions. 
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They pose significant public health challenges and burden healthcare systems con-
siderably. Morbidity rates for these conditions have seen a sharp increase. As per the re-
ported list by the WHO regarding the top ten reasons for mortality globally, four of them 
are attributed to lung diseases: lower respiratory conditions, COPD, lung cancer, and TB. 
They accounted for approximately one-third (31.35%) of the total global deaths [7]. Addi-
tionally, chronic lung diseases in the United Kingdom contribute to 24% of mortality cases 
[8]. A 2017 Global Burden of Disease Study identified that 545 million people suffer from 
chronic respiratory conditions globally [9].  

COPD and asthma, among all inflammatory diseases, collectively impact millions of 
individuals globally. Chronic inflammatory ailments result from prolonged inflammatory 
processes caused by numerous heightened expressed genes associated with inflammation 
[4]. While a range of pharmacotherapeutic strategies, including antibiotics, peptides, and 
genetic therapy, such as siRNA and DNA, are utilized for treating lung diseases, these ap-
proaches provide relief from symptoms rather than achieving full disease eradication [10].  

This review focuses on the development of inhalable lipid nanoparticle powders, 
which are fabricated using a spray dryer for pulmonary administration by using the most 
promising powder-medication-based inhalation device, known as dry powder inhalers 
(DPIs). Furthermore, it presents recent progress made in the pulmonary applications of 
SLN and NLC powders for the treatment of chronic lung diseases. 

 
Figure 1. Schematic illustration of the respiratory system. 

2. Pulmonary Drug Delivery and Use of Nanocarriers 
The pulmonary drug administration route, involving direct inhalation of drugs into 

the lungs, is highly effective for drug delivery, particularly for treating lung diseases. It 
rapidly concentrates medication at the target site while minimizing systemic drug levels. 
Compared to traditional delivery methods, it offers distinct advantages (Figure 2), such 
as the lungs’ large surface area, a non-invasive route, high epithelial permeability, tar-
geted drug delivery, reduced enzymatic activity, minimal degradation, improved patient 
compliance, and bypassing first-pass metabolism, resulting in an immediate therapeutic 
response [11,12].  
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In addition to the extensive surface area of the lung, the alveolar region also benefits 
from a robust blood supply and a permeable membrane (0.2–0.7 µm), facilitating quick 
absorption. This strategy guarantees the swift and successful delivery of drugs to their 
intended site of action [11,13]. 

As a result, pulmonary delivery is gaining traction not only for treating airway dis-
eases locally but also for administering drugs systemically, particularly for poorly water-
soluble medications with limited bioavailability through alternative routes, such as oral 
administration [14].  

For the localized management of airway diseases, pulmonary administration distin-
guishes itself by directly reaching the lung epithelium. This results in a swift onset of ac-
tion and reduces the required dosage compared to traditional administration methods, 
like oral delivery [15,16]. 

To optimize the efficiency of respiratory delivery, it is essential to employ a well-
suited drug formulation possessing suitable physicochemical properties. Nanotechnology 
is attracting considerable interest in addressing respiratory conditions. The development 
and application of nanocarriers hold great potential for enhancing the human quality of 
life. Nanomedicine entails the pharmaceutical application of nanotechnology to enhance 
patient healthcare [17]. Nanocarriers for pulmonary application have garnered significant 
attention over the past two decades because they must meet several criteria, including 
biocompatibility and biodegradability, adequate drug capacity, shielding the degradation 
of the drug, and good aerosolized stability. 

 
Figure 2. Benefits of the pulmonary drug delivery route. 

Various nanocarriers, including SLNs, SLMs, liposomes, pro liposomes, polymeric 
NPs, polymeric MPs, and polymeric-coated NPs, have been explored in recent decades. 
Emerging therapies encompass inhalable nanocarriers designed to target inflammatory 
receptors at the early stages of infection. This approach holds promise as an ideal strategy 
for preventing disease progression and tissue damage. Recent research indicates that lipid 
NPs can meet these requirements, revealing their availability for the pulmonary admin-
istration route. 

Interest in SLN and NLC as substitutes for other nanocarriers, such as liposomes, 
nanoemulsions, and polymeric-based nanoparticles, is growing, not only for pulmonary 
administration but also for other drug administration routes, including ocular, oral, 
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dermal, and parenteral routes [18–22]. This has included, for instance, the approval of 
PulmoSphere™ technology used in products like Pulmozyme® and TOBI® Podhaler™, 
which utilize liposomal formulations for pulmonary delivery to treat conditions like cystic 
fibrosis. These products demonstrate the clinical viability and effectiveness of nanoparti-
cle-based inhalation therapies in enhancing drug delivery to the lungs, thus improving 
patient compliance and reducing systemic side effects. 

Furthermore, the successful application of liposomal amikacin (Arikayce®) for the 
treatment of lung infections associated with cystic fibrosis and non-tuberculous mycobac-
terial infections further underscores the potential of lipid-based nanoparticles in pulmo-
nary applications. These examples showcase their prospective transformative impact on 
pulmonary drug delivery systems. 

3. Lung Surfactant and Impact on Pulmonary Drug Delivery 
Lung surfactant is composed of a blend of lipids and proteins situated in the alveolar 

lining of the lungs. Its function involves reducing surface tension by creating a singular 
layer at the interface between alveolar air and the liquid. Additionally, lung surfactant 
plays a crucial role in enhancing the effective dispersion of inhaled drugs delivered to the lung 
throughout the mucus surface, and it improves the transport of aerosol among different lung 
regions, leading to more uniform drug distribution across the deeper lung areas [23]. 

Interestingly, inhaled drugs must initially penetrate the lung surfactant layer to reach 
the underlying tissue. Therefore, the presence of the surfactant layer affects drug deposi-
tion within the lungs in several ways, including diffusion limitation, drug particle size, 
and extended residence time [24]. In the former, the surfactant layer may serve as a barrier, 
impeding drugs from accessing the deeper tissues. Consequently, this could result in de-
creased drug concentrations in the lungs and reduced treatment efficacy. In the case of the 
drug particle size factor, notably, the size of drug particles influences how deeply they are 
deposited within the lungs. For example, large particle sizes could get trapped on the sur-
face of the surfactant layer, thus restricting their penetration; conversely, small particles 
may bypass the layer and reach deeper regions of the lungs. In the latter case, the surfac-
tant layer can extend the duration of drugs within the lungs. This is advantageous for 
drugs that are quickly expelled, as it enables prolonged exposure to the lung tissue, 
thereby increasing their effectiveness. 

4. Inhalation of Nanolipid Powders for Pulmonary Drug Delivery 
4.1. Lipid Nanoparticles 

Lipid-based nanoparticles are vehicles for small molecule delivery, and, in the con-
text of this review, they are used for pulmonary drug delivery. They are spherical-shaped 
vesicles comprised of ionizable lipids. These lipids, at low pH, carry a positive charge, 
whereas at physiological pH, they remain neutral, which helps to reduce potential toxic 
side effects. Due to their small, spherical size, these nanoparticles can deliver drugs into 
cells via endocytosis and release the cargo into the cytoplasm [25]. Lipid-based drug de-
livery is a growing area of interest due to its ability to overcome barriers faced by present 
conventional formulations. They are seen as a suitable replacement for other polymer NPs 
due to the biocompatible nature of lipids in the body [26]. 

The initial drug dosage integrating lipid-soluble drugs into droplet-based lipids 
emerged in the 1960s as the parenteral fat emulsion. Today, this formulation is extensively 
utilized for the parenteral administration of poorly water-soluble drugs, such as propofol 
or diazepam [27]. During the 1990s, three research teams, namely, Müller [28], Gasco [29], and 
Westesen et al. [30], pioneered the first generation of lipid nanoparticles, known as SLNs. 

The solid lipid nanoparticle (abbreviated to SLN) category is the first generation of 
nanolipid carriers. Also referred to as colloidal carriers, SLNs have been developed as an 
alternative nanocarrier group to preexisting others, such as, for instance, emulsion-, lipo-
some-, and polymer-based NPs. SLNs are essentially lipid-based emulsions in the range 
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of the submicron. The oil is substituted with solid lipids, resulting in a solid lipid matrix 
at ambient and physiological temperatures [26]. 

In SLNs (Figure 3), the oil component of the fat emulsion is substituted with a solid 
lipid or a mixture of solid lipids, resulting in a solid lipid matrix for SLNs at both room 
and body temperatures. SLNs typically consist of 0.1–30 wt.% dispersed lipid in an aque-
ous phase composed of surfactant (around 0.5–5 wt.%) as a stabilizer. The average diam-
eter of SLNs typically falls within the range of 40–1000 nanometers [31,32]. 

SLNs typically offer a combination of advantages, merging the favorable character-
istics of fluid-like, lipid-based colloidal particles (such as ingredient biocompatibility) 
with the straightforward production methods of solid matrix polymeric nanoparticles. 
This feature facilitates the local and systematic administration of hydrophobic therapeutic 
agents [33]. In contrast to polymeric nanoparticles, SLNs offer greater safety potential due 
to several factors: it is a green method without solvent, and it allows for the utilization of 
biocompatible and biodegradable ingredients (GRAS) [34]. However, there are a few lim-
itations to SLN, such as, for example, its low loaded-drug capacity, due to the change from 
low lipid modification to a highly ordered, crystallized, firm structure during storage. To 
address these barriers, a second-generation nanolipid formulation was fabricated [35]. 

The second generation is called nanostructured lipid carriers (abbreviated as NLCs). 
These carriers contain a solid lipid matrix at both room and body temperatures, similarly 
to SLNs, but the difference here is that the matrix comprises a blend of a solid lipid as well 
as a liquid lipid (Figure 3), such as, for example, oleic acid, miglyol oil, or castor oil. The 
combination of both lipids creates a low-ordered lipid matrix allowing for high rooming 
for therapeutic agents. This can be accomplished through different development ap-
proaches, such as, for instance, hot or cold high-pressure homogenization, micro-emul-
sion, emulsification/solvent evaporation, or diffusion techniques [17,36]. 

 
Figure 3. Schematic preparation of two lipid nanoparticle formulations (SLNs and NLCs). 

For the pulmonary administration route, lipid nanoparticles offer several advantages 
(Figure 4a). Both SLNs and NLCs are sub-micron-sized, and this feature is beneficial for 
pulmonary delivery. This property enables nanoparticles to be readily entrapped within 
particles or aerosolized into droplets, which enables the active compound to be deposited 
far into the lung. Their size also allows for a longer period of adhesion to the mucosal 
surface in comparison to larger particles, which allows for longer drug action [17]. This 
adhesion factor, as well as the accumulation, retention, and prolonged release features of 
both SLNs and NLCs in the lungs, offer improved and sustained therapeutic outcomes, 
thereby promoting good patient compliance. It is important to link this back to the chronic 
indications this could potentially be used for, as many existing treatments require a min-
imum twice-daily dose thanks to their short lifetime in the lungs [37]. 
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Figure 4. (a) Features of SLCs and NLCs for lung drug route, and (b) ideal criteria for SLCs and 
NLCs for pulmonary applications. 

This feature can be particularly significant in curing chronic conditions, as many cur-
rent inhalation formulations require administration twice daily because of their relatively 
short duration in the lung. Moreover, because both SLN and NLC are made of biocom-
patible lipids, this ensures good tolerability in the airways. Additionally, using the biode-
gradable lipid results in avoiding any toxic degradation products, thereby decreasing the 
risk of toxic effects and further increasing compliance [38]. 

4.2. Ideal Criteria for Lipid NPs Intended for Pulmonary Applications 
To effectively address various lung diseases, the medication needs to primarily target 

and exert its effects within the lungs. This requirement contrasts conventional approaches 
to drug and dosage form design, which typically prioritize enhanced absorption and bio-
availability throughout the body. However, when a medication designed to cure lung in-
fections is taken up and distributed to other body organs, it can lead to diminished con-
centrations at the desired location and potentially cause significant adverse effects affect-
ing the gastrointestinal, cardiovascular, and central nervous systems. Hence, for drug ad-
ministration aimed at targeting lung diseases, both SLNs and NLCs must adhere to specific 
requirements for ideal pulmonary drug delivery systems, as illustrated in Figure 4b, includ-
ing biocompatibility, good tolerability, isotonicity, sterility, and a neutral pH value. This 
is crucial, as the lungs possess limited buffering capacity [39]. 
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To ensure biocompatibility, it is advisable to employ biodegradable and well-toler-
ated ingredients, including lipids and surfactants. Neutral isotonic carbohydrates are 
preferable to more highly ionic isotonic salts, like sodium chloride, to mitigate undesired 
effects. Formulations including an isotonicity around 300 mosmol/kg and a pH range be-
tween 3 and 8.5 are desirable [17]. 

Lipid NPs can be administered in pulmonary applications either as suspensions [40] 
or converted to inhaled dry powder [41]. These scenarios result in aerosols generated from 
suspended or dry powder formulations that exhibit a favorable, aerodynamic size to en-
sure adequate deposition in targeted airway parts. Consequently, the inhaled lipid NP 
formulations must possess ideal aerodynamic properties, including particle/droplet size 
and density, mass median aerodynamic diameter (MMAD), and fine particle fraction 
(FPF). Typically, the aerodynamic aerosol distribution falls between 0.5 µm and 10.0 µm. 
On the other hand, the ideal aerodynamic size is determined by the intended site of dep-
osition, which varies according to the therapeutic approach. For suspension and powder 
formulations, the aerodynamic diameters of the inhaled formulations should ideally be 
below 5 µm to facilitate deep deposition within the lungs [42,43]. 

Each inhalable formulation requires sterilization utilizing suitable methods, such as 
sterilized steam, irradiated γ-rays, or a sterilized filtration membrane. Two key consider-
ations must be addressed before the sterilization of lipid NPs. The impact of the steriliza-
tion procedure on lipid NPs’ formulation stability, as well as the selection of the optimal 
sterilization procedure, should consider both the physical and chemical stability of the 
formulation during the sterilization process [17]. 

It is not possible to provide a general answer regarding how sterilized steam or 
gamma-ray irradiation affects the stability of the nanolipid. With γ-ray irradiation, there 
is a risk of the generation of free radicals from chemically modified drugs due to the for-
mation of free radicals. Additionally, the sterilized filtration membrane is only viable if its 
size is less than 200 nm. Furthermore, during autoclaving, melting of lipids can occur, 
followed by recrystallization upon cooling, thus potentially altering the drug release pat-
tern. Additionally, there is a possibility of lipid droplets coalescing before reforming into 
lipid NPs, resulting in large particles. As a result, autoclaving mainly presents physical–
stability challenges, including increased size or aggregation. Cavalli [29], Heiati [44], and 
Nayak [45] have demonstrated successfully autoclaved SLN and NLC. 

4.3. Biosafety and Pharmacokinetics of Inhalable Drug-Loaded Lipid Nanoparticle Delivery System 
When drugs are provided without proper protection, they are vulnerable to degra-

dation, which can limit their effectiveness. However, utilizing drug carrier systems, such 
as lipid nanoparticles (LNPs), in inhalation therapy can alleviate these risks. The pulmo-
nary route is a popular method for drug delivery, as it helps to avoid drug loss due to 
gastrointestinal degradation and first-pass metabolism in the liver. However, the pulmo-
nary tract also contains numerous xenobiotic metabolizing enzymes that are capable of 
modifying the integrity and pharmacokinetics of inhaled therapeutics. This can be a chal-
lenge for drug developers who need to ensure that their therapeutics are deliveredeffi-
ciently. Delivering drugs through the pulmonary route requires the drugs to withstand 
the shear forces experienced during the aerosolization process. Encasing inhaled thera-
peutics within lipid nanoparticles enhances their protection and helps delay degradation. 
This also improves the bioavailability of intact compounds and pharmacokinetic profiles. 
LNPs are a promising drug carrier system for inhalation therapy because they can protect 
the drug from degradation and modification while also allowing for efficient delivery to 
the lungs [46–49]. 

Moreover, it has been observed that inhalable drug-loaded lipid nanoparticles 
(LNPs) offer a promising strategy for mitigating the likelihood of inducing an immune 
response compared to administering drugs without protection. This is because LNPs pro-
vide a protective shield for the payload, thereby reducing its recognition as a foreign sub-
stance by the immune system. In addition, LNPs decrease phagocytic clearance by 
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alveolar macrophages, leading to a prolonged circulation time and higher drug bioavail-
ability. As a result, patients can benefit from a faster clinical response and require less 
frequent dosing, thus reducing the risk of severe side effects. This could ultimately con-
tribute to improved patient compliance and better treatment outcomes [50]. 

5. Spray-Dried Nanolipid Powder Formulation for the Pulmonary Route 
5.1. Spray Drying Technique 

Spray drying is the common method used to produce the inhalable powder. The 
spray-dried inhaled particle’s size significantly impacts local drug deposition in the lungs. 
Particle sizes smaller than 5 µm have been noted to exhibit a strong correlation with 
whole-lung deposition. Spray drying is a commonly employed drying approach in phar-
maceutical cosmetics and food applications for the development of various controlled par-
ticle sizes with good properties. The combination of formulation and spray drying condi-
tions enables the creation of agglomerated powders possessing cohesive characteristics, like 
flowable particles, reconstitution behavior, bulky density, and mechanical stability [51]. 

One significant application of spray drying is the formation of lipid nanoparticle 
powders. Spray drying is a scalable and commercially viable technique to produce nano-
lipid powders. It can handle large volumes of feed solutions, making it suitable for indus-
trial-scale manufacturing. Nanolipid powders have gained considerable attention due to 
their potential in various fields, including drug delivery, nutraceuticals, and the encapsu-
lation of bioactive compounds. Moreover, the spray drying process is relatively fast and 
cost-effective compared to other techniques, such as microfluidics or solvent evaporation 
methods. It can be used with a wide range of lipid-based materials that are compatible 
with various excipients, surfactants, and active ingredients, allowing flexibility in the for-
mulation design of nanolipid powders [52–55]. 

Spray drying has been extensively used to encapsulate various active ingredients, 
including drugs and functional lipids. Lipid nanoparticle powders are designed to encap-
sulate hydrophobic or lipophilic compounds. They are typically composed of lipids and 
surfactants, which self-assemble to form nanoparticles with a lipid core and a stabilizing 
shell. They offer numerous advantages, such as biocompatibility, controlled release, pro-
tection of encapsulated compounds, and the ability to target specific tissues [56]. 

The spray drying technique is composed of different parts, including a feed solution, 
a pump, an atomizer nozzle, a drying chamber, and a cyclone (Figure 5). The spray dryer 
operates through a series of four stages. First, the liquid forced for drying is atomized into 
a powder form, followed by the interaction between the hot gas and the nebulized liquid. 
Then, the solvent evaporates, and, finally, the dried product is separated in the cyclone 
[54,57]. The process revolves around atomizing a liquid within the drying chamber while 
hot gas circulates, thus rapidly drying the liquid as the nebulized droplets are exposed to 
a significant surface area. 

The preparation of spray-dried nanolipid powders involves several steps. The lipid 
components, along with the active ingredient, are dissolved or dispersed in an appropri-
ate solvent to form a feed solution. The selection of lipid components and surfactants is 
crucial in determining the characteristics and stability of the resulting nanolipid powders. 
The feed solution is atomized into fine droplets using various techniques, such as pressure 
nozzles or rotary atomizers [54,58]. The droplet size is a critical parameter that affects the 
final particle size and encapsulation efficiency. The droplets are exposed to a stream of 
hot air, leading to the rapid evaporation of the solvent. As the solvent evaporates, the lipid 
components self-assemble to form nanoparticles. The solidified particles are collected us-
ing a cyclone or a filter system. Further processing, such as milling or sieving, may be 
required to achieve the desired particle size distribution [59] 
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Figure 5. Schematic illustration of spray drying technique. Reproduced with permission from Friis, 
K.P., Journal of Controlled Release, published by Elsevier, 2023 [57]. 

Spray drying has a significant impact on the properties of nanolipid powders, includ-
ing particle size, morphology, encapsulation efficiency, and stability. By manipulating the 
spray drying parameters, like the feed concentration and its flow rate, as well as the dry-
ing conditions, the particle size of nanolipid powders can be controlled within the desired 
range [60]. Smaller particle sizes generally lead to increased surface area and improved 
bioavailability. The loading capacity of nanolipid powders is based on the selection of 
lipids and surfactants and the properties of the active ingredient. Proper selection of dry-
ing conditions is crucial to maintain the integrity of lipid structures and prevent the deg-
radation of encapsulated compounds. Additionally, spray drying provides a high surface-
to-volume ratio, facilitating efficient encapsulation of hydrophobic compounds within the 
lipid powder that has improved solubility and bioavailability, thus enhancing therapeutic 
efficacy. In food applications, spray-dried nanolipid powders can be used to encapsulate 
bioactive compounds, such as vitamins, for improved stability and controlled release, re-
sulting in enhanced functional food products [61]. 

Furthermore, the spray drying technique helps in maintaining nanolipid powders’ 
stability within the drying condition. The rapid evaporation of the solvent promotes the 
self-assembly of lipids into nanoparticles, thus preserving the integrity of the lipid struc-
tures. Additionally, the conversion of the liquid feed into solid particles reduces the 
chances of chemical degradation or physical changes in the encapsulated compounds [53], 
resulting in enhanced stability. The atomization process generates fine droplets with a 
large surface area, thus providing efficient encapsulation of active ingredients within the 
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lipid core of the nanolipid powders and resulting in an improvement of the solubility and 
bioavailability of encapsulated compounds [62]. 

5.2. Inhalation Devices for Delivery of Spray-Dried Nanolipid Powders 
The dry powder inhaler (DPI) is growing in popularity as a method for administering 

medication to the lungs, providing a convenient and effective option for both local and 
systemic treatment (Figure 6). These portable devices deliver medication in the form of 
microscale solid powder, either alone or in the presence of capsules as carriers. DPIs are 
applied by specially engineered devices that allow patients to inhale drugs directly to their 
lungs. Conversely, DPI formulations tend to be highly chemically stable compared to liq-
uid formulations, and their development can present significant challenges [63,64]. 

 
Figure 6. Illustration of various types of capsule-based dry powder inhalers Adapted from MDPI, 
2021 [64]. 

Their benefits are apparent in the increasing adoption of inhaled treatments for man-
aging obstructive airway conditions in the last decades. While oral bioavailability of 
fluticasone propionate typically remains below 1%, inhaled forms of fluticasone offer a 
tenfold increase in bioavailability, with minimal side effects [65]. The effectiveness of a 
DPI relies on both designed inhalation devices and formulations of powder. DPI designers 
aim to strike a balance between inhaler resistance and flow rate, as a stronger airflow al-
lows for more consistent and thorough dispersion of the medication, resulting in higher 
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fine particle fractions. However, if the airflow is too rapid, the medication may be deposited 
in the oropharynx, resulting in lowering the delivered dose of the drug to the lungs [66]. 

DPI devices exhibit a wide range of designs, and they are categorized into the single-
unit type and the multiple-unit type. In the former one, powder is commonly placed into a 
single-use compartment. This classification can be further divided into three subgroups de-
pending on the technique employed to open the capsule shell and  release the powder [64]. 

Numerous top–down and bottom–up approaches widely utilized to create inhalable 
powder depend on different costing and compatibility with APIs as well as powder sta-
bility. Top–down ones include reducing the particle size to a micro- or nanometer scale, 
often meeting only basic quality standards, such as jet milling. However, these methods 
require high energy input, are inefficient, and can present challenges in achieving more 
demanding performance criteria [67,68]. On the other hand, bottom–up approaches, such 
as the spray dryer, the spray-freeze dryer, the super critically fluid technique, and the non-
wetting template, entail the assembly of the molecular constituent. Consequently, they 
offer remarkable powder quality, enabling the attainment of more intricate structural de-
signs [68,69]. 

6. Applications of Spray-Dried Nanolipid Powders for Treatment of Lung Diseases 
via Pulmonary Drug Delivery 

Pulmonary drug delivery, as previously mentioned, offers several advantages, mak-
ing it particularly suitable for delivering drug-loaded nanolipid powders to treat various 
lung-related diseases. This section outlines the applications of and recent advancements 
in spray-dried lipid nanoparticle powders (SLNs, and NLCs) for pulmonary drug deliv-
ery tailored to treatment-specific lung diseases, such as lung cancer and TB. 

6.1. Spray-Dried Lipid Nanoparticle Powders for Treatment of Lung Cancer 
Lung cancer stands out as a substantial global health issue, holding the position as 

one of the most common cancers in pharmacokinetics worldwide. The prolonged utiliza-
tion of traditional anticancer medications has resulted in a notable degree of resistance to 
lung cancer treatment [70,71]. Consequently, diverse strategies have arisen to combat this 
resistance, encompassing photothermal methodologies [72], immunotherapy [73], and the 
simultaneous delivery of chemotherapeutic agents [74]. Nevertheless, the photothermal 
approach is constrained by several limitations, including the emergence of robust antiox-
idant systems within cancer cells, challenges in delivering adequate levels of H2O2, and a 
low rate of free radical production [72]. Conversely, limitations associated with immuno-
therapy stem from its adverse effects on the immune system and its restricted efficacy 
against superficial cancer cells [73]. Intriguingly, the delivery of anticancer drugs amplifies 
cytotoxicity toward cancer cells with lower dosages, thereby reducing normal toxicity [74]. 

Tailoring the materials used in SLNs and NLCs can yield significant therapeutic ad-
vantages. They have a natural affinity for the lymphatic system, which aids in effectively 
eliminating hidden cancer cells. In addition, various lipid receptors are often found in 
abundance on the surface of cancer cells, enabling targeted delivery of anticancer agents 
[75–77]. For example, Jyoti et al. [78] investigated the effectiveness of using spray-dried 
SLN powders made of stearic acid and egg phosphatidylcholine to release 9-Bromo-
noscapine (9-Br-NOS) for lung cancer treatment. The researchers utilized the nanoemul-
sion technique and incorporated spray-dried lactose to modify the drug release proper-
ties. The results showed that the 9-Br-NOS-SLNs had an average particle size of 13.4 nm, 
an aerodynamic size of 2.3 µm, and a negative charge of −9.54 mV. The study also found 
that the SLNs had excellent apoptotic effects, were non-toxic, and had efficient cellular 
uptake in A549 lung cancer cells. Pharmacokinetic and distribution analyses demon-
strated a 1.12- and 1.75-fold improvement in the half-life of the drug powder, leading to 
rapid dispersion, significant dissolution, and deep lung deposition of SLC powders fol-
lowing inhalation administration. 
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In the same vein, Bakhtiary et al. [79] engaged in the development of a DPI containing 
SLN powders composed of compritol and poloxamer 407 for the delivery of erlotinib to 
treat lung cancer. The nanolipid powder formulation achieved a high drug encapsulation 
efficacy of approximately 78.21%, resulting in enhanced cytotoxicity. This was confirmed 
by using the MTT method on A549 cells. The powders had an optimal flow (FPF of 30.98%) 
and an aerodynamic size of about 3.9 µm with the use of mannitol, allowing for deep lung 
inhalation and effective cancer treatment. 

In a related study, Kaur et al. investigated the use of spray-dried NLC powders for 
delivering paclitaxel (PTX) via inhalation to combat drug-resistant lung cancer. The pow-
ders were formulated with glyceryl monostearate, oleic acid, and mannitol to enhance the 
flow properties, resulting in powders with the ideal aerodynamic size of 3.5 µm. In vitro 
analysis showed drug release levels of 64.9%, 62.3%, and 59.7% for NLCs loaded with 
Tween 80, Tween 20, and Tween 60, respectively, over 72 h. In vivo experiments using a 
DPI device on Wistar rats revealed significant improvement in drug localization within 
the lungs, effectively treating drug-resistant lung cancer by inhibiting P-glycoprotein in-
hibitors’ efflux through the use of surfactant-based pulmonary delivery systems [80]. 

In a concurrent study, Nafee and colleagues incorporated myricetin into spray-dried 
SLN-based phospholipid Lipoid-S100. The resulting powders, which measured 2.7 µm, 
exhibited excellent flow characteristics, with a fine particle fraction (FPF) of approxi-
mately 81.23%. Additionally, more than 80% of the drug was released within 8 hours, and 
the encapsulation efficiency was approximately 93%, indicating a deep deposition in the 
bronchial region. It is noteworthy that cytotoxicity was increased, possibly due to en-
hanced cellular uptake, which was confirmed through confocal imaging and dual fluores-
cence sensing and resulted in a doubled fluorescence signal [81]. 

In a different study focused on researching the aerosolization of co-delivered PTX 
and DOX for treating lung cancer by using inhalable spray-dried NLC powders made of 
soya lecithin and oleic acid, by employing the cremophor EL surfactant, the research 
showed an improvement in the drugs’ antitumor efficacy. Furthermore, an in vivo drug 
distribution analysis of inhalable NLCs/DPI on Wistar rats demonstrated increased drug 
distribution within the lungs compared to administering the drugs alone [82]. 

Recently, the pioneering work of Satari N. and his co-workers [83] has investigated 
diverse pulmonary delivery systems based on inhalable nanolipid powders for anticancer 
drugs for lung cancer therapy. They have reported the development of a DPI formulation 
containing gefitinib-loaded stearic acid SLNs targeted with glucosamine to deliver anti-
cancer-agent-like gefitinib directly to lung tumors. The findings displayed enhanced anti-
cancer efficacy compared to free gefitinib, with the enhanced uptake of targeted SLNs in 
A549 cells compared to non-targeted SLNs. Additionally, the developed mannitol-based 
microparticles exhibited favorable aerodynamic characteristics, with an acceptable 
MMAD of 4.48 µm and an FPF of 44.41%. 

6.2. Spray-Dried Lipid Nanoparticle Powders for Treatment of Tuberculosis 
Tuberculosis is considered a significant global public health challenge despite the 

significant progress achieved in the field. It continues to be one of the leading lung-infec-
tious causes of death and illness worldwide, claiming the lives of nearly 2 million individ-
uals annually. Mycobacterium tuberculosis is the pathogen responsible for causing tuber-
culosis, an infectious disease. Commonly prescribed drugs for treating tuberculosis con-
sist of rifampicin, pyrazinamide, isoniazid, and ethambutol [84,85]. 

Traditional methods of drug delivery encompass oral and intravenous administra-
tion; nevertheless, these approaches may encounter dose restrictions and undergo first-
pass effects in the liver, leading to inadequate drug levels in the lungs. Consequently, this 
can lead to the emergence of drug resistance and treatment inefficacy. Extended treatment 
durations and invasive procedures often result in poor patient adherence to the treatment 
regimen [86,87]. Therefore, pulmonary inhalation for drug delivery presents a promising 
avenue to tackle these challenges owing to its effective treatment and diagnosis of lung 
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infections. It offers a safe, convenient, and non-invasive diagnostic method [88]. Recently, 
lipid nanoparticle powders have garnered great attention for delivering anti-TB drugs to 
the lung via the pulmonary route because of the remarkable above-mentioned properties. 

As an example, Gaspar D. and his team fabricated SLN powders composed of glyc-
eryl dibehenate and glyceryl tristearate as a hybrid platform antibiotic drug carrier for the 
treatment of TB disease via the pulmonary route [89]. The microencapsulated rifabutin 
(RFB)-loaded SLN powders used FDA-approved excipients, such as mannitol and treha-
lose, via the spray drying method. An in vivo biodistribution study of inhalable DPI of 
RFB-loaded powders using BALB/c mice revealed that the antibiotic reached the tested 
organs via pulmonary administration after 15 and 30 min. Furthermore, the antimycobac-
terial activity was assessed in a murine infected with TB strain H37Rv, showing improved 
efficacy against TB infection compared to healthy animals. 

In the same context, Nemati et al. [90] explored the pulmonary drug administration 
route for TB therapy using a DPI containing ethambutol drug-loaded Compritol SLN 
powders prepared via a hot homogenization/ultrasonication-assisted spray drying tech-
nique. Through MTT assay, the DPI formulations demonstrated excellent compatibility 
and non-toxicity. The resulting spray-dried powders exhibited notable flowability and in-
halable characteristics, with an MMAD value of 4.148 µm and an FPF of 30.9%. Table 1 
shows the different spray-dried nanolipid powders for pulmonary drug delivery via DPI 
for lung cancer and TB treatment. 

Table 1. Different DPI formulations based on spray-dried nanolipid powders targeting both lung 
cancer and tuberculosis (TB) treatment via the pulmonary route. 

Lipid Formula-
tion  Lipid Composition Active Ingredients  Lung Dis-

ease  Spray Drying Conditions References 

SLN Stearic acid 9-Bromo-noscapine Lung cancer - Spray-dried lactose car-
rier [78] 

NLC 
Glyceryl monos-
tearate and oleic 
acid 

Paclitaxel (PTX) Lung cancer 

- Mannose and leucine as 
carriers 

- Inlet temp. is 80 °C 
- Outlet temp. is 40 °C 

[80] 

NLC 
Soya lecithin and 
oleic acid 

PTX and doxorubi-
cin (DOX) 

Lung cancer 

- Lactose and leucine 
(carrier) 

- Inlet temp. is 80 °C 
- Outlet temp. is 40–55 °C 
- Flow rate of 830 L/h 

[82] 

SLN Compritol Erlotinib Lung cancer 

- Mannitol (carrier) 
- Inlet temp. is 110 °C 
- Outlet temp. is 65 °C 
- Feed rate of 10 mL/min 
- Aspiration rate of 70% 

[79] 

SLN 
Stearic acid and 
PEG/glucosamine 

Gefitinib Lung cancer 

- Mannitol and lactose 
(carriers) 

- Inlet temp. is 160 °C 
- Outlet temp. is 65 °C 
- Feed rate of 1.5 mL/min 
- Aspiration rate of 90% 

[83] 

SLN Compritol Ethambutol  Tuberculosis 

- Mannitol (carrier) 
- Inlet temp. is 110 °C 
- Outlet is 65 °C 
- Feed rate of 10 mL/min 
- Aspiration rate of 70% 

[90] 

SLN 
Glyceryl dibehenate 
and glyceryl tri-
stearate 

Rifabutin Tuberculosis 

- Mannitol and trehalose 
(carriers) 

- Inlet temp. is 103 °C 
- Feed rate of 8.5 mL/min 
- Aspiration rate of 100% 

[86] 
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7. Conclusions and Future Prospectives 
Lipid nanoparticle powders stand out from other nanocarriers due to their numerous 

advantages, including excellent tolerability, as they consist of biodegradable ingredients, 
biocompatibility, facile production without the need for organic solvents, cost-effective-
ness, good mucoadhesion, stability, and controlled release properties. 

Moreover, this review pointed to the specific requirements of SLN and NLC powders 
for an ideal pulmonary drug delivery system aimed at targeting lung diseases. For in-
stance, these include biocompatibility, good tolerability, isotonicity, sterility, a neutral pH 
value, adequate drug loading, protection of the drug from degradation, stability during 
aerosolization, and good aerodynamic properties. 

This review also listed the advantages of the DPI-based spray dryer technique for the 
delivery of lipid nanoparticle powders through the pulmonary route, such as its portable 
design, the breath-activated mechanism that eliminates the need for patient hand–mouth 
coordination, and no propellant necessary. 

The preceding studies discussed in this review showcase that pulmonary drug deliv-
ery enables the administration of various chemotherapy agents and anti-tuberculosis 
drugs via spray-dried nanolipid powders, effectively addressing both lung cancer and 
tuberculosis (TB), respectively. Furthermore, numerous studies have demonstrated the low 
toxicological potential of lipid nanoparticle powders administered via the pulmonary route. 

The field of pulmonary drug delivery is constantly evolving, with new developments 
and advancements in technology. However, to enhance the effectiveness of such delivery 
systems, it is imperative to consider the long-term effects of repeated pulmonary admin-
istration of lipid nanoparticles. Currently, there is a lack of research in this area, and future 
studies should prioritize identifying biocompatible excipients to enhance the stability, ab-
sorption, and aerosol performance of inhaled biologics. Moreover, particle size and the 
presence of excipients play a crucial role in enhancing the therapeutic effects and achiev-
ing superior targeting of the drug. Therefore, it is essential to consider these parameters 
while designing inhalation devices for effective drug delivery. While dry powders as in-
halable nanoparticles present unique advantages for targeted drug delivery, they also 
pose potential challenges, particularly in developing device-based dosage forms for pul-
monary drug delivery. Currently, there is no perfect device that can undertake pulmonary 
drug delivery with ease. Hence, it is crucial to design pulmonary drug delivery devices 
that are small and simple to ensure patient compliance and ease of use. It should be noted 
that despite the potential benefits of these devices, their absorption, distribution, and pro-
tective capabilities are still in the research phase. Therefore, additional safety testing is 
required before their clinical application. The potential risk of regional toxicity with pro-
longed usage remains unknown, emphasizing the need for further research in this area. 
Overall, the pairing of nanotechnology with the design of inhalation devices holds prom-
ising potential for the advancement of pulmonary drug delivery systems. 
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Chapter Summary: 

In this chapter, the development and evaluation of pimozide-loaded lipid nanoparticles 

(LNPs) for treating non-small cell lung cancer (NSCLC) are discussed. Using the 

microemulsion technique, three LNP types—SLN, NLC, and LLC—were synthesized and 

optimized into fine powders via spray drying. NLCs exhibited the highest encapsulation 

efficiency, while SLNs had the lowest. NLCs and LLCs demonstrated superior anti-

proliferative activity and sustained drug release, highlighting their potential for effective 

NSCLC treatment. 
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4.1  Introduction: 
 

Lung cancer continues to pose a health challenge contributing to a substantial number of 

cancer related deaths. Non-small cell lung cancer (NSCLC) a type, within the spectrum of 

lung cancers accounts for around 85% of all cases [1]. The complexity of this subtype 

becomes apparent in advanced stages of diagnosis. Traditional treatment methods like 

surgery, chemotherapy and radiation therapy often show effectiveness during these 

stages. With treatments facing constraints there is a growing emphasis on exploring 

therapeutic approaches. This shift is primarily motivated by the pursuit of less harmful 

treatment alternatives. Among the emerging strategies gaining attention is drug 

repurposing, which offers benefits such as quicker and cost effective pathways to clinical 

implementation due, to the extensive safety and efficacy testing these drugs have already 

undergone in their original applications [2].  

 

In this context, the use of the antipsychotic drug pimozide (PMZ) has been identified as 

an option, for repurposing. Recent studies in the field of cancer research have revealed 

its abilities to combat NSCLC, particularly [3]. The idea that PMZ could be effective in 

fighting lung cancer cells provides an approach to treatment, which could potentially 

enhance outcomes for patients dealing with this illness. The shift of PMZ from a 

medication to a treatment for NSCLC calls for a reconsideration of how it is administered. 

Originally designed for conditions repurposing pimozide for oncology underscores the 

importance of drug delivery, especially vital when treating complex diseases like NSCLC. 

The main obstacle lies in ensuring that PMZ reaches the tumour location effectively 

maximizing its impact on cancer cells while minimizing side effects commonly linked with 

widespread distribution of drugs throughout the body. This accomplishment is significant 

due, to the precision needed to target cancer cells and navigate the environment within 

tumour sites. 

 

In addressing this challenge, the use of lipid nanoparticles (LNPs) as a delivery 

mechanism is of a great importance. LNPs offer several advantages, such as enhancing 

drug solubility, stability, and bioavailability [4]. They provide a protective encapsulation for 

the drug, preventing against premature degradation and facilitating a more controlled 

release at the target site [5]. This targeted delivery is especially essential in cancer 

Chapter 4: Development of Pimozide Spray- dried Lipid Nanoparticles with Enhanced Targeting 
 of Non-small cell Lung Cancer

129



treatment to minimize systemic exposure to potent medications, thereby reducing side 

effects [6]. The consideration of different types of LNPs presents a tailored approach to 

optimize pimozide’s delivery.  

 

Solid Lipid Nanoparticles (SLN) consist of solid lipids and create a stable matrix, 

conducive for a controlled drug release. Their solid state at body temperature aids in 

maintaining the integrity of PMZ, ensuring sustained effectiveness. Nanostructured Lipid 

Carriers (NLC), on the other hand, blend both solid and liquid lipids. This combination 

yields a more complex matrix, potentially allowing for a higher drug load and a more 

customized release profile [7], which could be vital for efficiently targeting NSCLC cells. 

Lastly, we have explored the single use of liquid lipids in nanoparticle formulation referred 

to as Liquid Lipid Carriers (LLC). This strategy which is primarily composed of liquid lipids, 

could offer distinct characteristics such as improved drug solubility and potentially quicker 

release rates. This could be advantageous for rapidly achieving therapeutic 

concentrations of PMZ at the tumour site. Such level of customization in drug delivery 

could therefore aid   in advancing the treatment of NSCLC. 

 

Spray drying is widely used for formulating powders of fine particle sizes that are essential 

for effective lung deposition [8]. When dealing with respiratory diseases like NSCLC, 

ensuring that the drug reaches the deeper regions of the lungs is necessary for effective 

treatment [9]. This is where Dry Powder Inhalers (DPIs) become important. DPIs are 

increasingly favoured in pulmonary drug delivery due to their efficiency in delivering 

medication directly to the lungs [10]. Using spray drying, PMZ -loaded lipid nanoparticles 

can be transformed into a fine powder suitable for DPIs. This powder must have the right 

particle size distribution to ensure deep lung penetration, optimizing the drug's therapeutic 

effect on lung cancer cells.  

 

The control over particle size, density, and morphology during spray drying is critical [11], 

as it directly impacts the drug's deposition in the lungs. In the case of PMZ formulations 

for NSCLC, the use of lipid matrices, such as stearic and oleic acids, and surfactants like 

Poloxamer 407 and PEG 400, provide the foundational stability [12]. These components 

help maintain the integrity of the particles and ensure consistent drug release. 

Additionally, this study introduces the use of stabilizers, such as conventional sugars like 
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isomalt and trehalose which have been traditionally used as stabilizers, and protectants 

[13].  

 

4.2  Materials and methods: 
 

4.2.1 Materials 
 

Pimozide, stearic acid, oleic acid, poloxamer 407, PEG 400, and trehalose used in this 

study were purchased from Sigma-Aldrich- USA. While the methocel E5 (HPMC E5) was 

obtained from DuPont, Netherlands. Isomalt was purchased from BENEO GmbH, 

Germany, and OraRez PVM/MA copolymer, an alternating copolymer of methyl vinyl ether 

and maleic anhydride was obtained from HARKE Pharma GmbH, Germany. Finally, the 

MTT reagent was purchased from ThermoFisher Scientific, USA, and Dimethyl sulfoxide 

(DMSO) was obtained from Fisher Bioreagents, USA. 

 

4.2.2   Preparation of lipid nanoparticles with different types of lipids  
 

The microemulsion method was employed to create all lipid nanoparticles using different 

kinds of lipids. The optimized quantities of all ingredients including PMZ, stearic acid, oleic 

acid, polymer, and surfactants are indicated in Table 1. Excipients were incorporated at 

approximately a 5% ratio to serve as stabilizers and protectants [14]. 

This method combines oil, water, and surfactants, utilizing them to stabilize tiny droplets 

within another liquid. To prepare Lipid Nano Particles (LNPs), 50 mg pimozide was 

dissolved in the lipid phase—200 mg stearic acid for Solid Lipid Nanoparticles (SLNs), 

100 µL oleic acid for Liquid Lipid Carriers (LLCs), or a combination of 100 mg stearic acid 

and 100 µL oleic acid for Nanostructured Lipid Carriers (NLCs)—at 85°C. The lipid phase 

volume was 1 mL. The aqueous phase consisted of 200 mg Poloxamer 407 and 100 µL 

PEG 400 dissolved in 50 mL water, with the aqueous phase volume being 50 mL. Both 

phases were heated to 85°C, above their Phase Inversion Temperature (PIT), facilitating 

the transformation from a microemulsion to a stable nanoparticle dispersion. The phases 

were then vigorously mixed at this temperature. After cooling, 300 mg HPMC-E5 and 60 

mg of one of the excipients (trehalose, OraRez, or isomalt) were added with continuous 

stirring. The final nanoparticle suspension volume was 50 mL. The concentration of 
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pimozide in the final feed solution was 1 mg/mL. The resulting nanoparticle dispersion 

was then spray-dried to obtain the final powder formulation. 

 

 

4.2.3 Preparation of spray- dried powders 
 

A Büchi mini spray dryer B-290, from Büchi Labortechnik AG in Falwil, Switzerland, was 

used to transform SLN, NLC, and LLC nanosuspensions into fine dry powders. The 

process involved feeding the solution into a two-fluid nozzle for spray drying under specific 

conditions: a nitrogen gas flow of 50 mL/min, an inlet temperature of 120 °C (± 2 °C), an 

outlet temperature of 70 °C (± 2 °C), a feed flow rate of 2.4 mL/min, and the aspirator 

blower operating at full capacity.  

 

Table 1: Composition of spray- dried pimozide- loaded lipid microparticles’ formulations 

 

 
 PMZ 

(mg) 
Stearic 

acid 
(mg) 

Oleic 
acid 
(µL) 

Poloxamer 
407 
(mg) 

PEG 
400 
(µL) 

HPMC-
E5 

(mg) 

Yield% Excipients 
(mg) 

Trehalose 

 

OraRez 

 

Isomalt 

 

SLN 4 50 200 - 200 100 300 
71.3 

60 - - 

SLN 5 50 200 - 200 100 300 
70.1 

- 60 - 

SLN 6 50 200 - 200 100 300 
69.5 

- - 60 

NLC 4 50 100 100 200 100 300 
88.8 

60 - - 

NLC 5 50 100 100 200 100 300 
91.1 

- 60 - 

NLC 6 50 100 100 200 100 300 
88.5 

- - 60 

LLC 4 50 - 100 200 100 300 
88.5 

60 - - 

LLC 5 50 - 100 200 100 300 
89.4 

- 60 - 

LLC 6 50 - 100 200 100 300 
87.9 

- - 60 

 
 

4.2.4 Encapsulation Efficiency (EE%) 
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To evaluate how well the PMZ was trapped, the LNPs containing PMZ were separated 

from the LNPs suspension through centrifugation, at 25,000 rpm for half an hour. 

Following this, 10 mL of the supernatant was mixed with 10 mL of methanol. A 1 mL 

sample of this mixture was then taken, and the amount of PMZ in this solution was 

measured using HPLC. 

 

For the spray dried PMZ loaded LNPs, we first dissolved 10 mg of each powder in 10 mL 

of methanol. Then spun it at 13,000 rpm, for half an hour. After that we filtered the 

supernatant through 0.22 µm filters. Analysed the PMZ content using HPLC. The analysis 

was done using a C18 column that was 15 cm long with detection at a wavelength of 270 

nm. Our mobile phase for HPLC consisted of 45% acetonitrile, and 55% water with pH 

adjusted to, around 2.5 using an amount of phosphoric acid. We used an isocratic elution 

method, with a flow rate of 1mL/min, injection volume of 20 µL, and run time of 10 minutes. 

Calculated the pimozide concentration based on the Area Under the Curve (AUC) derived 

from our HPLC data through a calibration curve created by linear regression. The 

percentage of encapsulation efficiency (EE%) was calculated using a specific formula:[15] 

 

 

(Equation 2) 

 

 

4.2.5 Particle size and zeta potential measurements 
 

In this study, the average particle size of the prepared PMZ- loaded LNPs’ 

nanosuspensions and spray- dried powders were determined using the dynamic light 

scattering (DLS) (a Zetasizer Nano ZS, (Malvern Instruments, UK). For determining zeta 

potential, the Malvern Zetasizer instrument used in our study employs laser Doppler 

electrophoresis. This technique analyses the motion of particles under an electric field to 

determine their surface charge. Briefly, 100-fold dilution of LNP nanosuspensions was 

prepared using distilled water.  
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For the preliminary assessments and the stability analysis following a two-month storage 

period at room temperature (20°C to 25°C) in a desiccator, 5 mg of each spray-dried 

LNP powder was first re-dispersed in 5 mL of distilled water. A 10 μL sample from this 

dispersion was further diluted to a final volume of 1000 μL with distilled water. The 

resulting dispersions were then placed into a glass cuvette and subjected to 

measurements under controlled conditions, which included a temperature set at 25 °C, 

a refractive index fixed at 1.33, and a measurement duration of 60 seconds. Average 

particle size, and zeta potential were performed in triplicate.  

 

4.2.6 Dynamic Vapor Sorption (DVS) measurements 
 

The moisture interaction and physical stability of the pimozide-loaded lipid nanoparticles 

(LNPs) were investigated using Dynamic Vapor Sorption (DVS) analysis. The DVS 

experiments were conducted on a Discovery Sorption Analyzer (Discovery SA) system 

(TA Instruments, USA), equipped with a vertical nulling microbalance. This setup allows 

for precise control over temperature and humidity conditions, essential for assessing the 

hygroscopic properties of the LNPs. 

 

The DVS procedure was designed to evaluate the moisture sorption and desorption 

behaviour of the LNPs under controlled conditions. Initially, the system was equilibrated 

at 25 °C with a humidity setting of 0 %RH. To ensure the capture of significant moisture 

interactions, the experiment was programmed to abort the next segment if the percentage 

weight change was less than 0.01% for a duration of 10.0 minutes. 

Following the equilibration, the sample underwent an isothermal hold for 1440.0 minutes 

(24 hours) to stabilize under the initial conditions. The humidity was then incrementally 

increased in steps of 10 %RH every 1440.0 minutes, progressing from 0 %RH to 90%RH.  

 

Each humidity step was subjected to the same abort condition if the percentage weight 

change was less than 0.01% for 10 minutes, ensuring that the measurements reflected 

meaningful moisture uptake or release. The experiment also included a desorption phase, 

where the humidity was stepwise decreased from 90 %RH back to 0 %RH under the same 
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conditions and abort criteria, allowing for a comprehensive analysis of the LNPs' moisture 

interaction characteristics. 

 

4.2.7 Fourier Transform Infrared spectroscopy (FTIR) 
 

Fourier transform infrared (FTIR) spectra measurements were collected for all spray-dried 

samples using a Perkin-Elmer Spectrum 100 (Waltham, MA, USA) spectrophotometer, 

over a scan range of 650–4200 cm− 1 with an average of 16 scans. 

 

4.2.8 Raman spectroscopic analysis 
 

Separate measurements of the various components constituting the spray-dried LNPs’ 

powders were collected by simply placing a few grains of each sample on a microscope 

slide and scanned using LabRAM Soleil™ confocal Raman microscope (Horiba Scientific, 

Kyoto, Japan). The powders were found in the microscope using a low magnification lens 

and then after switching to a 50X objective a representative location was selected from a 

full focus ViewSharp™ image.  

 

Spectra were acquired with the 532nm laser, 600 g/mm grating, 50X long working distance 

lens, 67 mW laser power at the sample and 10 second acquisition time. Measurements 

were taken at multiple locations to ensure that a representative spectrum was used for 

each sample. The only exceptions to this were the pimozide sample that was damaged 

by this high laser power so 17mW was used for a total of 20 seconds to give a comparable 

signal level. Similarly, the OraRez sample exhibited some fluorescence so a 20 second 

acquisition was used after illuminating the sample with laser light for 60 seconds to quench 

the fluorescence. An alternative laser could have been used but the 532 nm was selected 

to allow direct comparison with the map data. 

 

 A ViewSharp™ image was taken and the topography information used to rapidly 

autofocus at every point on the map. This allowed the system to be used in moderate 

confocality mode (100 µm pinhole) without any significant variation in signal level. Each 

map covered a 100 µm by 90 µm area with 1 µm step size. To analyse the maps, 

multivariate CLS (classical least squares) algorithm was used. The spectra of the 
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applicable constituents were used as loadings and the fitting coefficients were plotted as 

maps to show the location of each component. 

 

4.2.9 X- ray powder diffraction (XRPD) 
 

X-ray powder diffraction analysis was carried out using Bruker D8 Advance flat plate 

powder diffractometer (Bruker AXS GmbH, Germany). The samples were irradiated with 

copper source radiation (1.54A° angstroms). The data collection was carried from 5.0° to 

90.0134° 2theta, 0.27646647° step size at 1.2 seconds per step. 

 

4.2.10 Scanning Electron Microscopy (SEM) 
 

The shape, surface, morphology, and microstructure of the particles were examined using 

SEM (Scanning Electron Microscopy) (Microscope: FEI Quanta 600 FEG SEM) (FEI Co. 

Inc., Hillsboro, Oregon). The produced microparticle samples were mounted on aluminium 

stubs with double-sided adhesive carbon tabs (Leit Adhesive Carbon Tabs 12mm Dia 

(Pack of 100)-Code: SP12-Supplier: EM Resolutions) (Pin stub 12.5mm (Aluminium) with 

groove (8mm pin) (pack of 100)-Code: SP12-Supplier: EM Resolutions)-Supplier: Agar 

Scientific-Code: AGG3347N). Carbon fibre was applied to all samples twice. To gold coat 

the samples for photos taken under high vacuum, an Edwards Sputter Coater S150B was 

used. All specimens were then photographed at different magnifications ranging from 

100X to 10000X using an accelerating voltage of 20 kV.  

 

4.2.11 Cell culture work and MTT cell viability assay 
 

4.2.11.1 Cell culture 

 

The A549 cancer cell model was used during the course of this study. Those cells were 

cultured and maintained in a Roswell Park Memorial Institute (RPMI) growth media 

(Euroclone, Italy) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin (Gibco). The cells were maintained at 37°C and 5% CO2 in a 

humidified incubator. 

 

4.2.11.2 MTT cell viability assay 
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Cell viability was evaluated using the MTT assay. Briefly, A549 lung cancer cells were 

seeded at a density of 5x103 cells per well in a 96-well plate which was subsequently 

incubated overnight to allow cell adhesion. Next day, cells were treated with various 

concentrations of PMZ, ranging from 0.3125-200 M, or equivalent concentrations of each 

formulation, specifically the formulations that have exhibited a potential antiproliferative 

activity post the preliminary screening of all formulations, namely NLC4, NLC5, and LLC5, 

or blank excipients for a duration of 72 hours.  

 

At the designated time point, each well was treated with 0.5 mg/mL of MTT reagent, and 

the plate was incubated for an additional 3 hours to facilitate the formation of formazan 

crystals. Subsequently, 100 µL of DMSO was added to each well to dissolve the formazan 

crystals. Finally, the absorbance was measured at 570 nm using a BioTek Cytation 5 

multi-mode plate reader (USA). The results of cell viability were expressed as a 

percentage relative to the untreated control group. 

 

4.2.12    Drug release study 
 

Three formulations, in particular these having potential IC50 values, were evaluated to 

assess the PMZ release: NLC4, NLC5, and LLC5. Briefly, 10 mg of each spray-dried 

formulation was resuspended in 5 mL of simulated lung fluid (SLF) which is composed of 

(100 mM NaCl, 5 mM KCl, 2 mM CaCl2, 25 mM NaHCO3, 5 mM Na2HPO4, 1 mM 

NaH2PO4, 1 mM MgCl2 hexahydrate, pH = 7.4).  

 

This suspension was immediately enclosed within a dialysis bag, which was subsequently 

immersed in a vial containing 20 mL of SLF under constant stirring at 800 rpm at 37°C. 

To monitor the PMZ release, 1 mL of the SLF containing the released PMZ was extracted 

from the vial at regular time intervals. Simultaneously, to ensure sink conditions, an 

equivalent volume of fresh SLF was added back into the system. These collected samples 

were then analyzed using HPLC utilizing a 5 cm C18 column with detection at 270 nm and 

an isocratic method comprising a 45:55 acetonitrile: water mobile phase and the 

cumulative drug release from each formulation was calculated. The release kinetic of free 

pimozide was also monitored and used as a control.  
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4.2.13 Statistical analysis 
 

In order to compare the variations, between formulations we used a one-way analysis of 

variance (ANOVA) with Pythons SciPy library. All statistical analyses were carried out with 

significance levels set at *p < 0.05, **p < 0.01, and ***p < 0.001, with a minimum sample 

size of n = 3. 

 

4.3  Results and discussion 
 

In this study, three types of PMZ-loaded lipid nanoparticles were developed: solid lipid 

nanoparticles (SLN), nanostructured lipid carriers (NLC), and a unique formulation that 

only uses liquid lipids, named as liquid lipid carriers (LLC). Spray drying transformed 

these lipid nanoparticles into a powdered form, causing them to shift from nanoscale to 

microparticle size. Following this transition, thorough physicochemical analyses of the 

spray-dried microparticles were conducted. 

 

4.3.1 Encapsulation efficiency of spray dried particles  
 

Figure 1(A) presents the encapsulation efficiency percentages (EE%) of nine spray-dried 

LNP formulations, highlighting the impact of formulation composition on EE%. Notably, 

NLC5 achieves the highest EE% at approximately 96%± 1.1%, likely due to the addition 

of oleic acid, which disrupts the solid lipid's crystalline structure and enhances the lipid 

matrix’s drug entrapment capacity [16]. The incorporation of liquid lipid also aids in 

preventing drug expulsion, significantly improving EE% compared to SLNs [17]. This 

improvement is further supported by the reduced particle size in NLC formulations as 

discussed in Section 3.2, which provides a greater surface area relative to volume, 

enhancing drug-lipid interactions and stabilization within the formulations. 

 

Conversely, SLN6 shows the lowest EE% at just over 70%± 3.4%, attributed to the rigid 

and crystalline nature of its solid lipid component, stearic acid, which tends to expel the 

drug during the cooling phase, thereby reducing EE% [17]. This expulsion of the drug is a 

common issue in highly ordered crystal lattices, which diminishes encapsulation efficiency 

[18].  Despite this, other NLC and LLC formulations exhibit significantly higher EE%, 

emphasizing the crucial role of lipid matrix composition in drug encapsulation. Table 1 
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indicates that variations within individual formulations (e.g., SLN4, SLN5, SLN6) are 

mainly due to different excipients used, accounting for only about 5% by weight of the 

overall formulation, showing a consistent EE% across groups. 

 

The encapsulation efficiency (EE%) data shows that the mean EE% values for SLNs, 

NLCs, and LLCs are 74.0%, 94.2%, and 93.3%, respectively. This indicates that for SLNs, 

about 74.0% of the drug is encapsulated within the lipid nanoparticles, while for NLCs and 

LLCs, the encapsulation efficiency is significantly higher, with 94.2% and 93.3% of the 

drug being entrapped. High encapsulation efficiency is crucial as it enhances drug stability 

and protects it from degradation, ensuring sustained release and improved bioavailability. 

The relatively small percentage of free drug (26.0% for SLNs, 5.8% for NLCs, and 6.8% 

for LLCs) suggests efficient encapsulation, which minimizes the risk of rapid degradation 

or premature release, maintaining therapeutic drug levels over an extended period. Thus, 

achieving high EE% is essential for optimizing the formulation's effectiveness and 

ensuring the drug's stability and controlled release profile. 

 

Figure 1(B) further compares EE% across different formulations. NLCs show a mean 

EE% of 94.2%± 2.10%, closely followed by LLCs at 93.3%± 1.00%. An ANOVA test 

confirms no statistically significant difference between these groups (p-value > 0.05). 

However, a comparison of SLNs against NLC and LLC groups reveals a notable statistical 

difference, with SLNs exhibiting a significantly lower mean EE% of 74.0%± 2.50%, 

underscoring the superior drug encapsulation capabilities of NLC and LLC formulations 

due to their lipid matrix properties. This finding is supported by previous research [19, 20], 

showing that incorporating liquid lipid into the matrix, as evidenced by XRPD data in 

Section 3.5, introduces imperfections into the crystalline structure, thereby increasing the 

space available for drug encapsulation [16] and preventing drug expulsion.  

 

All types of LNPs experienced a reduction in EE% following spray drying. For SLNs, EE% 

decreased from 78.0% ± 1.80% to 74.1% ± 2.50%, indicating moderate vulnerability to 

the thermal and mechanical stresses of the drying process. Similarly, NLCs and LLCs 

exhibited slight decreases in EE%, with the drying process impacting their EE% minimally. 

These decreases can be attributed to the rapid evaporation of solvent during drying, 

altering the solubility and distribution of lipids, often leading to LNPs' aggregation or fusion 
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and resulting in larger particle sizes with a greater surface area to volume ratio [21]. 

Additionally, the high temperatures involved in spray drying can alter the lipid composition 

and induce changes in the crystallinity of lipid components, further compromising the 

physical stability and integrity of the nanoparticles [22].   
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Figure 1. (A) Encapsulation Efficiency (EE%) of nine spray dried lipid nanoparticles 

(LNPs) with error bars showing the deviation (± SD). (B) EE% of three types of LNPs. 

Solid Lipid Nanoparticles (SLNs) Nanostructured Lipid Carriers (NLCs) and Liquid Lipid 

Carriers (LLCs). Before and, after spray drying. In the graph SLN formulations are 

depicted in red, NLC formulations in green, and LLC formulations in blue. Different shades 

indicate results before and after drying. Statistical significance comparing the 

encapsulation efficiency between SLN, NLC, and LLC is indicated by one way ANOVA; 

*p < 0.05 **p < 0.01 ***p < 0.001; "n.s" denotes statistically significant results with a p 

value, above 0.05 and a minimum sample size of n = 3. 

 

4.3.2 Particle size and zeta potential 
 

The impact of spray drying on the particle size of nine PMZ-loaded lipid nanoparticles, 

classified as SLN, NLC, and LLC, was investigated, with a detailed measurement and 

analysis of particle sizes before and after spray drying. Figure 2(A) reveals notable 

differences in particle sizes across SLN, NLC, and LLC formulations, largely attributable 

to the unique lipid characteristics of each. In SLNs, the rigid, crystalline nature of stearic 

acid may hinder efficient drug encapsulation, resulting in larger or more variably sized 

particles.  

 

Conversely, NLC formulations, blending stearic and oleic acids, disrupt the crystalline 

structure, leading to a less perfect lattice that better incorporates PMZ and yields smaller 

particles. However, spray-dried LLC formulations, due to their pure liquid lipid systems, 

exhibited larger particles than NLCs. This could be due to lower viscosity, which might 

promote the coalescence of droplets leading to larger particle sizes. This effect is 

compounded by the surfactant stabilization possibly being less effective in the uniform 

liquid lipid phase of LLCs, failing to prevent the growth of larger particles. The absence of 

solid lipids in LLCs delays nucleation and solidification, allowing more time for particles to 

grow or coalesce, resulting in the observed larger particle sizes [23].  

 

A significant increase in particle sizes across all formulations post-spray drying is 

indicated in Figure 2(A, B), where a transition from nano to micro-scale was evident. 
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Initially, LNPs were within the nano-sized range, represented by minimal red bars, but 

post-spray drying, depicted by blue bars, there was a pronounced shift to the microparticle 

range. This increase primarily results from heating-induced phase transitions and 

aggregation due to particle interactions, indicating a high likelihood of particle aggregation 

or fusion during drying, influenced by factors such as drying temperature, shear stress, or 

the physicochemical properties of the lipids and drug [21, 24].  

 PMZ-loaded SLNs, predominantly composed of stearic acid, are notably affected during 

spray drying. The properties of stearic acid, with its higher melting point and rigid structure, 

lead to significant aggregation and fusion due to melting and recrystallization under spray 

drying conditions [25].  

 

This effect is particularly pronounced in formulations relying solely on solid lipids. In 

contrast, PMZ-loaded NLCs, which blend solid stearic acid and liquid oleic acid, 

experience less particle aggregation and fusion, benefiting from the fluidity of oleic acid. 

This blend results in a less organized lipid matrix, more effectively encapsulating the drug 

and limiting particle size growth. Similarly, PMZ-loaded LLCs, solely containing liquid oleic 

acid, show smaller size increases post-drying due to the highly flexible matrix that better 

withstands drying. 
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Figure 2. (A) Particle size measurements for nine spray-dried LNPs before and after spray 

drying, in this visualization, sizes of nanosuspensions are depicted in red, and after spray 

drying in blue. (B) Comparative analysis of particle sizes within three categories of spray-dried 

LNPs loaded, SLN, NLC, and LLC, along with their mean values and respective significance 

levels, *p < 0.05, **p < 0.01, ***p < 0.001, with a minimum sample size of n = 3. In the 

visualizations (B), SLN formulations are represented by red bars, NLC formulations are shown 

in green, and LLC formulations are highlighted in blue.  

 

The zeta potential of all lipid nanoparticle formulations was found to be negative, 

influenced by the incorporation of negatively charged stearic acid in the SLN and NLC 

formulations [26] , and further amplified by the addition of oleic acid in the NLC and LLC 

formulations [27]. This negative charge is advantageous, especially for targeted therapy 

in NSCLC, as it can potentially enhance evasion from immune detection, reduce 

clearance rates, and prolong circulation time in the bloodstream [28].  

 

Figure 3 (A) revealed a statistically significant change in zeta potential across all lipid 

nanoparticle types of post-spray drying, showing a general decrease in their negative 

charge. This trend was observed in various formulations, including NLC4, NLC5, NLC6, 

LLC4, LLC5, LLC6, and SLN4, SLN5, SLN6, indicating that spray drying alters the surface 

charge characteristics of nanoparticles. The decrease in negative charge could be due to 

reduced adsorption or degradation of non-ionic surfactant steric excipients at higher 

temperatures encountered during spray drying, which might result in less effective 

repulsion between particles [29].  

 

Further analysis, as shown in Figure 3 (B), revealed the post-spray drying zeta potential 

values for various formulations. SLN formulations had an average zeta potential of -22.0 

mV ±8.3 mV, indicating moderate stability but nearing the threshold where particle 

aggregation might occur due to insufficient electrostatic repulsion. In contrast, NLC 

formulations exhibited greater stability with an average zeta potential of -33.0 mV ±2.9 

mV, reflecting stronger repulsive forces and higher stability. LLC formulations displayed 

the least negative zeta potential at -14.1 mV ±1.4 mV, suggesting lower stability and a 

higher propensity for aggregation. 
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Figure 3. Average zeta potential before and after spray drying nine spray-dried LNPs, p-

values indicate significant changes in zeta potential due to spray drying. In these 

visualizations, average zeta potential values before spray drying are depicted in green, 

and after spray drying in blue. 

 

Stability studies of PMZ-loaded LNPs were conducted by assessing the average particle 

size and zeta potential after storage at room temperature (20°C to 25°C) in a desiccator 

for 2 months. The results, displayed in Figure 4 (A), show a trend of maintained or slightly 

increased particle size, indicating moderate size stability or minor aggregation over time. 

Specifically, LLC formulations (LLC4, LLC5, LLC6) demonstrated a modest increase in 

average size, remaining within the standard deviation of initial measurements, suggesting 

stable nano-systems with slight aggregation.  

 

In contrast, NLC formulations (NLC4, NLC5, NLC6) showed more consistent size stability, 

attributed to their inhibition of the recrystallization process in solid lipids, maintaining size 

consistency over the storage period [30]. However, SLN formulations (SLN4, SLN5, 

SLN6) exhibited a more pronounced size increase, indicating a greater tendency towards 

aggregation or particle growth, possibly due to lipid crystallization within the SLN structure 

leading to drug expulsion and increased particle size [31]. 
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Figure 4 (B) presents zeta potential changes post-storage, revealing a notable decrease 

for LLC formulations (LLC4, LLC5, LLC6), suggesting less stability, likely exacerbated by 

moisture sensitivity as confirmed by DVS results in Section 3.3. This reduction in zeta 

potential may also be influenced by the Ostwald ripening effect, where smaller particles 

dissolve and redeposit onto larger ones, altering particle size distribution and decreasing 

zeta potential [32]. Conversely, NLC formulations showed minimal changes in zeta 

potential, maintaining more negative charges and indicating enhanced stability. SLN 

formulations (SLN4, SLN6), however, saw significant declines in their zeta potential, likely 

due to particle aggregation affecting the density of surface charge and lowering the 

negative zeta potential [33]. 
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Figure 4. (A) The average size stability of SLN, NLC and LLC formulations before and 

after storage. Initial sizes are in blue post storage sizes are in green. (B) Zeta values 
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before and after storage. Statistical significance is indicated by *p < 0.05 **p < 0.01 ***p 

< 0.001; "n.s" denotes results without significance (p > 0.05). The minimum sample size, 

for this analysis was n = 3. 

 

4.3.3 Analysis of moisture sorption using Dynamic Vapour Sorption (DVS)  
 

The study investigated the sorption behavior of relative humidity (RH%) across three 

representative LNP formulations: one solid lipid nanoparticle (SLN), one nanostructured 

lipid carrier (NLC), and one liquid lipid carrier (LLC). Despite similar encapsulation 

efficiencies, the sorption trends varied significantly among these formulations due to 

differences in their lipid compositions. Figure 5 (A) details SLN4's gradual and controlled 

moisture interaction, with a peak weight increase of 35% at high RH levels, indicating 

diffusion through a denser or less porous matrix. Interestingly, a decrease in sorption 

during a second cycle at 70% RH suggests potential crystallization within the matrix. 

 

In contrast, NLC5 exhibited a more dynamic response to humidity as depicted in Figure 

5 (B). Initially, when RH% increased from 0% to about 80%, NLC5’s weight quickly rose, 

peaking at 12%. This rapid weight gain doubled beyond 80% RH, reaching 25%, reflecting 

a highly porous internal structure capable of swift moisture adaptation. 

 

LLC5’s response, shown in Figure 5 (C), was the most variable, with significant weight 

fluctuations up to 42% at similar RH levels, indicating a high sorption capacity. This was 

likely due to its liquid lipid composition, primarily oleic acid, which allows for more mobile 

and substantial moisture interactions. The pronounced fluctuations during the desorption 

phase, not mirrored in subsequent cycles, suggest an irregular pore distribution within 

LLC5, leading to differential rates of moisture absorption and release. This highlights the 

complex interaction between LLC5’s unique composition and environmental moisture, 

underscoring the distinct sorption characteristics of each LNP type under varying humidity 

conditions. 

 

The distinct moisture interaction behaviours observed among SLN4, NLC5, and LLC5 

formulations can be attributed to their specific lipid compositions and stabilizers. SLN4, 

comprising only solid stearic acid lipid and trehalose, exhibits a gradual and controlled 
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moisture interaction, peaking at a 35% weight increase at high RH levels. This suggests 

diffusion through a denser or less porous matrix, with a decrease in sorption during a 

second cycle at 70% RH indicating potential crystallization within the matrix. NLC5, which 

includes a combination of solid stearic acid lipid, liquid oleic acid, and OraRez, shows a 

more dynamic response to humidity. Its weight rises quickly, peaking at 12% at about 80% 

RH, and then doubles to 25% beyond 80% RH, reflecting a highly porous internal structure 

capable of swift moisture adaptation. LLC5, composed of oleic acid liquid lipid and 

OraRez, exhibits significant weight fluctuations with sorption and desorption being 

asymmetric, peaking up to 42% at similar RH levels. This high sorption capacity is due to 

its liquid lipid composition, primarily oleic acid, allowing for substantial moisture 

interactions. The pronounced fluctuations during the desorption phase suggest an 

irregular pore distribution within LLC5, leading to differential rates of moisture absorption 

and release. Therefore, the differences in moisture interaction among the formulations are 

influenced by both the types of lipids and the stabilizers used, highlighting the complex 

interplay between these components in determining the overall moisture sorption 

characteristics. 
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Figure 5. Dynamic Vapor Sorption profiles of various spray-dried LNP formulations, 

displaying characteristic moisture uptake and release over time for (A) SLN4, (B) 

NLC5, and (C) LLC4. The blue lines represent weight change percentage, and the 

red lines indicate relative humidity percentage over time. 

 

4.3.4   Fourier Transform Infrared Spectroscopy (FTIR)  
 

The FTIR spectroscopic analysis was performed to identify changes in chemical bonds 

and verify the encapsulation of PMZ within the spray-dried LNP formulations, revealing 

characteristic peaks for each compound. For PMZ, sharp peaks at 1697 cm−1 indicated 

C=O stretching, and bands between 1200 and 800 cm−1 suggested aromatic ring 

vibrations, characteristic of the PMZ fingerprint region [34]. Stearic acid's spectrum 

displayed a carbonyl stretch at about 1695 cm−1 and peaks at 2915 cm−1 and 2848 cm−1 

due to aliphatic C-H stretching, representing methylene groups [35]. Oleic acid exhibited 

a strong carbonyl stretch near 1705 cm−1 and aliphatic C-H stretches in the 2850-2950 

cm−1 range [36]. HPMC-E5 showed a peak at 1052 cm−1, signifying C-O stretching of 

methoxy groups [37]. 

In Figures 6 (A, B, and C), all spray-dried SLN, NLC, and LLC formulations demonstrated 

broadening of bands above 3000 cm−1, suggesting hydrogen bond formation between 
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PMZ and lipid constituents. Specifically, Figure 6 (A) revealed significant changes in 

PMZ’s aromatic C=C stretch at 1480 cm⁻¹ and the C-H bending frequencies between 

1225-1370 cm⁻¹ in SLNs, displaying pronounced broadening and decreased peak 

intensities. The carbonyl group's C=O stretch at 1697 cm⁻¹ also broadened. Stearic acid's 

characteristic carbonyl stretch shifted from 1690 cm⁻¹ to 1700 cm⁻¹ in SLNs, showing a 

decrease in intensity and more diffuse aliphatic C-H stretches. Methylene group vibrations 

also broadened, indicating potential crystallization or hydrogen bonding effects. 

 

In HPMC-E5 within SLN formulations, a shift in the C-O stretching vibration at 1052 cm⁻¹ 

suggested a disruption in the molecular environment due to hydrogen bonding, further 

indicated by changes in the C=O stretching environment in Figure 6 (A) [38]. This was 

observed across SLN4, SLN5, and SLN6, pointing to modifications in the electronic 

environment around PMZ, consistent with an amorphization process and suggesting 

successful encapsulation by the lipid matrix. 

 

Figure 6 (B) displayed subtle modifications in the carbonyl (C=O) group around 1700 cm-

1 and the aromatic C-H bonds at 2958 cm-1 in NLC formulations, indicating changes due 

to drug interactions with lipid components or reorganization within the NLC structure.  

Likewise, Figure 6 (C) highlighted changes in LLC formulations, with variations in the 

intensity and position of the C=O stretching vibration around 1700 cm-1 and minor shifts 

in the aromatic C-C stretching area around 1585 cm-1, suggesting interaction between 

PMZ molecules and the lipid or polymer matrix, impacting the compound's stability and 

bioavailability. The interaction between PMZ molecules and the lipid or polymer matrix 

can significantly enhance the compound's stability by improving its oxidative and 

hydrolytic stability. Lipid matrices can shield PMZ from oxidative degradation, thereby 

extending its shelf life and maintaining therapeutic efficacy, while polymers act as barriers 

against moisture, reducing the risk of hydrolysis and preserving the compound’s integrity 

in aqueous environments. Additionally, the bioavailability of PMZ is enhanced through 

improved solubility and controlled release mechanisms provided by the lipid or polymer 

matrices. These matrices can increase the solubility of PMZ, making it more readily 

available for absorption in biological systems. Moreover, they can enable a sustained 
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release of PMZ, maintaining steady plasma levels and prolonging therapeutic effects, thus 

preventing possible toxicity associated with conventional dosing. 
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Figure 6. Fourier-transform infrared spectroscopy (FTIR) for three groups: (A) 

SLN4, SLN5, SLN6, (B) NLC4, NLC5, NLC6, and (C) LLC4, LLC5, LLC6. The 

graph employs circles and lines to denote variations and frequencies within specific 

spectral bands, with SLNs spectra highlighted in red, NLCs spectra in green, and 

LLCs spectra in blue. 

 

4.3.5   Raman spectroscopic analysis 
 

Figure 7 shows different spectra of components used to prepare the formulations. The 

aim was to use each as a reference to map the surface of the formed particles using 

Raman confocal microscopy.  This analysis provides insight on how different components 

are distributed and how can they affect dissolution and stability.   

 

 

 

 

Figure7. Raman spectra for the various components of spray-dried LNPs. 

 

Figure 8 shows that in the specific areas of NLC sample, no pimozide, oleic acid, PEG-

400 or OraRez were observed which may indicate that those components did not appear 
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on the surface. The spatial distribution for the other components is shown below along 

with the ViewSharp™ white light image at the bottom right. It will be noted that the 

poloxamer 407 and stearic acid appear to be mainly co-located, suggesting potential 

interaction.  

 

 

 

Figure 8. Raman maps illustrating the distribution of stearic acid and poloxamer 407 within 

the sample. The left image shows the spatial distribution of stearic acid, highlighted by its 

characteristic Raman signal. The middle image displays the distribution of poloxamer 407, 

similarly identified by its distinct Raman signature. The bright areas in both Raman maps 

indicate regions with a higher concentration of the respective substances. The bottom 

image is a full-focus white light image of the same sample region, providing a visual 

reference for the overall morphology and aiding in correlating the Raman mapping data 

Chapter 4: Development of Pimozide Spray- dried Lipid Nanoparticles with Enhanced Targeting 
 of Non-small cell Lung Cancer

156



with the physical structure of the sample. Scale bars represent 4 µm for the Raman maps 

and 5 µm for the white light image. 

 

To form an overall impression of the chemical distribution of the NLC sample, a false 

colour map (combining all constituents (each constituent is allocated a colour) has been 

generated (Figure 9). The majority of the grains show as cyan indicating again that the 

poloxamer (green) and the polymer (blue) are co-located. Individual grains of stearic acid 

(red) are clearly visible. 

 

 

 

 

Figure 9. Chemical map illustrating the distribution of constituents in a spray-dried 

nanostructured lipid carrier (NLC) sample. The map is colour-coded to show the spatial 

distribution of different components: poloxamer (green) and polymer (blue) are co-located, 

resulting in most grains appearing cyan. Individual grains of stearic acid (red) are clearly 

visible, indicating areas where this constituent is concentrated. The scale bar represents 

4 µm, providing a reference for the size of the particles. 

 

A comparison was made with an LLC sample to understand the impact of excluding the 

solid lipid (stearic acid) as can be seen in Figure 10.  Individual maps of the locations of 
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the various constituents are shown. The individual grains can be clearly seen. There is 

evidence that the oleic acid and PEG-400 are co located. 

 

 

 

HPMC Isomalt

Pimozide Oleic acid

Polaxamer PEG 400
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Figure 10. False colour maps illustrating the spatial distribution of various constituents in 

a spray-dried lipid liquid crystalline (LLC) sample. The images show the distribution of 

HPMC, isomalt, pimozide, oleic acid, poloxamer 407, and PEG 400. Each map highlights 

the specific location and concentration of these components within the sample. Bright 

areas in each map represent regions with a higher concentration of the respective 

constituent. The scale bar in each image represents 4 µm, providing a reference for the 

size of the observed features. These maps help visualize the co-localization and 

distribution patterns of the different compounds within the spray-dried matrix. 

 

 

To get an overall impression of the chemical distribution, a false colour map (combining 

all constituents (each constituent is allocated a colour) has been generated as shown in 

Figure 11. It is also possible to overlay the false colour map of one or all constituents on 

the white light image. Figure 11 shows the location of the pimozide relative to the white 

light image. The power of Raman spectroscopy is highlighted by the lack of obvious 

correlation with the white light image. The white light image cannot be used alone to 

identify the location of the drug particles. 

 

 

 

Figure 11. False colour chemical map and overlay illustrating the distribution of various 

constituents within a spray-dried lipid liquid crystalline (LLC) sample. The left image 

presents a false colour map where different colours represent distinct constituents: PEG 

400 (red), HPMC (purple), isomalt (blue), poloxamer (cyan), oleic acid (yellow), and 
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pimozide (green). This map visualizes the spatial distribution and co-localization of these 

components within the sample. The right image shows an overlay of the location of 

pimozide (green) relative to the white light image of the same region, providing a visual 

correlation between the chemical map and the sample's physical structure. The scale bar 

represents 5 µm. 

 

Overall, the distribution of all the constituents was clearly observed. The silicon 

measurement showed that the background in the zoomed region is due to 

photoluminescence within the silicon, not a measurement artefact. To avoid any 

confusion, the data presented has not been baselined, smoothed, or subjected to any 

other form of data processing. 

 

In this study, Raman spectroscopy was utilized to analyze both the structural and chemical 

properties of spray-dried LNPs, focusing on how oleic acid disrupts the lipid matrix to 

enhance EE%, supported by XRPD results documented in Section 3.6. This technique 

generated detailed false-color chemical maps that depicted the spatial co-localization of 

oleic acid and PEG-400, crucial for boosting drug loading capabilities. Furthermore, 

Raman maps pinpointed the presence of poloxamer 407, HPMC, and pimozide, 

demonstrating the method's exceptional capacity to reveal molecular arrangements not 

visible through traditional white light imaging. 

 

Additionally, consistent with the changes noted in the FTIR analysis from Section 3.4, 

which showed interactions between the drug PMZ and various components of the lipid or 

polymer matrix, Raman spectroscopy provided detailed chemical maps. These maps 

clearly displayed how oleic acid and PEG-400 are co-located. The maps, using false-

colours, outlined how PMZ, oleic acid, poloxamer 407, PEG-400, HPMC, and isomalt are 

distributed. They confirmed the presence of PMZ and all other ingredients in the spray-

dried LNP sample, demonstrating that oleic acid was deliberately added to modify the lipid 

matrix, thus enhancing the drug's loading capacity and stability. 

 

Moreover, the Raman maps for the NLC sample showed substantial co-localization of 

poloxamer and the polymer, suggesting possible molecular interactions that were not 

detectable on the surface, as evidenced by the absence of PMZ, oleic acid, PEG-400, and 
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OraRez in specific areas. The analysis of the LLC sample further reinforced the concept 

of increased molecular interactions within the more amorphous structures, as indicated 

by the XRPD data, through the observed co-location of oleic acid and PEG-400. 

 

4.3.6 X-ray powder diffraction (XRPD)  
 

XRPD analysis were conducted to assess how various components, affect the structural 

arrangement of nine spray-dried lipid nano formulations. The diffraction patterns of these 

formulations, which utilized stearic and oleic acids as solid and liquid lipids, respectively, 

are displayed in Figure 12. The analysis of pimozide's crystalline structure, as revealed 

through X-ray diffraction patterns, highlighted several prominent peaks that underscore its 

distinct molecular arrangement. Notably, a prominent peak at 2-theta value around 5˚ 

exhibited an intensity of 196. Additional peaks of equal intensity 187 were observed at 2-

theta positions ranging between, 5˚ and 6˚. Furthermore, the analysis identified other 

important peaks located at 2-theta values of 16˚, 17˚, 19˚, and 20˚. In the diffraction 

patterns of stearic acid, major peaks at 2-theta values of around 6˚ and 10˚ were identified 

as characteristic of stearic acid.  

 

Additionally, the observation of two peaks at 2-theta values of 19˚ and 23˚ suggested the 

presence of poloxamer 407, possibly located on the surface of all SLN, NLC, and LLC 

samples. The XRPD patterns presented in Figure 12 revealed varying degrees of 

amorphization across the different spray-dried LNPs, with the order being LLC>NLC>SLN 

in terms of amorphous content. SLNs had sharper, more intense peaks, indicating 

increased crystallinity due to enhanced molecular ordering within the lipid matrix [39]. 

Figure 12 (A) revealed the highest degree of crystallinity in the structures of SLN 

formulations. Where they kept the crystal pattern of PMZ and poloxamer- 407, with many 

peaks, showing that PMZ's crystal structure was mostly present within the spray-dried 

SLN samples.   

 

NLCs displayed a trend towards more amorphous structures, possibly as a result of the 

mixed lipid matrix interfering with crystal lattice and causing structural defects from nano-

sizing, and crucial lipid matrix interactions [40]. Figure 12 (B) showed that NLC 
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formulations appeared to undergo more significant transformations, potentially leading to 

a mix of crystalline and amorphous structures.  

 

In contrast, the LLC nanoparticles exhibited decrease in peak intensity and a pronounced 

shift towards amorphous structures, attributed to a more disrupted lipid matrix, potentially 

due to the sole use of oleic acid.  Figure 12 (C) revealed that PMZ and its LLC 

formulations showed broader peaks with much reduced intensities, suggesting a decrease 

in crystallinity due to PMZ dispersion.  
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Figure 12. X-ray powder diffraction (XRPD) patterns of (A) pimozide (PMZ), HPMC-E5, 

stearic acid, trehalose, isomalt, and poloxamer 407, OraRez. (B) Spray-dried LNPs, 

including Solid lipid nanoparticles (SLNs) in red, Nanostructured lipid carriers (NLCs) in 

green, Liquid lipid carriers (LLCs) in black.  

 

4.3.7 Surface morphology  
 

A key finding from the SEM images, as depicted in Figure 13 (A, B, and C), is that each 

formulation experienced size growth after spray drying, transforming from nanoparticles 

to microparticles. This increase in size might have resulted from the nanoparticles 

aggregating or fusion during the spray drying process [21, 24]. 

 

SEM images of SLN4 showed a mix of spherical particles and large lipid aggregates, while 

NLC5 displayed clusters that could be attributed to either shrinkage from drying or the 

concentration of the dispersion medium. Figure 13 (A) showed nanoparticles with a 

predominantly rounded morphology and a relatively smooth surface, with minor wrinkles 

and indentations [41, 42]. Notably, the smoother surface texture of SLN4, compared to 

NLC5 and LLC4, along with the presence of micro-wrinkles, could diminish particle 

cohesion, thus improving dispersibility. The incorporation of trehalose in SLN4 is believed 

to provide a glassy surface to the particles, further reducing stickiness and enhancing 

flowability [43].  

 

NLC5 particles in Figure 13 (B) were distinguished by a mix of large, flake-like structures 

and smaller, rounded particles with irregular sizes and collapsed sides, a characteristic of 

spray-dried particles. Such variations in shape are suggested to result from the interaction 

dynamics between stearic and oleic acids during spray-drying. The surface roughness 

observed in NLC5 could potentially lower effective density and improve air suspension, 

crucial for consistent dose delivery. 

 

SEM images of LLC4 in Figure 13 (C) revealed a non-spherical shape with a wrinkled, 

rough texture. The rough surface could reduce particle cohesion, essential for preventing 

aggregation and ensuring uniform particle dispersion during aerosolization and deep lung 
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delivery [44]. The aggregation tendency observed could impact aerosolization efficiency 

and respiratory tract deposition. However, the inclusion of trehalose was expected to 

stabilize the particles and aid in de-aggregation upon inhalation, enhancing dispersibility 

and deep lung penetration [43].  

 

The observed morphologies in the SEM images can be attributed to the lipid composition, 

stabilizers, and the spray-drying process. For SLN4, the solid lipid crystallizes upon 

cooling, forming a relatively uniform and crystalline structure, with trehalose acting as a 

stabilizer that provides a glassy surface, reducing stickiness and enhancing flowability. In 

NLC5, the combination of solid and liquid lipids disrupts the crystalline lattice, leading to 

heterogeneous and less ordered structures with phase separation features. The OraRez 

stabilizer contributes to surface roughness, which can lower effective density and improve 

air suspension. For LLC4, the exclusive use of liquid lipids results in a highly irregular and 

amorphous structure due to the absence of crystallization, with trehalose helping to 

stabilize the particles and prevent aggregation. These variations in lipid composition and 

the role of stabilizers during the spray-drying process are key to understanding the distinct 

particle morphologies observed in the SEM images. 

 

 

 

Figure 13. SEM images of SLN4, NLC5, and LLC4 spray-dried LNPs 

 

4.3.8 Evaluating the anti-proliferative activity of pimozide loaded lipid 
nanoparticles against A549 cells 

 

After conducting experiments, on nanoparticles containing PMZ and observing their 

impact on halting the growth of lung cancer cells, we utilized the MTT assay to assess 
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their ability to inhibit cell proliferation. NLC 4 NLC 5 and LLC 5 emerged as promising 

candidates among the tested formulations due to their effectiveness in impacting cell 

growth. The results of the MTT assay indicated that these spray dried LNP formulations 

were more successful than PMZ in impeding cell line growth. Specifically, NLC 4 showed 

an IC50 value of 8.00 μM (±0.94 μM) NLC 5 had a value of 7.52 μM (±1.20 μM). LLC 5 

had a value of 9.39 μM (±1.16 μM) compared to PMZs IC50 value of 13.27 μM (±0.41 μM) 

as illustrated in Figure 14. These results align with studies conducted by Li et al. (2020) 

Wiklund et al. (2010). Dakir et al. (2018) that reported IC50 values, for PMZ [3, 45, 46]. 

 

To verify that the slowdown, in cell growth caused by the formulations stemmed from PMZ 

alone and not from the components we examined how the excipients impacted cell growth. 

Our experiments revealed that at a concentration of 1 mg/mL the excipients did not hinder 

the growth of cells in a lab setting. This observation backs the notion that it's indeed the 

PMZ content, rather than the excipients that is responsible, for the anti-proliferative effect 

of the formulation. 

 

Statistical analysis of IC50 values indicated that the difference between the spray-dried 

LNP formulations and free PMZ was statistically significant as elucidated in Figure 15. 

The superior anti-proliferative performance of PMZ when formulated into nanoparticles as 

opposed to its free form could be attributed to improved cellular penetration and solubility 

[47]. The challenge of poor water solubility and limited bioavailability, common to many 

anticancer drugs including PMZ, often negatively impact their therapeutic efficacy [48]. 

The strategy of nanoparticle encapsulation not only seeks to increase solubility but also 

to enhance the drug's anti-proliferative effect.  

 

An example of such enhancement in solubility and bioavailability through nanoparticle 

technology is Doxil®, a liposomal formulation of doxorubicin, which ensures effective drug 

delivery to tumor sites while reducing cardiotoxicity [49]. Furthermore, nanoparticles may 

increase the penetration of drugs into cancer cells, facilitating the release of the 

encapsulated drug to intracellular targets and thus enhancing its therapeutic effect. This 

concept is supported by findings from Swidan et al. (2016), who noted an increase in 

tumor cell penetration and cytotoxicity of paclitaxel when formulated into NLC [27]. 

However, these attributes need to be further investigated. 
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Figure 14. Anti-proliferative effect of (A) free pimozide, and its spray-dried lipid nano 

formulations (B) NLC4, (C) NLC5, and (D) LLC5, and (E) blank excipients against A549 

cell line mode following 72 hours of treatment. Graphs are presented as percentage 

viability relative to the untreated control. Data represent the mean ± S.D. 
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Figure 15. Bar graph showing the IC50 values for four different groups: Free pimozide, 

NLC 4, NLC 5, and LLC 5. ** p < 0.01 was calculated using one-way ANOVA. Data 

presented as mean ± SD. Comparisons were conducted between the formulation and the 

free drug.  

 

4.3.9  Drug release studies 
 

Following the identification of the promising anti-proliferative capabilities of NLC4, NLC5, 

and LLC5, their drug release profiles were carefully evaluated to determine how PMZ is 

delivered over time. Additionally, the release kinetic of free pimozide was evaluated. In 

the evaluation of the PMZ release profile from the formulations, a biphasic release pattern 

was observed followed by a sustained release phase. The release of PMZ as illustrated 

in Figure 16 followed a biphasic manner with a mean of 18.9% ±2.07% after 2 hours. The 

release rate then reached 51.8% ±4.21% by 8 hours. This phase continued over the 72-

hour period, peaking in a mean release of 89.2% ±3.08.  

 

 

Similarly, PMZ release from NLC5 was biphasic, with a little lower first burst, yielding a 

mean release of 17.1% ±2.51% at 2 hours. At 72 hours, this formulation had a slightly 
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greater mean release of 92.0% ±2.61%, indicating a more consistent sustained phase. 

LLC5 had the slowest initial burst among the three formulations, exhibiting a biphasic PMZ 

release pattern with a mean release of 15.9% ±3.28% after 2 hours. The chemical was 

consistently released over the trial duration, reaching a mean of 89.8% ±2.37% by 72 

hours, comparable to NLC4. 

 

Free pimozide showed a markedly higher release 62.5 ± 2.50% compared to the lipid-

based nanoparticles at the 2-hour mark. This trend of free pimozide leading the release 

continued at the 4-hour time point, reaching 94.2 ± 3.48% indicating an almost complete 

release. The biphasic release pattern characterized by an initial rapid release followed by 

a more gradual, sustained phase, corroborating previous studies [50-52]. The initial burst 

of drug release is thought to arise from drug molecules that are loosely bound to the 

surfaces of the nanoparticles, allowing for their quick dissemination into the target area 

[52]. This dual-phase release mechanism of the formulations may offer considerable 

advantages for inhalation therapy in NSCLC treatment by ensuring prolonged drug 

presence in the lung tissue, which could lead to sustained anti-cancer effects [53]. This 

may enhance the overall therapeutic efficacy, allowing for reduced dosing frequencies, 

thereby improving patient which could significantly impact the clinical management of 

NSCLC, potentially enhancing patient outcomes.  

 

The initial burst release is primarily driven by the presence of free or loosely bound drug 

on the surface of the nanoparticles. This unencapsulated drug is readily available for 

dissolution and diffusion upon exposure to the release medium. In this study, free 

pimozide exhibits a rapid release, with approximately 60-64% of the drug released within 

the first two hours, reaching up to 98% by eight hours. This significant initial burst suggests 

that a considerable portion of the drug is present either as free drug or is poorly 

encapsulated, residing near or on the surface of the nanoparticles. This phase represents 

the unencapsulated drug fraction, which is immediately available to dissolve and diffuse 

out. 

Following the initial burst, the formulations enter a more controlled and sustained release 

phase. This phase is governed by the release of the drug encapsulated within the 

nanoparticle matrix. The release kinetics during this phase are typically controlled by 

diffusion through the nanoparticle material, degradation or erosion of the nanoparticle 
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matrix, or a combination of both processes. For instance, LLC 5 continues to release up 

to 92% of the drug over 72 hours, while NLC 5 and NLC 4 demonstrate a gradual increase 

in release up to around 94% and 92%, respectively. This sustained release phase 

indicates the controlled release of the drug from within the nanoparticle, where the matrix 

acts as a barrier to drug diffusion and degradation. 

The nanoparticle phase plays a crucial role in determining the release kinetics of the 

encapsulated drug. In NLC and LLC formulations, the lipid composition whether solid, and 

liquid, or only liquid significantly affects the release behavior. Solid lipids generally provide 

a more rigid structure, which limits the diffusion of the encapsulated drug, thereby offering 

a slower and more controlled release. In contrast, liquid lipids may allow for faster 

diffusion, contributing to a more rapid release profile. The observed release characteristics 

of LLC 5, NLC 5, and NLC 4 suggest that these formulations likely contain a mixture of 

solid and liquid lipids, typical of NLCs, or possibly entirely liquid lipids for LLCs, which 

contributes to the observed release kinetics. 
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Figure 16. Time-dependent release kinetics of pimozide from three distinct spray-dried 

lipid nano formulations: NLC4, NLC5, and LLC5 compared to the free pimozide. Each 

panel represents the percentage of pimozide released over a 72-hour period, highlighting 

the biphasic release pattern characterized by an initial burst followed by a sustained 

release phase. Free drugs were used as control. Values are means ± SD.  

 

4.4 Conclusion  
 

In conclusion, this comprehensive study demonstrated the potential of pimozide-loaded 

LNPs as a promising strategy for the targeted treatment of NSCLC. The employment of 

the microemulsion technique to synthesize and optimize SLN, NLC, and LLC formulations 

has led to significant advancements in drug delivery technologies, as evidenced by the 

detailed characterization of each formulation's physicochemical properties, encapsulation 

efficiencies, and therapeutic effectiveness.  

 

Notably, the incorporation of oleic acid into NLCs significantly enhanced drug 

encapsulation efficiency, while the diverse morphological properties underscored the 

complexity and potential of LNPs in achieving sustained drug delivery. The findings from 

FTIR, Raman spectroscopy, and XRPD analyses provided a deeper understanding of the 

drug-lipid interactions and the structural integrity of the formulations, further supporting 

their use in clinical applications. The demonstrated anti-proliferative efficacy against A549 

lung cancer cells, combined with a favourable drug release profile, positions these LNPs 

as a possible alternative to traditional chemotherapy formulations. Future studies focusing 

on in vivo efficacy, safety profiles, and mechanisms of action will be pivotal in translating 

these formulations from bench to bedside, potentially revolutionizing NSCLC therapy. 
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Chapter Summary: 

In this chapter, the development and evaluation of pimozide (PMZ) and 

hydroxychloroquine (HQ) loaded lipid nanoparticles (LNPs) for NSCLC treatment are 

discussed. Three LNP types—SLNPH, NLCPH, and LLCPH—were prepared and spray-

dried. NLCPH showed the highest encapsulation efficiencies for PMZ and HQ, better 

colloidal stability, and enhanced storage stability. Besides, NLCPH and LLCPH reduced 

A549 lung cancer cell viability and exhibited anti-inflammatory effects. NLCPH also 

demonstrated a sustained drug release profile. 
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5.1  Introduction:  
 

Lung cancer, particularly non-small cell lung cancer (NSCLC), continues to pose a 

significant global health challenge, especially in advanced stages where treatment 

becomes more difficult [1]. Traditional therapies often have limitations, prompting the 

exploration of alternative strategies such as drug repurposing. This approach leverages 

existing drugs for new therapeutic purposes, offering quicker and cost-effective 

pathways to clinical implementation. 

 

Among the drugs being repurposed, pimozide (PMZ), an antipsychotic, has shown 

promise in combating NSCLC. Recent research highlights its potential anti-cancer 

properties [2]. Similarly, hydroxychloroquine (HQ), traditionally used for malaria and 

autoimmune diseases, is being investigated not only for its ability to inhibit autophagy 

but also for its anti-inflammatory properties. Chronic inflammation is a known factor in 

cancer progression and can complicate treatment and reduce survival rates. Therefore, 

HQ’s potential to address cancer-related inflammation makes it a valuable candidate for 

repurposing in NSCLC treatment [3-7]. 

 

The effective delivery of PMZ and HQ to tumor sites is crucial. Lipid nanoparticles 

(LNPs) present an innovative solution for this challenge. This study focuses on three 

types of LNPs: solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), and 

liquid lipid carriers (LLC). Each type offers unique lipid compositions that optimize drug 

delivery and release characteristics, enhancing the bioavailability and therapeutic 

efficacy of PMZ and HQ [8, 9]. To ensure these drugs reach the deep lung regions, 

spray drying is employed to produce fine particles suitable for dry powder inhalers 

(DPIs). DPIs are essential for delivering medication directly to the lungs, crucial for 

treating respiratory diseases like NSCLC [10]. 

 

The stability of these particles during spray drying and storage is maintained using lipid 

matrices, including stearic and oleic acids, surfactants such as Poloxamer 407 and PEG 

400, and stabilizers like isomalt and trehalose [11, 12]. 
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This study aims to revolutionize NSCLC treatment by combining PMZ and HQ in LNP 

formulations, utilizing spray drying for effective lung delivery. By addressing both cancer 

and cancer-related inflammation, this research seeks to improve therapeutic outcomes 

and potentially enhance survival rates, representing a comprehensive approach to 

NSCLC therapy. 

 

5.2  Materials and methods: 

 

5.2.1 Materials 

 

Pimozide, hydroxychloroquine stearic acid, oleic acid, poloxamer 407, PEG 400, and 

trehalose were acquired from Sigma-Aldrich, US. DuPont in the Netherlands supplied the 

methocel E5 (HPMC E5). Isomalt was purchased from BENEO GmbH, Germany, and  

OraRez PVM/MA copolymer, an alternating copolymer of methyl vinyl ether and maleic 

anhydride was obtained from HARKE Pharma GmbH, Germany. The MTT reagent was 

purchased from ThermoFisher Scientific, US, and the dimethyl sulfoxide (DMSO) was 

obtained from Fisher Bioreagents, US. 

 

5.2.2 Preparation of LNP formulations  

 

The microemulsion method was utilized to generate all PMZ- HQ-loaded LNP formulations 

including, SLNPH, NLCPH, and LLCPH, where the amounts of all components including 

the drugs, lipids, surfactants, bio-adhesive polymer, and excipients were optimized as 

listed in Table 1. Excipients were added at approximately a 5% ratio to serve as protectants 

[13]. 

 

This method uses oil, water, and surfactants to stabilize small droplets within another 

liquid. To prepare Lipid Nano Particles (LNPs), 50 mg pimozide was dissolved in the lipid 

phase, 200 mg stearic acid for Solid Lipid Nanoparticles (SLNs), 100 µL oleic acid for 

Liquid Lipid Carriers (LLCs), or a combination of 100 mg stearic acid and 100 µL oleic 

acid for Nanostructured Lipid Carriers (NLCs) at 85°C. The lipid phase volume was 1 mL. 
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The aqueous phase contained 200 mg Poloxamer 407 and 100 µL PEG 400, with 50 mg 

hydroxychloroquine dissolved in 50 mL water. Both phases were heated to 85°C, which 

was above their Phase Inversion Temperature (PIT), facilitating the transformation from a 

microemulsion to a stable nanoparticle dispersion. The phases were then vigorously 

mixed at this temperature. After cooling, 300 mg HPMC-E5 and 60 mg of one of the 

excipients (trehalose, OraRez, or isomalt) were added with continuous stirring. The final 

nanoparticle suspension volume was 50 mL. The concentration of pimozide in the final 

feed solution was 1 mg/mL, and the concentration of hydroxychloroquine in the final feed 

solution was also 1 mg/mL. The resulting nanoparticle dispersion was then spray-dried to 

obtain the final powder formulation. 

 

Table 1: Composition of spray- dried pimozide- hydroxychloroquine loaded LNP formulations 

 

 PMZ 
(mg) 

HQ 
(mg) 

Stearic 
acid 
(mg) 

Oleic 
acid 
(µL) 

Poloxamer 
407 
(mg) 

PEG 
400 
(µL) 

HPMC-
E5 

(mg) 

Yield% Excipients 
(mg) 

Trehalose 

 

OraRez 

 

Isomalt 

 

SLN 
4PH 

50 50 200 - 200 100 300 64.5 60 - - 

SLN 
5PH 

50 50 200 - 200 100 300 37.7 - 60 - 

SLN 
6PH 

50 50 200 - 200 100 300 51.9 - - 60 

NLC 
4PH 

50 50 100 100 200 100 300 80.5 60 - - 

NLC 
5PH 

50 50 100 100 200 100 300 91.4 - 60 - 

NLC 
6PH 

50 50 100 100 200 100 300 71.5 - - 60 

LLC 
4PH 

50 50 - 100 200 100 300 61.9 60 - - 

LLC 
5PH 

50 50 - 100 200 100 300 55.2 - 60 - 

LLC 
6PH 

50 50 - 100 200 100 300 49.3 - - 60 

 

5.2.3 EE% Encapsulation Efficiency 

 

For the assessment of the entrapment efficiency in all spray-dried PMZ- HQ- loaded LNPs. 

10 mg of each powder was dissolved in 10 mL of methanol and then centrifuged at 13,000 

rpm for 30 minutes. Subsequently, the supernatant was filtered using 0.22 µm filters and 

the amount of PMZ and HQ was determined using High-Performance Liquid 

Chromatography (HPLC). This analysis utilized a 15 cm C18 column, with a monitoring 
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wavelength set at 270 nm, and used an isocratic elution technique with a mobile phase 

consisting of 45% acetonitrile and 55% of acidified water (pH was adjusted to 2.5 ± 0.5 by 

using 0.1% v/v phosphoric acid), with a flow rate of 1mL/min, injection volume of 20 µL, 

and run time of 10 minutes. The drug concentration was calculated from the Area Under 

the Curve (AUC) from the HPLC readings, based on a calibration curve that was linearly 

fit for each drug. Lastly, the encapsulation efficiency percentage (EE%) was derived using 

the following equation [14] 

 

 

(Equation 3) 

 

 

5.3  Results and discussion 

 

In this study, three types of PMZ-HQ loaded into lipid nanoparticles were developed: solid 

lipid nanoparticles (SLNPH), nanostructured lipid carriers (NLCPH), and a novel 

formulation exclusively using liquid lipids, denoted as liquid lipid carriers (LLCPH). These 

lipid nanoparticles underwent transformation into a powdered state via spray drying, 

leading to their shift from the nanometer scale to becoming microparticles. After this 

transformation, the research progressed to a comprehensive physicochemical 

characterization of the spray-dried microparticles. 

 

5.3.1 Encapsulation efficiency of spray- dried LNP powders  

 

The bar graph shown in Figure 1 (A) illustrates the EE% across different LNP powder 

formulations, where the SLNPH formulations, namely SLN4PH, SLN5PH, and SLN6PH, 

exhibited varying encapsulation efficiencies for both drugs. These specific formulations, 

noted for their solid lipid matrix, generally showed lower EE% for PMZ (54%) and HQ 

(52%) in comparison to other LNPs. Such a trend suggests an underlying restriction of the 

solid matrix to adequately accommodate and stabilize the drug molecules within the 

EE  %   =
𝑇𝑜𝑡𝑎𝑙 𝐷𝑟𝑢𝑔 − 𝐹𝑟𝑒𝑒 𝐷𝑟𝑢𝑔 

𝑇𝑜𝑡𝑎𝑙 𝐷𝑟𝑢𝑔
  𝑥100% 
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formulations. With regards to PMZ, this problem is caused by the solid lipid, composed 

solely of stearic acid, which forms a highly structured and crystalline matrix. Such 

configuration significantly restricts the amount of PMZ that can be dissolved or 

encapsulated, leading to a potential expulsion of PMZ from the lipid matrix during the 

cooling process [15]. Consequently, this phenomenon results in a diminished entrapment 

capacity and a decrease in encapsulation efficiency, confirming the challenge posed by 

the crystalline nature of the solid lipid in drug encapsulation processes that was reported 

in previous studies [16, 17].  

 

On the other hand, the low EE% of HQ in SLNPH formulations can be due to a 

combination of limited drug compatibility with the solid lipid matrix and phase separation 

during cooling. Amphiphilic drugs like HQ, which can interact with both lipid and aqueous 

phases, find the solid lipid matrix of SLNs less than ideal due to its solid state at room 

temperature. The matrix's high crystallinity and tightly packed lipid molecules leave limited 

space for the encapsulation of HQ, particularly since it is not fitting well into the lipid's 

crystalline lattice. Furthermore, during SLN preparation, the cooling process required to 

solidify the lipid matrix may cause phase separation. This phenomenon can result in the 

expulsion of HQ from the lipid matrix, especially because HQ tends to locate preferentially 

at the interface. Such phase separation during solidification can significantly impact the 

drug's encapsulation efficiency, leading to lower EE% for HQ in SLNs. 

 

In contrast, the NLC formulations, which include NLC4PH, NLC5PH, and NLC6PH, were 

found to be the most superior among the formulations, exhibiting the highest EE% for both 

drugs PMZ around 95% and HQ around 75%. This superior performance can be attributed 

to the unique structure of NLCs, which incorporate both solid and liquid lipid components, 

offering enhanced flexibility for drug encapsulation. Since it resulted in a lipid matrix that 

is less ordered and possessed more imperfections and voids compared to the highly 

crystalline structure of SLNs [17]. This structural characteristic facilitates improved drug 

compatibility, enabling easier accommodation and better dispersion of both PMZ and HQ 

within the carrier, thereby addressing the challenges posed by their distinct solubility 

profiles. Besides, the integration of liquid lipids serves to reduce phase separation by 

Chapter 5: Enhancing NSCLC Treatment: Advanced Lipid Nanoparticle Formulations and 
Spray Drying Techniques with Repurposed Pimozide and Hydroxychloroquine

183



acting as solvents for the PMZ and HQ during the cooling process, thereby maintaining 

drugs’ solubility and preventing their expulsion [17]. This feature ensures a more stable 

encapsulation of PMZ and HQ, enhancing their EE%.  

 

Moreover, this tailored combination of oleic acid and stearic acid, optimizes drug-lipid 

interactions. The interaction between HQ and stearic acid is characterized by hydrophobic 

interactions between the lipophilic parts of HQ and stearic acid's long hydrocarbon chain, 

although the solid and rigid structure of stearic acid may not efficiently dissolve or disperse 

amphiphilic molecules like HQ. In contrast, the interaction with the liquid oleic acid, is more 

favorable due to both hydrophobic interactions and potential hydrogen bonding, facilitated 

by oleic acid's cis double bond and its slightly polar nature. This increased fluidity and 

reduced packing order in oleic acid significantly enhance HQ's compatibility and 

incorporation into the lipid matrix, making oleic acid a superior choice for stabilizing 

amphiphilic drugs. Consequently, oleic acid is especially conducive to improving the 

encapsulation efficiency and stability of HQ in NLCPH formulations.  

 

Furthermore, the addition of the hydrophilic polymer HPMC-E5 can further increase HQ 

solubility within the lipid matrix. NLCs also offer increased load capacity, particularly 

advantageous for accommodating higher quantities of challenging drugs like HQ without 

compromising particle stability. This increased capacity is important for drugs with varied 

solubility profiles such as PMZ and HQ, demonstrating the adaptability of NLCs to diverse 

pharmaceutical needs. Additionally, spray-dried NLCPH formulations could have 

encapsulated a higher proportion of PMZ and HQ owing to their reduced particle size 

compared to SLNPH and LLCPH formulations as shown in (section 3.2), leading to a 

greater surface area in relation to volume. This might have improved the interaction 

between the two drugs and the lipid matrix, aiding in their more efficient incorporation and 

stabilization within the formulations. This data combined with the controlled release profile 

in (section 3.9), highlights the potential of NLCPH formulations to enhance the delivery 

and effectiveness of both PMZ and HQ. This emphasizes their significance in the 

development of advanced drug delivery systems. 
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The LLC category, comprising LLC4PH, LLC5PH, and LLC6PH, displayed intermediate 

EE% values for PMZ (62%) and HQ (54%). This group's performance showed the 

potential advantages of their liquid lipid architecture in facilitating effective drug 

encapsulation, though not to the extent observed with NLC formulations. However, this 

could be attributed to the fluidity of the lipid matrix resulting from the sole use of oleic acid 

which could have led to the leakage of the encapsulated drugs. 

 

Statistical analysis in Figure 1 (B) further refined our understanding of these observations. 

Specifically, for PMZ, there is a significant difference in EE% between SLNs and NLCs. 

For HQ, significant differences are observed between SLNs and NLCs, as well as between 

NLCs and LLCs. No significant differences are noted between other groups, such as NLCs 

vs LLCs for PMZ and SLNs vs LLCs for both PMZ and HQ.  
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Figure 1. (A) EE% of PMZ and HQ within distinct spray-dried LNP powder formulations. (B) 

EE% and statistical significance (p-values) for PMZ and HQ across three different types of 

LNPs. 
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5.3.2 Particle size, PDI, and zeta potential 

 

The particle size, PDI, and zeta potential of the LNP nanosuspensions and spray-dried 

samples are demonstrated in Figures (2- 4). The analysis of nine different spray-dried 

PMZ-HQ-loaded LNPs, including SLNPH, NLCPH, and LLCPH, revealed trends depicted 

in Figure 2. Results showed a significant increase in average particle size post-spray 

drying across all formulations Figure 2 (A), transitioning from nano- to micro-scale. This 

might be attributed to the spray drying process subjecting the particles to high 

temperatures and shear forces, which causes the lipids to aggregate, resulting in a 

noticeable rise in the overall size of the particles [18, 19].  

 

Furthermore, after spray drying, LNPs tend to increase in size, due to the heating-induced 

phase transition and the aggregation initiated by particle-particle interactions [20]. 

SLN4PH exhibited the smallest particle size among SLN formulations, attributed to 

trehalose's higher solubility compared to isomalt and OraRez in SLN5PH and SLN6PH 

respectively [21, 22]. NLCPH formulations showed smaller and more uniform particle 

sizes, potentially because oleic acid disrupted the crystalline structure of the solid lipid. 

This disruption could result in a reduced packing density within the lipid matrix [23]. 

Additionally, the inclusion of solid lipid in NLCPH formulations aids in faster nucleation 

and solidification within the mixed lipid matrix. This process restricts the growth of 

particles, thereby promoting the development of smaller particles. Figure 2 (B) [24].  

 

LLCPH formulations produced larger droplets because they lacked the solid matrix and 

had lower viscosity and slower cooling rates compared to NLCPH, which could promote 

the coalescence of droplets and lead to larger particle sizes Figure 2 (B). Conversely, 

SLNPH formulations exhibited the largest particle sizes, which could be attributed to the 

crystallization of the solid lipid in the dispersed phase of the SLN upon cooling. This 

crystallization process might cause the expulsion of the drug, leading to an increase in 

particle size (Figure 2C) [25].  
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Figure 2. Particle size measurements for PMZ-HQ-loaded LNPs (A) before spray drying (B) 

after spray drying. In the visualizations (A) and (B), formulations of SLNPH are represented 

by red bars, formulations of NLCPH are shown in green, and formulations of LLCPH are 

highlighted in blue. (C) Comparative bar graph of particle size measurements before and after 

spray drying with respective significance levels (p-values). 

 

The PDI analysis revealed significant differences among SLNPH, NLCPH, and LLCPH 

formulations, with distinct p-values reflecting variations within each group. SLNPH 

formulations exhibited higher PDI values due to the rigid, crystalline nature of stearic acid 

hindering uniform drug encapsulation, resulting in heterogeneous particle sizes and 

elevated PDIs around 0.8 [26]. In contrast, NLCPH formulations, incorporating oleic acid, 

showed more flexible lipid matrices, disrupting crystalline structure, facilitating consistent 

drug encapsulation, and achieving ideal PDIs around 0.2, indicating uniform particle size 

distribution [17].  
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LLCPH formulations, composed solely of oleic acid, demonstrated moderate PDIs, 

suggesting stable size distribution although slightly less uniform than NLCPH. The use of 

oleic acid in LLCPH provided fluidity crucial for generating uniformly sized particles, 

evidenced by a PDI of approximately 0.3. The significant difference between SLNPH and 

NLCPH formulations highlights the critical role of lipid composition in nanoparticle 

properties, with NLCPH achieving optimal particle distribution. Incorporating oleic acid, 

either partially as in NLCPH or entirely as in LLCPH, enhanced flexibility and control over 

nanoparticle formation, resulting in more uniform size distribution and lower PDIs. 

 

 

 

Figure 3. Comparison of the Polydispersity Index (PDI) across three groups of spray-dried 

LNPs loaded with PMZ and HQ, specifically in SLNPH, NLCPH, and LLCPH, including 

their statistical significance (p-values). SLNPH are indicated in red, NLCPH in green, and 

LLCPH in blue. 

 

The integration of particle size and zeta potential data illustrates the delicate balance 

between physical stability and intended application of formulations. Analysis of zeta 

potentials across different LNPs revealed distinct ranges within LLCPH, NLCPH, and 

SLNPH groups. The reduction in negative zeta potential values, particularly pronounced 

in NLCPH and LLCPH, can be attributed to HQ's protonation, increasing surface charge. 

Significant variations in mean zeta potentials among formulations underscored the impact 
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of incorporating oleic acid and using mixed solid-liquid lipids versus purely liquid lipid. 

NLCPH formulations exhibited the highest negative zeta potential values, indicating 

potential colloidal stability, while SLNPH formulations showed slightly lower zeta potential, 

and LLCPH formulations recorded the least negative values, potentially reducing particle 

stability. These parameter variations emphasize the importance of careful formulation 

optimization and process control, particularly considering their biological impact on 

distribution, cellular uptake, and drug release profiles. 

 

 

 

 

Figure 4. (A) Zeta potential values for the spray-dried PMZ-HQ-loaded LNP powders. (B) 

Comparison of zeta potential values across SLNPH, NLCPH, and LLCPH, along with their 
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respective significance levels (p-values). In these comparisons, SLNPH are depicted in 

red, NLCPH in green, and LLCPH in blue. 

 

The stability of all nine spray-dried PMZ-HQ-loaded LNPs was assessed after two months 

of storage at room temperature (20°C to 25°C), revealing notable differences in particle 

size changes among the formulations. Results in Figure 5(A) showed a statistically 

significant increase in average particle size for all formulations. SLNPH formulations, 

particularly SLN4PH, SLN5PH, and SLN6PH, experienced significant size increases, 

potentially due to particle aggregation driven by weak van der Waals forces or lipid matrix 

rearrangement [25]. Besides, SLNPH formulations suggest a potential for aggregation or 

growth due to the recrystallization of the lipid matrix, indicating a level of instability in the 

SLNPH formulations throughout the storage period [27].  

 

Additionally, the moisture absorption of SLNPH formulations, exceeding 40% as 

evidenced in Section 3.3, could also contribute to particle swelling. On the other hand, 

LLCPH formulations, including LLC4PH, LLC5PH, and LLC6PH, exhibited a similar trend 

of increasing particle size, with significant p-values indicating instability. NLCPH 

formulations, comprising NLC4PH, NLC5PH, and NLC6PH, also displayed significant size 

changes, possibly due to Ostwald ripening and structural reorganization induced by liquid 

lipids [28]. 

 

Analysis of zeta potential in Figure 5 (B) revealed a decrease in absolute values across 

all formulations, indicating a decline in stability. LLCPH formulations exhibited the lowest 

absolute surface charge, attributed to oleic acid's minimal ionization at physiological pH 

[29]. Moreover, the decline in the negative surface charge in LLCPH and NLCPH 

formulations could be due to Ostwald ripening effect, which could change the overall 

particle size distribution and subsequently reduce the magnitude of the zeta potential [28]. 

SLNPH formulations exhibited a decline in their positive surface charge, which might be 

resulting from particle aggregation over time. This aggregation can cause a decrease in 

the density of the surface charge, ultimately leading to a lowered negative zeta potential 
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[30].These findings align with moisture sorption data, indicating SLNPH and LLCPH 

formulations absorb moisture more effectively than NLCPH formulations, affecting ion 

interactions and surface charge distribution. Increased humidity promotes particle 

aggregation, altering zeta potential values. 
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Figure 5. Comparative data on the stability of different spray-dried PMZ-HQ- loaded LNP 

powders over a period of two months, with (A) Particle size and (B) Zeta potential serving 

as indicators of stability. Both charts include the respective significance levels (p-values). 

 

5.3.3 Analysis of moisture sorption using Dynamic Vapour Sorption (DVS)  

 

Analysis of relative humidity sorption behavior was conducted for the formulation with the 

highest EE% among each LNP group, specifically (SLN4PH, NLC5PH, and LLC5PH), 

revealing distinct sorption and desorption profiles. LLC4PH and SLN4PH formulations 

demonstrated greater moisture absorption capacities, with maximum sorption exceeding 

40%, while NLC5PH exhibited restrained interaction with moisture, with maximum 

sorption less than 30%. 

The SLN4PH formulation shown in Figure 6 (A) exhibited dynamic sorption/desorption 

behavior, with asymmetric profiles at 80% RH and a lag in desorption during the second 

cycle, indicating potential hydration-induced structural changes. In contrast, the NLC5PH 

formulation in Figure 6 (B) showed consistent patterns between cycles, suggesting higher 

stability in moisture interaction. While LLC4PH indicated in Figure 6 (C) displayed signs 

of recrystallization, particularly at 80% RH, with pronounced water uptake in the first cycle 

and slower equilibrium attainment during desorption, possibly indicating the presence of 

water of crystallization affecting moisture interaction. 
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Figure 6. Dynamic Vapor Sorption profiles of various spray-dried PMZ- HQ-loaded 

LNP formulations, displaying characteristic moisture uptake and release over time for 

(A) SLN4PH, (B) NLC5PH, and (C) LLC4PH. The red line represents weight change 

percentage, and the blue line indicates relative humidity percentage over time. 

 

5.3.4  Fourier Transform Infrared Spectroscopy (FTIR)  

 

The FTIR spectroscopic analysis was conducted to identify changes in chemical bonds 

and to verify the encapsulation of PMZ and HQ within the spray-dried LNP formulations. 

The results revealed distinct and characteristic peaks for each compound studied. For 

PMZ, a sharp C=O stretching peak at 1697 cm⁻¹ and aromatic ring vibrations between 

1200 and 800 cm⁻¹ was observed [31]. For HQ, the spectrum featured C=O stretching at 

1650-1750 cm⁻¹, alongside C-N stretching at 1200-1350 cm⁻¹ and S=O stretching around 

1000-1300 cm⁻¹ [32]. Stearic acid's notable C=O stretch at 1695 cm⁻¹ paired with C-H 

stretching signals at 2915 and 2848 cm⁻¹ [33]. Oleic acid's spectrum was marked by a 

sharp C=O stretch near 1705 cm⁻¹ and C-H stretching between 2850-2950 cm⁻¹ [34]. 

Finally, HPMC-E5 was identified by a characteristic C-O stretch at approximately 1052 

cm⁻¹[35]. 

 

In the FTIR analysis presented in Figure 7, the SLNPH, NLCPH, and LLCPH formulations 

showed broadened bands above 3000 cm-1 (marked in rectangle shapes), and notable 

shifts in key vibrational frequencies, signaling molecular interactions within the lipid 

matrices. Specifically, diminished intensities in PMZ’s aromatic C=C stretching (1450-

1520 cm⁻¹) and C-H bending (1100-1400 cm⁻¹), alongside a reduced sharpness in the 

carbonyl (C=O) stretch peak at around 1695 cm⁻¹, suggested alterations in molecular 

orientation and bonding. Hydroxychloroquine’s C-N stretching (1200-1350 cm⁻¹) and S=O 

stretching (1000-1300 cm⁻¹), as well as stearic acid’s characteristic C=O stretch at 1695 

cm⁻¹ and C-H stretching at 2915 and 2848 cm⁻¹, also exhibited broadening, pointing to 

changes in their chemical environments. Oleic acid and HPMC-E5’s spectral modifications 

further illustrated these complex interactions, with peak shifts to the right to a lower 

frequency indicating hydrogen bonding and miscibility within the formulations [36]. Overall, 
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the spectral data underscored the structural compatibility and integrity of the components, 

reflecting on the encapsulation efficiency and potential influence on the physical stability 

and performance of the LNP formulations. 

 

 

 

Figure 7. Shows a comparison using FTIR among three sets; (A) SLN4PH, SLN5PH, 

SLN6PH (B) NLC4PH, NLC5PH, NLC6PH and (C) LLC4PH, LLC5PH, LLC6PH. It also 
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details their components such, as pimozide (PMZ) hydroxychloroquine (HQ) HPMC E5 

and stearic and oleic acids. The chart uses circles and lines to represent differences and 

frequencies in bands. The SLNPH spectra are highlighted in red NLCPH spectra in LLCPH 

spectra, in blue. 

 

5.3.5 X-ray powder diffraction (XRPD) 

 

The study revealed how the crystalline structures of spray- dried PMZ- HQ- loaded LNP 

formulations are influenced by their interactions with various lipids and excipients, 

impacting drug encapsulation and release strategies. XRPD patterns provided evidence 

of the crystalline nature of PMZ and HQ, with sharp peaks observed for PMZ at 2θ values 

of 5.211° (intensity: 196), 5.295° (intensity: 185), and 5.379° (intensity: 195), indicating its 

structured form [37]. Similarly, HQ's crystallinity was confirmed by significant peaks at 2θ 

= 5.232° (intensity: 167), 5.295° (intensity: 172), and 5.337° (intensity: 173) [38]. 

 

SLNPH formulations, particularly SLN4PH and SLN5PH in Figure 8 (A), showed 

crystalline XRPD patterns with trehalose and OraRez respectively, while SLN6PH 

indicated changes in peak intensities due to isomalt, revealing excipients' influence on 

crystal behavior. NLCPH formulations in Figure 8 (B), depicted shifts in crystalline 

structure due to the hybrid lipid matrix, with NLC4PH and NLC5PH demonstrating peak 

movements indicative of changes in PMZ and HQ encapsulation, and NLC6PH revealing 

distinctive crystalline modifications. 

LLCPH analysis in Figure 8 (C), showed structural changes across formulations involving 

oleic acid, PMZ, HQ, poloxamer 407, HPMC-E5, with LLC4PH, LLC5PH, and LLC6PH 

exhibiting peak shifts and intensity changes, suggesting new crystalline phases or the 

alteration of existing ones. 
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Figure 8. Displays XRPD patterns for the spray-dried LNP powders and their respective 

constituents. (A) SLNPH, (B) NLCPH, and (C) LLCPH.  

 

5.3.6 Surface morphology 

 

A critical observation made from the SEM images, as illustrated in Figure 9 (A, B, and C), 

is that all formulations showed a size increase post-spray drying, transitioning them from 

nanoparticles to microparticles. This size augmentation could be attributed to the 

aggregation or fusion of nanoparticles during the spray drying process [20]. 

Figure 9 (A) displayed particles that exhibited a relatively smoother exterior, yet with slight 

depressions [39, 40]. Although there was evidence of some particle clustering, the 
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particles' loose configuration indicated a possibility for smooth dispersion when subjected 

to the shear forces of inhalation. Remarkably, the smoother surface of SLN4, in 

comparison to that of NLC5 and LLC4, coupled with the occurrence of micro-wrinkles, 

might reduce the tendency of particles to stick together, thereby enhancing their 

dispersibility. 

  

In Figure 9 (B), NLC5PH particles were characterized by a combination of extensive, 

flake-like structures and smaller, spherical particles exhibiting varied sizes and partially 

collapsed edges, typical of spray-dried particles [41]. The flake-like particles showed a 

layered, sheet-like form with uneven surfaces, whereas the spherical particles appeared 

more globular. This diversity in form, that is suggested to be arising from the interaction 

between stearic and oleic acids during the spray-drying process, could influence both 

flowability and aerodynamic properties. The increased surface area of the flake-like 

particles could pose a challenge to flowability but may offer aerodynamic benefits if 

adequately dispersed. However, the incorporation of the excipient is expected to improve 

particle dispersibility, thereby preserving flowability. The observed surface roughness 

might reduce particle cohesiveness, improve dispersion, and enhance flowability [42], 

thus facilitating deeper lung penetration and consistent dosing. 

 

The SEM image of LLC4PH in Figure 9 (C) showed particles that exhibited smooth, 

powdered surfaces featuring grooves, aligning with findings from prior studies [43, 44].   
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Figure 9. SEM images of (A)SLN4PH, (B)NLC5PH, and (C)LLC4PH spray-dried PMZ-

HQ-loaded lipid formulations. 

 

5.3.7 Evaluating the anti-proliferative activity of pimozide- hydroxychloroquine 

loaded lipid microparticles against A549 cells 

 

Before investigating the combined anti-proliferative effects of spray-dried lipid 

microparticle formulations loaded with PMZ and HQ, and understanding the nature of their 

interaction, we first established a baseline by examining the effects of PMZ and HQ 

individually against A549 lung cancer cells. As shown in Figure 10, the results revealed 

that, after a 72-hour treatment period, PMZ exhibited an average IC50 of 13.27 µM which 

is consistent with previous literature results on the same cell line [45, 46]. On the other 

hand, HQ showed an average IC50 of 20.13 µM. These preliminary results set the stage 

for a more detailed analysis aimed at determining the type of interaction, whether 

synergistic, additive, or antagonistic—between PMZ and HQ in an in vitro setting. 
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Figure 10. Anti-proliferative effect of free PMZ and HQ. A549 cells were treated with 

various concentrations of PMZ or HQ as free drugs for 72 hours prior to cell viability 

assessment using MTT assay. Graphs are presented as percentage viability relative to 

the untreated control. Data represent the mean ± S.D. 

 

In our study, on the combined effects we looked at spray dried lipid formulations loaded 

with PMZ-HQ. Found three specific formulations, NLC4PH, NLC5PH and LLC5PH that 

showed significant anti proliferative effects on A549 lung cancer cells. Interestingly, all 

three formulations notably decreased the viability of A549 cells (Figure 11 A- C) and 

demonstrated an effect with combination index (CI) values below 1 (Figure 11 E). The CI 

values for NLC4PH, NLC5PH and LLC5PH were measured at 0.535, 0.627 and 0.718 

respectively. To confirm that the observed anti proliferative impact was directly linked to 

the ingredients in the formulations (PMZ and HQ), we conducted tests using the excipients 

(Figure 11 D). These control experiments revealed that the excipients alone did not 

significantly affect cell viability compared to the control untreated group thus validating 

that the substantial reduction in cell viability was indeed a result of the interaction, between 

PMZ and HQ. 
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The observed enhancement of anti-proliferative action against A549 cell lines, 

accomplished by combining HQ with PMZ within the formulations, confirms findings from 

prior investigations. Since previous studies have documented HQ's ability to strengthen 

the anti-cancer effects of several chemotherapeutic agents such as epirubicin [47], 

doxorubicin [48], and bevacizumab [49] in a variety of cancer cells. While the precise 

processes are not entirely clear, HQ displays a range of effects, at the molecular level 

greatly improving the effectiveness of cancer treatments by closely integrating with key 

cellular functions like survival, growth and cell death. A key aspect of HQs role, in fighting 

cancer is its ability to block autophagy [50]. HQ targets this process by disrupting the 

fusion between autophagosomes and lysosomes, leading to the accumulation of cellular 

debris [51]. This action shifts the cellular balance towards stress and induction of 

apoptosis. This mechanism is further supported by the involvement of membrane Na+/H+ 

exchangers (NHE), which facilitate the uptake of HQ along with sodium ions in exchange 

for protons. This exchange contributes to the accumulation of these drugs within 

endosomes/lysosomes, further interfering with autophagic flux [52].  

 

Parallel to its role in autophagy inhibition, HQ exerts a profound influence on apoptosis by 

modulating the expression and activity of key proteins involved in the apoptotic pathways, 

such as downregulating anti-apoptotic proteins like Bcl-2 and activating caspases [53]. 

Importantly, the anticancer effect of HQ significantly amplified through its interaction with 

the STAT3 signaling pathway [54] . STAT3, a key player in oncogenic processes, 

promotes tumor growth. By targeting and inactivating the STAT3 pathway, HQ exhibits a 

parallel mechanism to PMZ which also targets STAT3 pathway [55]. This inhibition leads 

to a cascade of intracellular events resulting in enhanced caspase activation, a crucial 

step in the execution phase of apoptosis.  

 

Moreover, beyond targeting the cancer cells directly, HQ modifies the immune landscape 

within the tumour microenvironment. At the heart of this immunomodulatory effect, the 

inhibition of Toll-like receptors stands out. This inhibition ultimately leads to a reduction in 

the secretion and production of pro-inflammatory cytokines by various immune cells. The 

cytokines affected include interleukins (IL-6, IL-1), interferons (IFN-γ/α), and tumour 
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necrosis factor-alpha (TNF-α), along with the expression of TNF receptors on 

macrophages, T cells, and B lymphocytes. This immunomodulatory effect can 

paradoxically enhance the anti-tumour immune response, making the tumour 

microenvironment less conducive to cancer growth and more favourable to destruction by 

immune cells [56-58].    

   

 

 

Figure 11. Synergistic anti-Proliferative effects of PMZ and HQ in spray-dried lipid 

formulations. A549 cells were treated with various concentrations of (A) NLC4PH, (B) 

NLC5PH, and (C) LLC5PH or (D) empty vehicle excipients for 72 hours prior to cell viability 

assessment using MTT assay. (E) CI values for each formulation at Fa=0.9 (90% inhibition 
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of cell viability), highlighting their synergistic effects. The horizontal blue line in (E) 

represents the cut-off point for the additive effect (CI = 1). Values below this line indicate 

a synergistic effect, values at this line indicate an additive effect, and values above this 

line indicate an antagonistic effect. The fitting model was logistic fitting 

 

5.3.8   Evaluating the anti-inflammatory effect of spray- dried pimozide     

  hydroxychloroquine loaded lipid formulations  

 

After identifying three spray-dried PMZ-HQ loaded lipid formulations (NLC4PH, NLC5PH, 

and LLC5PH) that exhibited anti-proliferative activity against A549 lung cancer cells, the 

subsequent step involved evaluating their impact on the expression of various pro-

inflammatory cytokines, compared to untreated control samples. The analyzed cytokines 

included IL-1β, IL-6, IL-8, and TNF-α. The results revealed a significant downregulation of 

all pro-inflammatory cytokines expression across all treated groups when compared to the 

untreated control (p<0.001)  as shown in Figure 12. This anti-inflammatory effect of all 

formulations was largely attributed to the HQ component (Supplementary figure 1). HQ 

is known for its potent anti-inflammatory properties, which are mediated through several 

molecular mechanisms.  

 

Firstly, the ability of HQ to interfere with lysosomal activity leads to a reduced processing 

and presentation of antigens, thereby diminishing the immune system's activation and 

response [59]. This mechanism plays a crucial role in the observed downregulation of 

cytokines like IL-1β and TNF-α, which are pivotal in the initiation of the inflammatory 

cascade. Secondly, the inhibition of Toll-like receptor (TLR) signaling by HQ contributes 

to the decrease in IL-6 and IL-8 levels, cytokines closely associated with the innate 

immune response and the recruitment of immune cells to sites of inflammation [60]. 

Additionally, by inhibiting autophagy and stabilizing cellular membranes, HQ further 

reduces the cellular capabilities to propagate inflammatory signals, aiding in the overall 

suppression of pro-inflammatory cytokine production [61]. Moreover, the effect of HQ on 

cytokine production can be linked to its direct and indirect suppression of NF-κB pathway 
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resulting in decreased transcription of pro-inflammatory genes, including those coding for 

IL-1β, IL-6, TNF-α, and IL-8 [62]. 

 

 
 

Figure 12. The anti-inflammatory effect of NLC4-PH, NLC5-PH, and LLC5-PH. Relative 

RNA expression of -1β, IL-6, IL-8, and TNF-α gene on THP-1 macrophages cell line. RNA 

was isolated and quantified using QPCR technique and the expression of the indicated 

genes was normalized against untreated cells. 

 

5.3.9  Drug release studies 

 

The release kinetic of PMZ and HQ from NLC4PH, NLC5PH, and LLC5PH formulations 

was monitored over a period of 72 hour. In the context of PMZ, all formulations showed a 

Chapter 5: Enhancing NSCLC Treatment: Advanced Lipid Nanoparticle Formulations and 
Spray Drying Techniques with Repurposed Pimozide and Hydroxychloroquine

207



biphasic release profile with an initial burst release during the first 4 hours followed by a 

sustained release kinetic where NLC4PH and NLC5PH had an average release of 23.17% 

and 29% respectively at the 4 hours timepoint. Interestingly, while the LLC5PH followed 

the same biphasic release patterns, the initial burst release was higher compared to the 

NLCPH formulations with 45.33% of PMZ was released during the first 4 hours (Figure 

13 A).  

 

The case of HQ was not different from PMZ release where all formulations exhibited a 

biphasic release pattern with the LLC5PH formulation revealed the fastest initial burst 

release (Figure 13 B). The distinct release profile observed in the LLC5PH formulation 

could be due to the physical properties of its lipids. Specifically, the liquid state of the lipid 

components which makes the formula less crystalline, resulting in a less ordered lipid 

matrix. This structure is likely responsible for the high initial burst release observed [13]. 
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Figure 13. The release kinetic of (A) PMZ and (B) HQ from NLC4-PH, NLC5-PH, and 

LLC5-PH formulations. Free drugs were used as control. Values are means ± SD. 

 

5.4 Conclusions 
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This study's investigation into spray-dried PMZ- HQ- loaded LNP formulations for non-

small cell lung cancer (NSCLC) treatment highlights the potential of nanostructured lipid 

carriers (NLCPH) as superior vehicles for delivering pimozide (PMZ) and 

hydroxychloroquine (HQ). Demonstrating high encapsulation efficiencies, optimal particle 

sizes for pulmonary delivery, and favorable physical stability, NLCPH formulations 

emerged as particularly effective. Key findings from SEM, DVS, FTIR, and XRPD analyses 

provided deep insights into the physicochemical properties and structural integrity of the 

drug-loaded LNPs, affirming their effective encapsulation and stability.  

 

Furthermore, biological evaluations revealed significant anti-proliferative effects and 

synergistic action between PMZ and HQ, alongside a notable reduction in pro-

inflammatory cytokines, underscoring the added value of HQ's anti-inflammatory 

properties. The comprehensive study not only underscores the importance of formulation 

strategy in LNP-based drug delivery but also sets a foundation for advancing NSCLC 

therapy, offering a promising outlook for future cancer treatment advancements. 
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Supplementary figure 1. The anti-inflammatory effect of PMZ, HQ, and their combination 

as free agents. THP1 macrophages were treated with 10 M HQ, 5 M of PMZ, or their 

combination prior to QPCR analysis of the expression of the IL-1β, IL-6, IL-8, and TNF-α 

genes. Data was normalized against untreated cells. 
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Chapter 6 

Comparison of the Therapeutic Potential of Pimozide and Hydroxychloroquine 

Combination Using Advanced Spray Drying Techniques 

Arwa Omar Al Khatiba,b, Mohamed El-Tananib, Hisham Al-Obaidia* 

a School of Pharmacy, University of Reading, Reading RG6 6AD, UK 

b Faculty of Pharmacy, Al Ahliyya Amman University, Amman 19111, Jordan 

Chapter Summary: 

In this chapter, the study presents the development of microparticles for the co-delivery of 

pimozide (PMZ) and hydroxychloroquine (HQ) using the three-fluid nozzle (3FN) spray 

drying method. Additionally, it prepares the same formulations using the two-fluid nozzle 

(2FN) method to compare the impact of specific nozzle configurations and excipients on 

the recovery percentages, particle size, drug release kinetics, and therapeutic efficacy of 

the resulting powders. The 3FN method demonstrated higher recovery% for PMZ and 

produced larger particles. Drug release kinetics indicated that the 3FN spray drying 

method offered greater versatility over the 2FN method by providing a tailored release 

profile of the encapsulated bio-actives as intended. Formulations prepared by both 

methods exhibited synergistic antiproliferative effects against A549 cells and significant 

reductions in pro-inflammatory cytokines. However, antimicrobial tests showed no 

significant activity. 
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6.1  Introduction 

 

Spray drying is a sophisticated technique used to create fine, dry powders from a liquid 

solution by rapidly drying with a hot gas. This method is particularly valuable in 

pharmaceutical applications for its ability to efficiently encapsulate drugs, leading to 

improved stability and solubility [1]. The advancements in this technology are evident 

through the implementation of the 2FN and 3FN configurations. These advanced spray 

drying strategies have significantly improved the engineering of particle properties for 

specialized pharmaceutical applications. They have become increasingly important for 

encapsulating and releasing substances in a targeted manner. 

 

The 2FN process is regarded as the conventional method of spray drying, as it involves 

combining a liquid mixture of the drug and excipients with compressed gas. This setup 

allows the gas to shear the liquid into fine droplets, which quickly dry in the heated air of 

the drying chamber. The primary advantage of the 2FN is its simple design and ability to 

generate small particles with precise control over their size and distribution, making it 

useful for creating particles suitable for specific administration routes like inhalation [2]. 

With the 2FN technique one channel is dedicated to the feed while another handles the 

atomizing gas ensuring the creation of precise particle sizes crucial, for effective drug 

delivery [2].  Conversely, the 3FN enhances flexibility by incorporating an additional feed 

solution into the atomization process [3]. This extra fluid enables the creation of particle 

structures such as core-shell configurations, with the core holding the medication and the 

shell acting as a barrier to regulate release timing. This capability can be used to create 

multilayered or coated particles, enhancing the drug's protective properties and controlled 

release profiles [3].  

 

This research specifically investigates the co-delivery of PMZ and HQ, two compounds 

that show promising benefits not only in their traditional uses but also as repurposed 

medications, for innovative therapies. Pimozide, which is typically used to treat 
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antipsychotic conditions has displayed encouraging results, in laboratory studies as a 

treatment for Non-Small Cell Lung Cancer (NSCLC) a prevalent and serious type of 

cancer [4]. By influencing pathways involved in tumor development and spread, PMZ has 

shown the ability to hinder the growth of cancer cells and prompt programmed cell death 

in cells [5, 6]. Similarly, HQ, a recognized medication for malaria and inflammation has 

been investigated for its potential to block autophagy processes in cancer cells enhancing 

the effectiveness of chemotherapy for NSCLC [7-9]. Its anti-inflammatory characteristics 

also suggest a range of applications that could be beneficial, in reducing inflammation 

linked to cancer and improving overall treatment results [10]. 

 

Given that cancer progression from inflammation can be influenced by inflammatory cells 

and various mediators, including cytokines [11], HQ has shown potential in suppressing 

these pro-inflammatory mediators alongside its promising anticancer activity [7-10]. 

Therefore, this study utilizes a combination therapy of PMZ and HQ, employing a unique 

design which involves two different methods of spray drying, 3FN and 2FN. Each method 

uses a combination of specific excipients, with one polymer (either PVP or HPMC-E5) and 

one excipient (either trehalose, OraRez, or isomalt). HPMC-E5 prevents aggregation, 

improves viscosity for controlled release, boosts mucoadhesive properties, and acts as a 

stabilizer and protective agent during spray drying [12-14]. It was selected for these 

formulations due to its effectiveness in developing spray-dried products. Commonly used 

in oral formulations, this polymer prolongs drug release and improves the aerosolization 

of inhaled formulations. It is non-toxic and inert when inhaled, and also enhances the 

bioavailability of spray-dried drugs by improving dissolution rates, inhibiting crystallization, 

stabilizing the drug, providing controlled release, and enhancing muco-adhesion and 

solubility  [15-17]. 

 

PVP stabilizes APIs, enhances solubility, facilitates rapid lung absorption, and allows for 

controlled release formulations [18-21]. National regulatory bodies have deemed PVP 

safe as a pharmaceutical excipient, and extensive toxicity research has confirmed its 

biological inertness. It is non-toxic, non-irritant, and non-sensitizing, making it safe for oral, 

topical, and ocular applications [22]. On the other hand, trehalose stabilizes sensitive 
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molecules, improves powder flow and dispersibility, and controls hygroscopicity, serving 

as a bulking and taste-masking agent [23-25]. OraRez, a free acid of the co-polymer of 

methyl vinyl ether and maleic anhydride, forms protective films around APIs, enhancing 

stability, optimizing particle characteristics, and improving mucoadhesive properties [26, 

27]. Isomalt ensures consistent particle formation, protects heat-sensitive APIs, prevents 

clumping, and improves patient compliance with its mildly sweet taste [28-31].  

 

The 3FN method uses separate feeds for the inner and outer nozzles, while the 2FN 

method employs a single feed solution. In the 3FN method, PMZ is delivered through the 

inner nozzle and forms the core of the microparticle, whereas HQ is introduced via the 

outer nozzle alongside the polymer and excipient, forming the shell of the multi-layered 

particle. This research aims to develop a co-delivery system of PMZ and HQ intended for 

inhalation by utilizing 3FN spray drying method. Additionally, it aims to prepare the same 

formulations using 2FN and compare the impact of specific nozzle configurations and 

excipients on the stability, biological activity, and release kinetics of both encapsulated 

drugs. The release kinetics, influenced by the spray drying method, is essential for 

enhanced therapeutic activity and potential synergy. The hypothesis is to design a system 

that can provide a rapid burst release of HQ to address cancer-related inflammation and 

a sustained release of PMZ for targeted anticancer effects. 

 

6.2  Materials and methods: 
 

6.2.1 Materials 

Pimozide, hydroxychloroquine, and trehalose were acquired from Sigma-Aldrich, US. 

DuPont in the Netherlands supplied the methocel E5 (HPMC E5). Polyvinylpyrrolidone 

(PVP) was purchased from Fluka Analytical, UK. Isomalt was bought from BENEO GmbH, 

Germany, and OraRez PVM/MA copolymer, an alternating copolymer of methyl vinyl ether 

and maleic anhydride was obtained from HARKE Pharma GmbH, Germany. The MTT 

reagent was purchased from ThermoFisher Scientific, US, and the dimethyl sulfoxide 

(DMSO) was obtained from Fisher Bioreagents, US. 

 

Chapter 6: Comparison of the Therapeutic Potential of Pimozide and Hydroxychloroquine Combination 
Using Advanced Spray Drying Techniques

219



6.2.2 Preparation of microparticles encapsulating PMZ and HQ by two and three 

fluid nozzle spray drying systems 

 

In this study, HPMC or PVP were selected to encapsulate PMZ and HQ within a multilayer 

microcapsule or microsphere using the 3FN, and 2FN spray drying methods respectively, 

utilizing a Büchi mini spray dryer B-290 (Büchi Labortechnik AG, Falwil, Switzerland). In 

the 3FN method, utilized in formulations F1 through F5, 100 mg HQ, 150 mg of the 

polymer, and 60 mg excipient (trehalose, OraRez, or isomalt) were dissolved in 50 mL 

deionized water and stirred for 1 hour to ensure uniform dissolution. This solution was 

then fed through the outer nozzle at a constant flow rate for shell formation. 

Simultaneously, 100 mg PMZ was dissolved in 50 mL absolute ethanol and fed through 

the inner nozzle as the core bioactive material. In the conventional 2FN method, utilized 

in formulations F6 through F10, 100 mg PMZ and 100 mg HQ were mixed with 150 mg of 

the selected polymer and 60 mg excipient in 100 mL aqueous ethanol (50:50 v/v), and fed 

through the same nozzle, and encapsulated as microspheres. The spray drying 

parameters were uniformly applied across both methods, with a nitrogen gas flow rate of 

50 mL/min, an inlet temperature of 140 °C (± 2 °C), an outlet temperature of 81 °C (± 2 

°C), a feed flow rate of 2.4 mL/min, and the aspirator blower operating at full capacity. For 

the three-fluid nozzle application, the solutions were pumped simultaneously to ensure 

synchronized feed rates. 

 

As shown in Table 1, a Design of Experiment (DoE) represented by a structured factorial 

design was employed to assess the influence of various variables, such as the method of 

spray drying and excipients, on drug stability, recovery%, release kinetics, and biological 

activities. The primary distinction between the formulations was the method of introducing 

the drugs into the system: formulations F1-F5 used a 3FN system, with PMZ fed through 

the inner nozzle and HQ, the polymer, and excipient sprayed through the outer nozzle, 

whereas formulations F6-F10 employed a 2FN system where all constituents were fed 

through a single nozzle. The second distinction was the specific excipients utilized: F1 

and F6 used PVP and trehalose, F2 and F7 used PVP and isomalt, F3 and F8 used HPMC 

and trehalose, F4 and F9 used HPMC and OraRez, and F5 and F10 used HPMC and 

isomalt. 
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Table 1. DoE of formulations F1 through F10 

 

Formulation Spray drying method Polymer Excipient 

F1 3FN PVP Trehalose 

F6 2FN 

F2 3FN PVP Isomalt 

F7 2FN 

F3 3FN HPMC Trehalose 

F8 2FN 

F4 3FN HPMC OraRez 

F9 2FN 

F5 3FN HPMC Isomalt 

F10 2FN 

 

6.2.3 Recovery analysis 
 

Each formulation, containing exactly 5 mg of PMZ, was dispersed in 2 mL of aqueous 

ethanol (3:1, v/v) and vortexed for 10 minutes. Similarly, each formulation with exactly 5 

mg of HQ was dispersed in 2 mL of aqueous ethanol (3:1, v/v) and vortexed for 10 

minutes. This process dissolved the bio actives and the polymer matrix, yielding a final 

drug concentration of 2.5 mg/mL for each drug. Following that, the actual concentrations 

of both drugs in the solution were quantified using HPLC. Based on the Area Under the 

Curve (AUC) from the HPLC results, the recovery% was calculated using the specific 

formula [32]. 

 

(Equation 4) 
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6.2.4   High Performance Liquid Chromatography (HPLC) analysis 

 

High Performance Liquid Chromatography (HPLC) analysis was performed using an 

Agilent 1100 Series instrument from the USA. The setup included a 15 cm C18 column 

and a detection wavelength of 270 nm. The HPLC's mobile phase consisted of 45% 

acetonitrile and 55% water, with the pH adjusted to 2.5 (±0.5) using 0.1% v/v phosphoric 

acid. An isocratic elution approach was used, with a flow rate of 1mL/min, injection volume 

of 20 µL, and run time of 10 minutes, measurements were conducted in triplicate. 

 

6.2.5 Particle size analysis 
 

In this study, the average particle size of the spray-dried PMZ-HQ powders were assessed 

using dynamic light scattering (DLS) with a Zetasizer Nano ZS from Malvern Instruments, 

UK. Each formulation was initially re-dispersed by mixing 5 mg with 5 mL of distilled water. 

Then, 10 μL of this dispersion was diluted further into a final volume of 1000 μL using 

distilled water. These samples were transferred into glass cuvettes and measured under 

controlled conditions: the temperature was maintained at 25 °C, the refractive index was 

set at 1.33, and the duration of measurement was 60 seconds. Measurements of average 

particle size were conducted in triplicate. 

 

6.2.6 Fourier transform infrared spectroscopy (FTIR) 

 

Fourier-transform infrared (FTIR) spectroscopy using a Perkin-Elmer Spectrum 100 

spectrophotometer (Waltham, MA, USA) was employed to check for the interactions 

between the loaded APIs and the wall material. The measurements spanned a spectral 

range of 650 to 4200 cm⁻¹, with an average of 16 scans integrated for each spectrum. 

 

6.2.7 X-ray powder diffraction (XRPD) 

 

X-ray powder diffraction analysis was carried out using Bruker D8 Advance flat plate 

powder diffractometer (Bruker AXS GmbH, Germany). The samples were irradiated with 
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copper source radiation (1.54A° angstroms). The data collection was carried from 5.0° to 

90° 2theta, 0.2° step size at 1.2 seconds per step. 

 

6.2.8 Drug release studies 

 

The release kinetics of PMZ and HQ from various formulations were studied using dialysis 

bags and analyzed with HPLC. Each formulation weighing 10 mg was dispersed in 5 mL 

of a simulated lung fluid (SLF) containing mixtures of salts; 100 mM NaCl, 5 mM KCl, 2 

mM CaCl2, 25 mM NaHCO3, 5 mM Na2HPO4, 1 mM NaH2PO4, and 1 mM MgCl2 

hexahydrate, adjusted to a pH of 7.4 and vortexed for 3 minutes. The resulting mixture 

was then placed inside a dialysis bag to allow for controlled diffusion. The release of drugs 

was performed under sink conditions in 20 ml of release medium (SLF) to mimic lung 

conditions closely as possible at 37°C, with agitation using BioCote hotplate stirrer at 100 

rpm.  

 

At predetermined time intervals, 1 mL samples were withdrawn from the SLF, and 

immediately replaced with fresh SLF to maintain constant volume. This method ensured 

that the drug concentrations stayed below saturation levels, promoting continual diffusion 

of the drugs from the formulations. The samples collected were subsequently analyzed 

with HPLC. The data obtained from this analysis was used to determine the cumulative 

drug release percentages, thereby generating a kinetic profile of PMZ and HQ release 

from the various formulations under simulated lung conditions. 

 

6.2.9 Antiproliferative effect against A549 cells 
 

The antiproliferative effects of PMZ, HQ and various formulations (F1- F10) were 

assessed using an MTT assay by (Biorad). A549 human lung cancer cells were grown in 

RPMI 1640 medium with 2 mM L glutamine, 100 mg/mL penicillin/streptomycin, from 

(Gibco) and 10% bovine serum from (Euroclone). The cells were seeded in a 96 well plate, 

from (SPL Korea) at a density of 5×10³ cells per well. Left to attach. The next day the cells 
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were treated with distinct concentrations of free PMZ, free HQ or one of the formulations 

(F1- F10) at doses ranging from 0.8 to 100 μM. Following a 72-hour treatment period cell 

viability was assessed using the MTT assay. This process involved adding 0.5 mg/mL 

MTT to each well and allowing a 3 -hour incubation for crystals to form. The formazan was 

then dissolved by adding 100 μL of DMSO to each well. Absorbance readings were taken 

at 570 nm using a BioTek Cytation 5 multi -mode plate reader, from the USA. 

 

The results of cell viability were expressed as percentages relative to the untreated control 

group. The drug interactions were analyzed by calculating the combination index (CI) 

using the Chou and Talalay method [33], with CompuSyn software. A CI value below 1 

indicated a synergistic effect, a value of 1 signified an additive effect, and a value above 

1 suggested an antagonistic effect. 

 

6.2.10 Quantification of pro-Inflammatory cytokine RNA expression in THP-1 cells                 

         using qPCR 

 

The THP- 1 human monocytic cell line was grown in RPMI 1640 medium (Euroclone) with 

added 2 mM L glutamine, 100 mg/mL penicillin/streptomycin (Gibco), 4.5 g/L D glucose 

(Sigma), and 20% fetal bovine serum (Euroclone). To prompt the transformation, into 

macrophages the THP 1 cells were cultured at a density of 2×105 cells per mL, in RPMI 

medium supplemented with 100 nM Phorbol 12 myristate 13 acetate (PMA) in a 24 well 

plate allowing them to adhere for a day (SPL, Korea). After discarding adherent cells, the 

remaining macrophages were sustained in RPMI medium before being exposed to 5 

μg/mL lipopolysaccharide (LPS) for an additional day. Following stimulation, the cells were 

treated with the formulations at concentrations equivalent to 10 μM of HQ for 48 hours. To 

measure RNA expression of IL-1, IL6, IL-8, and TNF-, approximately 1×106 cells were 

harvested, and RNA was extracted. The RNA concentration was quantified using a 

NanoDrop device (Thermo Fisher Scientific). A total of 0.5 μg of RNA was reverse 

transcribed to cDNA using the PrimeScript RT Master Mix (Takara, China) in a T100 

Thermal Cycler (Biorad). 
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The qPCR reaction mixture included 2 μL of cDNA, 0.4 μL each of forward and reverse 

primers, 7.2 μL of nuclease-free water, and 10 μL of SYBR Premix Ex Taq (TliPlus) (Takara 

Bio). The PCR cycles were performed on a CFX96 C1000 Touch thermal cycler (Biorad) 

with an initial denaturation at 95°C for 3 minutes, followed by 40 cycles of denaturation at 

95°C for 5 seconds and annealing at 61°C for 30 seconds. 18S-rRNA was used as the 

reference gene, and all samples were analysed in triplicate. Data analysis was conducted 

using the 2−ΔΔCT method through CFX Maestro Software (Biorad). 

 

6.2.11 Antimicrobial activity measurements 
 

The bacterial strains, including Acinetobacter baumannii, Klebsiella pneumoniae and 

Pseudomonas aeruginosa were sourced from the King Hussein Cancer Center (KHCC), 

in Amman, Jordan. Initially each compound was prepared with 200 μg per disc using buffer 

saline. In a follow up experiment the compounds in formulations F1, to F5 were diluted 

with 10% DMSO. Blank discs, infused with 200 μg of each formulation, were used in the 

disc diffusion assay and placed on Mueller Hinton agar (MHA) plates previously streaked 

with a fresh 0.5 McFarland standard inoculum of each bacterium. Imipenem, ertapenem, 

and minocycline were used as positive controls for A. baumannii, K. pneumoniae, and P. 

aeruginosa, respectively. 

 

6.2.12 Statistical analysis 

 

To compare the variations between formulations, a one-way analysis of variance (ANOVA) 

with Pythons SciPy library was used. All the statistical analyses were carried out with a 

significance level set at α=0.05. Any p-values, below this threshold indicated significant 

difference. 

 

6.3  Results and discussion 
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6.3.1  Recovery analysis  

 

Performing recovery analysis studies in our research is crucial due to the fact that most 

studies do not investigate the loss of drug during the spray drying process. To accurately 

assess the antiproliferative effects against A549 cells and quantify pro-inflammatory 

cytokine RNA expression, it is essential to normalize all experiments based on the actual 

amounts of drugs produced post-spray drying. This normalization ensures that the 

biological assay results are standardized according to the actual amounts of drugs present 

in the microparticles. Most studies fail to consider drug loss, despite its common 

occurrence in spray drying. Importantly, we ruled out drug loss due to chemical 

degradation, as confirmed by FTIR results showing no significant shifts or new peaks, 

indicating that the drug and excipients remained intact. Thus, our stability study further 

supports this finding. This innovative approach assesses the efficacy of spray drying using 

2FN and 3FN methods to produce uniform microparticles, providing a more accurate 

evaluation of all biological assays' effectiveness based on such recovery percentage 

results.  

 

The recovery percentages of both drugs, as shown in Figure 1, indicated a higher average 

recovery percentage for PMZ in 3FN (66% ± 0.9%) compared to 2FN (59.1% ± 1.90%). 

Similarly, for HQ, the recovery percentage in 3FN (53.1% ± 1.80%) was higher than in 

2FN (49.8% ± 0.70%). This trend was observed across all spray-dried formulations, with 

PMZ consistently having higher recovery percentages than HQ. The recovery 

percentages of PMZ and HQ highlight the significant impact of solvent systems, nozzle 

configurations, and the properties of the drugs and excipients used. In formulations F1 

through F5, where PMZ was dissolved in ethanol and fed through the inner nozzle as the 

core fluid, the use of the 3FN method played a crucial role. This method, characterized by 

a high Peclet number, promotes faster ethanol evaporation compared to the solute 

diffusivity, resulting in earlier shell formation. This early shell formation effectively controls 

the diffusion of PMZ to the surface, concentrating it at the core and achieving higher 

recovery percentages [34-36].  
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Conversely, HQ was dissolved in water and sprayed through the outer nozzle, suggesting 

its encapsulation into the shell layer. This trend was consistent across all formulations 

prepared using the 3FN method (F1 through F5). The distinct mixing of components in the 

3FN system, with PMZ in ethanol and HQ, polymer, and excipient in deionized water, 

results in two fluids with different viscosities. This viscosity difference improves the core-

to-wall ratio, boosting PMZ recovery while reducing HQ recovery [37-39]. These findings 

align with previous research, such as the study by Leena et al. (2022) on the co-

encapsulation of curcumin and resveratrol, which reported improved recovery 

percentages using a 3FN spray drying system [38].  

 

The 2FN system used in formulations F6 through F10, which atomizes a single feed 

solution with a high-speed gas stream, resulted in lower recovery percentages which 

could be attributed to the solubility properties of PMZ and HQ. PMZ, soluble in ethanol but 

insoluble in water, achieved optimal solubility and higher recovery in the 3FN system 

where it was dissolved in absolute ethanol. In contrast, the 2FN system fed PMZ through 

a single nozzle with HQ in a 50:50 v/v aqueous ethanol solution, significantly reducing its 

solubility and recovery. For HQ, which is soluble in water but sparingly soluble in the 50:50 

v/v solution, the recovery decrease in the 2FN system was expected but less significant, 

as some HQ remains solubilized in the aqueous ethanol feed solution. This lower 

recovery% in 2FN highlights the challenges of mixed solvent systems. These challenges 

affect solubility and solution homogeneity, leading to non-uniform droplet formation during 

atomization, varied drying rates, and evaporation kinetics. Consequently, this is likely to 

result in non-uniform solidification and pockets of varying drug concentration, leading to 

lower recovery percentage [40, 41]. 

  

Expanding on the effects of the excipients, variations in PMZ recovery%  in formulations 

F1-F5 using the 3FN method could be attributed to the different thicknesses of the polymer 

shell, using PVP or HPMC-E5, impacting drug encapsulation within the core [42]. The 

differential diffusion of fluids with different viscosities significantly improves PMZ 

recovery%  while reducing HQ recovery%, consistent with findings by Pabari et al. (2012) 

and França et al. (2018) [39, 43]. PMZ's highest recovery% was observed in formulations 
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F4 and F9, which included HPMC-E5 and OraRez. The robust film-forming properties of 

HPMC-E5 and the cohesive properties of OraRez led to the smallest particle sizes, as 

shown in the particle size analysis in Section 3.2. This implies that the increased surface 

area to volume ratio and shorter diffusion pathways likely improved interactions and 

uniform solvent removal, leading to better recovery% [44, 45].  This finding is consistent 

with prior work on HPMC shells improving solubility and sustained release of hydrophobic 

drugs [46, 47]. For HQ, the highest recovery% was observed in formulations F5 and F10 

using HPMC-E5 and isomalt. HPMC-E5 enhances HQ’s solubility and provides thermal 

stability, while isomalt maintains capsule integrity with its low hygroscopicity and suitable 

Tg (60°C) [31, 48].  
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Figure 1. (A) Recovery% for PMZ in all spray dried formulations, with the respective 

significance levels (p-values) between 2FN and 3FN using the same formulations. (B) 

Recovery% for HQ in all spray dried formulations, with the respective significance levels 

(p-values) between 2FN and 3FN using the same formulations. (C) Recovery% for PMZ 

and HQ in all spray dried formulations with the significance levels (p-values) of each drug 

among all formulations. 

 

6.3.2 Particle size analysis 
 

The impact of nozzle configurations and solvent systems on the particle size distributions 

of ten PMZ- HQ spray-dried formulations were studied, revealing consistent trends across 

the experiments as shown in Figure 2. Notably, formulations utilizing a 2FN system (F6-

F10) consistently resulted in smaller particle sizes compared to 3FN system counterparts. 

This observation is in line with previous studies, as one that reported nitrofurantoin 

powders spray-dried with a 2FN system had significantly smaller particle sizes than those 

using a 3FN system [49]. Smaller particles with higher surface area to volume ratios 

generally release drugs faster as evidenced in the in vitro release profiles in Section 3.5.  
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This observed trend towards larger particle sizes in formulations F1-F5 prepared by 3FN 

and smaller particle sizes in formulations F6-F10 prepared by 2FN method, can be 

attributed to the effect of the hydrophilic polymers (HPMC or PVP) in the 3FN configuration 

since they are located on the outer shell layer of the particles, this could cause these 

particles to retain water and dry more slowly, limiting the amount of shrinkage during spray 

drying. On the other hand, the 2FN method's uniform dispersion of the feed decreases 

water retention, enabling the particles to dry faster and consequently resulting in smaller 

particles [49]. Moreover, given that the particle size of spray-dried microcapsules is heavily 

influenced by the droplet size formed after atomization, with smaller droplet sizes 

producing smaller microcapsules. The high shear mixing and homogenization process in 

the 2FN method significantly reduces the emulsion droplet size, resulting in a smaller 

average diameter compared to the formulations prepared by the 3FN method. This 

reduction in droplet size is due to the intensity of mixing, where high shear forces create 

a turbulent environment that breaks larger droplets into much smaller ones. The energy 

input in the 2FN method is greater, providing more energy to disrupt the liquid phases into 

smaller droplets. Additionally, the 2FN method generates higher turbulence and shear 

forces, focusing energy directly on the fluid mixture and enhancing the emulsification 

process. High shear conditions in the 2FN method also reduce the likelihood of droplet 

coalescence, as the rapid formation of small droplets and their immediate stabilization 

prevent merging back into larger droplets. Furthermore, the specific design of the 2FN 

nozzle and its mixing mechanism make it more efficient in creating small droplets, 

ensuring a larger number of smaller droplets compared to the 3FN method [50].  

 

Further elucidation on the vital roles of polymer and excipient choices in influencing 

particle size revealed that formulations employing PVP demonstrated notable differences 

in particle sizes based on the excipient used. F1, with PVP and trehalose, yielded particles 

measuring 3412 nm ± 203.0 nm, benefiting from trehalose's ability to stabilize and 

compact the matrix effectively. In contrast, F2 using PVP with isomalt, resulted in 

significantly larger particles sized at 6027 nm ± 280.0 nm. This increase can be attributed 

to the dual effect of PVP’s viscosity [51, 52], which facilitates larger droplet formation, and 
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isomalt's bulking properties, which add volume, contributing to a looser and larger matrix 

formation [31, 53]. 

 

Shifting to formulations with HPMC-E5 which indicated a trend towards smaller particle 

sizes, optimized by the specific excipient used [54]. Particularly, F3 combining HPMC-E5 

with trehalose, achieved particles sized at 2200 nm ± 175.0 nm. The hydrating properties 

of trehalose likely enhanced the density of the matrix without increasing bulk, leading to 

smaller, denser particles [55]. F4 presented the smallest particles in the series, measuring 

1351 nm ± 56.00 nm, due to the effects of HPMC-E5's excellent film-forming ability and 

OraRez's adhesive properties, which facilitated tightly encapsulated, well-stabilized 

particles [56]. Conversely, F5 with HPMC-E5 and isomalt generated larger particles sized 

at 2723 nm ± 104.0 nm, mirroring the effect seen in F2, suggesting that isomalt’s 

crystalline nature has contributed to increased volume and less compact matrix formation. 

 

 

Figure 2. Comparison of the average particle size in 10 spray-dried formulations, each 

colour represents formulations having the same excipients: Group 1 (F1, F6) Group 2 (F2, 

F7) Group 3 (F3, F8) Group 4 (F4, F9) and Group 5 (F5, F10). The values indicate the 

mean, with standard deviation. * p < 0.05, calculated using one-way ANOVA. 
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6.3.3 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR spectral analysis was conducted to evaluate the molecular interactions between 

PMZ and HQ and the excipients during the formation of microparticles prepared by 2FN 

and 3FN methods. The spectra of PMZ-HQ spray-dried formulations were compared with 

their individual components, and revealed distinct characteristic peaks for each 

constituent, reflecting the diverse chemical functionalities present. The spectrum of PMZ 

revealed several characteristic fingerprint peaks, which correspond to specific functional 

groups within the molecule. Peaks around 1504 cm⁻¹ are attributed to C=C stretching 

vibrations in the aromatic rings, while C-H stretching in these rings appeared near 3000 

cm⁻¹. The presence of fluorine substituents contributes to peaks in the range of 1400-

1200 cm⁻¹ due to C-F stretching vibrations. The amide group in PMZ showed 

characteristic peaks with C=O stretching around 1695 cm⁻¹ and N-H stretching between 

3500-3200 cm⁻¹. Additionally, C-N stretching vibrations were observed around 1350-1000 

cm⁻¹, and C-C stretching vibrations occurred between 1300-800 cm⁻¹ [57]. HQ was 

distinguished by a prominent peak at 1049 cm⁻¹, indicating the symmetric stretching 

vibration of the sulfate group (SO₄²⁻). Additional notable peaks were found around 1600 

cm⁻¹ for C=C and C=N stretching vibrations in the aromatic ring, and in the 1400-1500 

cm⁻¹ region for CH2 bending [58]. PVP has an amide carbonyl group in its structure, which 

showed a characteristic sharp peak C=O stretching at 1646 cm-1 [59, 60]. The stabilizers, 

trehalose and isomalt, exhibited O-H stretching at 3273 cm-1, typical of hydroxyl groups, 

accompanied by other peaks for C-H and C-O stretching [61]. HPMC-E5 displayed peaks 

associated with C-H stretching at 2903 cm-1 and strong C-O stretching vibrations, 

suggestive of its polymeric nature, it has  free OH groups, which resulted in a peak at 

3455 cm−1 [60, 62]. Lastly, OraRez showed C=O stretching at 1750 cm-1, pointing to the 

presence of ester linkage.  

 

 To investigate the interactions between the drugs and polymers, the spectra of all spray-

dried formulations were compared to the those of pure PMZ and pure HQ as well as the 

spectra of the respective excipients, using them as references to analyze the solid 
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dispersions. All investigated samples showed a broad peak above 3100 cm−1, indicating 

hydrogen bonding interactions within the formulations. In F1, F2, F6, and F7 prepared 

with PVP, the NH group of PMZ forms hydrogen bonds with the carbonyl oxygen of PVP 

[63], while HQ forms similar bonds through its OH group and NH side chains. In HPMC-

based formulations including F3, F4, F5, F8, F9, and F10, both PMZ and HQ establish 

hydrogen bonds with the OH groups in HPMC. Particularly, PMZ through its NH and 

carbonyl groups, and HQ through its OH and NH groups. These interactions stabilize the 

drug-polymer complexes, potentially enhancing the solubility of PMZ and HQ and 

promoting a controlled release profile. 

 

As shown in Figure 3, the prepared formulations exhibited a peak within the range of 

1400-1200 cm⁻¹, indicative of C-F stretching vibrations, confirming the presence of PMZ 

in the encapsulates. Additionally, each tested powder displayed a prominent peak at 1049 

cm⁻¹, corresponding to the symmetric stretching vibration of the sulfate group (SO₄²⁻) in 

hydroxychloroquine sulfate, which verifies that HQ is present in the spectra of all spray-

dried formulations. The representative FTIR spectra of formulations prepared using the 

3FN method (designated as F1) and those prepared using the 2FN method (designated 

as F6) in Figure 3 showed similar broadening of some peaks, indicating hydrogen bonding 

between the drugs and excipients. These interactions help stabilize the amorphous forms 

of the drugs, as evidenced by the XRPD analysis in Section 3.4, enhance solubility, and 

improve controlled release, that is further determined by the in vitro release data in 

Section 3.5, thereby potentially increasing bioavailability [64]. 
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Figure 3. A representative comparative analysis using Fourier-transform infrared 

spectroscopy (FTIR) for two formulations F1- prepared by 3FN, and F6- by 2FN with their 

respective individual components including PMZ, HQ, polymer, and excipient. The graph 

uses circles and lines to indicate the broadening of peaks above 3000 cm-1 and the 

presence of fingerprint zones of both drugs within the formulation spectra. 

 

6.3.4 Physical state of bioactive compounds in microparticles 

 

The impact of microencapsulation on the crystallinity of PMZ and HQ was assessed using 

XRPD analysis. All individual components as well as spray-dried formulations were 

evaluated. Results shown in Figure 4  provided evidence of the crystalline nature of PMZ 

and HQ, with sharp peaks observed for PMZ at 2θ values of 17.2° (intensity: 196), 18.2° 

(intensity: 185), and 19.7° (intensity: 192), indicating its crystalline structured form [65]. 

Similarly, HQ showed significant peaks at 24.358° with an intensity of 465, as well as other 

peaks at 24°, 20°, and 17° with intensities of 363, 292, and 284 respectively [66]. The 

amorphous state of PVP and  OraRez was confirmed by the absence of sharp peaks in 

their diffractograms [59]. While  HPMC exhibited two broad humps within the range of 5˚-

25˚, indicating its amorphous state [67]. Trehalose and isomalt crystalline content was 
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evidenced with sharp peaks at 24.3° and 19.8°, respectively, suggesting distinct 

crystallographic features [68, 69].  

 

 

 

Figure 4. XRPD patterns for PMZ, HQ, PVP, HPMC, trehalose, OraRez, and isomalt 

 

As illustrated in Figure 5, none of the intense sharp peaks of PMZ or HQ are visible in 

any of the solid dispersions prepared using 2FN and 3FN. This suggests that in both 

methods, the drugs have been successfully transformed into an amorphous or molecularly 

dispersed state [70-72]. This finding aligns with a prior study which confirmed that 
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encapsulation alters the crystallinity of resveratrol and curcumin, converting them into an 

amorphous form [38]. With its greater free energy levels than the crystalline forms, the 

amorphous form is probably more soluble at saturation [73]. Encapsulation also enhances 

the effective surface area of drugs dispersed in microparticles, leading to rapid dissolution 

of the water-soluble matrix and thereby increasing the dissolution rate and absorption of 

the encapsulated molecules [74]. As a result, the amorphous state of these drugs 

improves their dissolution rates and solubility profiles, thereby boosting their bioavailability 

[75].  

 

 

 

Figure 5. XRPD patterns for the spray-dried PMZ- HQ powders by 2FN and 3FN, (A) F1, 

and F6 (B) F2, and F7 (C) F3, and F8 (D) F4, and F9 (E) F5, and F10. Formulations where 

PMZ is fed via the inner nozzle and the combination of HQ, polymer, and excipient through 
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the outer nozzle in 3FN system (F1, F2, F3, F4, and F5) are shown in red. The 

formulations administered through a single nozzle in a 2FN system (F6, F7, F8, F9, and 

F10) are demonstrated in blue. 

 

6.3.5 In vitro drug release 
 

In vitro release studies are crucial for understanding how encapsulates behave under 

simulated lung conditions. Figure 6 presents the release profiles of PMZ and HQ using 

SLF. The results reveal distinct differences in the release kinetics of PMZ and HQ across 

various formulations (F1-F10), influenced mainly by the spray drying method, polymer 

type, and particle size. The core-shell encapsulates produced by the 3FN spray drying 

method (formulations F1-F5) exhibited a slower release of PMZ (Figure 6A) compared to 

the traditional 2FN approach (formulations F6-F10) (Figure 6C). Initially, a rapid release 

was observed in all the core-shell spray-dried encapsulates prepared using the 3FN 

method, likely due to the presence of core droplets on the surface of the encapsulates 

[76]. This initial burst was then followed by a slower release. This could be attributed to 

the sustained release properties of the polymer forming the shell of the microcapsule, 

which swells under simulated lung conditions, gradually releasing the core contents [77].  

 

Besides, PMZ, with a pKa of 8.6, will be mostly in its non-ionized form at pH 7.4, reducing 

its solubility in SLF. It has a poor water solubility (0.01 mg/mL at 25°C) and is relatively 

non-polar, leading to a slow dissolution rate in SLF. Additionally, its high partition 

coefficient (Log P of 6.3) suggests a preference for non-aqueous environments, further 

supporting its low solubility and slower dissolution rate compared to HQ. The recovery% 

results in Section 3.1 supports this finding, showing that PMZ had a higher recovery%. 

Suggesting that when a larger proportion of the drug is encapsulated within the 

microparticles, the release tends to be more controlled and sustained. This is likely 

because the encapsulating material acts as a barrier, slowing the diffusion of the drug into 

the surrounding environment.  
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For HQ, which was fed through the outer nozzle in the 3FN method, the release was 

quicker due to its proximity to the particle surface (Figure 6B). Additionally, HQ is 

expected to dissolve faster and have higher solubility in SLF. With pKa values of 8.3 and 

9.7, HQ will be largely ionized at SLF's pH of 7.4, enhancing its water solubility. Its high 

solubility and fast dissolution rate in SLF are further supported by its polar nature and very 

high solubility in water. As shown in the recovery% results in Section 3.1, HQ exhibited a 

lower recovery%, indicating that a larger fraction of the drug may be free or loosely 

associated with the microparticles. This results in a faster release, as the drug is more 

readily available to diffuse out. 

 

Conversely, the 2FN method (formulations F6-F10), where both PMZ and HQ were fed 

through the same nozzle and distributed throughout the particle matrix, resulted in release 

kinetics for both drugs with less pronounced variations, highlighting the impact of the spray 

drying method Figure 6 (C, D). Referring to the PMZ release profile prepared using 2FN 

in Figure 6C, it is evident that the release rate is faster compared to the profile using 3FN 

in Figure 6A. This difference can be attributed to the smaller particle sizes of F6-F10 

prepared with 2FN, which offer larger contact surface areas to the SLF release medium 

[78]. Consequently, this leads to a faster release rate than the larger particles prepared 

by 3FN [79], as noted in the particle size analysis in Section 3.2. But when the drug was 

fed through the 3FN system's outer nozzle, as in HQ release profiles shown in Figure 6B, 

this observation was less pronounced, suggesting that in this case, the influence of nozzle 

configuration outweighs that of particle size. 

 

Expanding on the impact of polymer on the release rate, it is interesting to note that the 

release of PMZ and HQ was slower in formulations (F1, F2) compared to (F3, F4, F5), 

and in (F6, F7) compared to (F8, F9, F10) as shown in Figures 6 (A, B, C, D). This variation 

could be mainly due to the structure and nature of the polymer [37]. Formulations (F1, F2, 

F6, F7) use PVP, while formulations (F3, F4, F5, F8, F9, F10) employ HPMC. HPMC, 

being highly hydrophilic, swells quickly and forms gels with lower viscosity, facilitating 

faster drug release [80]. In contrast, PVP forms thicker gels with higher viscosity, hindering 

drug movement and resulting in slower release [44, 81, 82] . This result is in line with a 
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prior study that found metformin release was prolonged more effectively using higher 

viscosity grade ethyl cellulose [83]. Additionally, HPMC's higher porosity is likely to 

enhance drug diffusion, accelerating release [84], whereas PVP's tighter polymer network 

reduces porosity and is expected to slow diffusion [85]. The particle size analysis in 

Section 3.2, which demonstrated that PVP-based particles had larger particle sizes 

compared to those generated using HPMC, supports these conclusions. Because the path 

of the encapsulated drug from the core to the surface is longer for larger particles, they 

often have a smaller surface area to volume ratio, which indicates a slower rate of 

dissolution. [86]. Furthermore, larger particles might take longer to hydrate and establish 

diffusion channels, which would further delay the release of the encapsulated drug [87].  

 

 

 

Figure 6. Comparison of release kinetics of HQ and PMZ from different formulation groups 

(A) Shows the release kinetics of PMZ (3FN) in F1-F5 formulations. (B) Shows the release 

kinetics of HQ (3FN) in F1-F5 formulations. (C) Shows the release kinetics of PMZ (2FN) 

in F6-F10 formulations. (D) Shows the release kinetics of HQ (2FN) in F6-F10 formulations 
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6.3.6 Antiproliferative effect against A549 cells 
 

Before investigating the antiproliferative effect of the formulations on A549 cells, it was 

crucial to understand the antiproliferative effect of PMZ and HQ as single agents on A549 

cells. The MTT assay is a colorimetric method used to assess cell metabolic activity by 

measuring the reduction of MTT, a yellow tetrazole, to purple formazan by mitochondrial 

enzymes in living cells, thereby reflecting the number of viable cells. In our study, this 

assay was employed to evaluate the cytotoxic effects of PMZ and HQ on the A549 cell 

line over 72 hours. The primary metric obtained from this assay is the IC50 value, which 

indicates the concentration of a compound needed to inhibit cell viability by 50%. The 

lower IC50 of PMZ (13.27 μM) compared to HQ (20.13 μM) suggests that PMZ is more 

effective at inducing cytotoxic effects at lower concentrations, implying a higher 

therapeutic potential or greater efficacy. However, these cytotoxicity data, particularly the 

IC50 values, are essential for determining safe dosage ranges for therapeutic 

applications. Lower IC50 values necessitate careful dosage optimization to prevent 

adverse effects, making controlled release of PMZ preferable to avoid potential toxicity 

(Figure 7). 
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Figure 7. Anti-proliferative effect of free PMZ and HQ. A549 cells were treated with 

various concentrations of PMZ or HQ as free drugs for 72 hours prior to cell viability 

assessment using MTT assay. Graphs are presented as percentage viability relative to 

the untreated control. Data represent the mean ± S.D. 

 

To further investigate the antiproliferative effects, the combined impacts of HQ and PMZ 

both as free drugs (in a 1:1 molar ratio, mirroring their utilized ratio in the formulations) 

and within the formulation on A549 cells were assessed. the combination index (CI) at a 

fraction of affected cells (Fa) of 0.9 for each formulation and for the free drug combination 

was calculated to determine the interaction between HQ and PMZ against A549 cells. The 

free combination control had an average value of 0.49 (± 0.04) Formulations F1 to F5 

showed varying degrees of combination index. Formulation F1 exhibited the highest CI in 

this group with an average value of 1.17 (±0.09). Formulation F2 also showed a high CI 

with an average of 1.13 (±0.03). Formulations F3, F4, and F5 had lower CI values of 0.73 

(±0.06), 0.65 (±0.03), and 0.77 (±0.04) respectively. The second group, formulations F6 

to F10, generally exhibited higher CI values. Formulation F7 showed the highest CI with 

an average value of 1.23 (±0.06). Formulations F6 and F8 had CI values of 1.13 (±0.24) 

and 0.78 (±0.06) respectively. Formulations F9 and F10 showed CI values of 0.83 (±0.09) 

and 0.86 (±0.03) respectively. 

 

In Figure 8(A, B) the combination of drugs showed the powerful synergistic effect, with a 

CI value of 0.49 indicating strong synergy. Most of the formulations also demonstrated CI 

values below 1 pointing to effects. However, formulations F1 and F2 displayed a 

contrasting trend, with CI values exceeding 1; specifically, F1 and F2 had CI values of 

1.13 and 1.10 respectively indicating antagonistic interactions. The antagonistic effect 

observed in formulations F1 and F2 might not necessarily reflect true antagonism but 

could be related to their unique drug release profiles, as previously discussed. These 

formulations, with their larger particle sizes, demonstrated slower drug release rates 

compared to others, resulting in more prolonged release. The larger particle size could 

have also impeded their cellular uptake in A549 cells, thus preventing the drugs from 
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reaching effective concentrations within the cells. This slow release could lead to 

suboptimal drug concentrations, insufficient to effectively inhibit A549 cell proliferation, 

presenting as an apparent antagonistic interaction. 

 

To confirm that the antiproliferative impacts were truly caused by the components of the 

formulations (HQ and PMZ), the effects of the excipients alone were also evaluated. The 

tests showed that these inactive substances had no impact, on cell viability in comparison 

to the control group without treatment, aligning with a previous study which demonstrated 

that PVP and HPMC-based solid dispersions did not exhibit any additional inhibitory effect 

on the Caco-2 cell line compared to the pure drug. [88]. This validates that the decrease, 

in cell viability was indeed a result of the combined effect of PMZ and HQ as shown in 

(Figure 8C). 
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Figure 8. (A) Anti-proliferative effects of PMZ and HQ in F1-F5 (B) Anti-proliferative effects 

of PMZ and HQ in F6-F10 (C) Combination index of PMZ and HQ in F1-F5 formulations 

(D) Combination index of PMZ and HQ in F6-F10 formulations (E) Cell viability% of empty 

vehicles consisting of the same ratios of excipients in the formulations but without the 

drugs. CI was calculated for each formulation at Fa=0.9 (90% inhibition of cell viability). 

 

PMZ promotes anti-proliferative action through a variety of ways. One of the key strategies 

by which PMZ exerts its anticancer activity is prevention of the STAT3 signalling pathway, 

a crucial transcription factor that is abnormally activated in a variety of malignancies and 

is critical for increasing cell survival, proliferation, angiogenesis, and immune evasion [89]. 

Additionally, PMZ disrupts calcium pathways that are needed for cell movement and 

division. By blocking calcium flow into cells PMZ stops cancer cells from using this process 

to grow and spread [90]. Another important aspect of PMZs function is its promotion of 

autophagy. While some cancer treatments aim to block autophagy to stop cancer cells 

from surviving PMZ actually triggers autophagy causing the build-up of vesicles and 

breaking down cellular elements ultimately leading to cell death through autophagy [91].  

Moreover, PMZ interacts with pathways and mechanisms to combat cancer effectively. 

For example, it influences the Wnt/β pathway, which is recognized for its function, in 

controlling cell growth and development [92].   

 

In the context of HQ, the enhanced anti-proliferative effect against A549 cell lines achieved 

by combining HQ with PMZ corroborates evidence from previous research. Prior studies 

have shown HQ's potential to augment the anti-cancer efficacy of various 

chemotherapeutic agents [93-95]. HQ acts via engaging in various molecular activities 

that notably enhance the effectiveness of cancer treatments. These actions are closely 

tied to processes like survival, growth and cell death. A key aspect of HQs role in treating 

cancer is its ability to block autophagy. HQ hinders the merging of autophagosomes with 

lysosomes causing a buildup of waste that tilts the balance towards stress and triggers 

cell death. This action is aided by membrane Na+/H+ exchangers (NHE) which help 

transport HQ into cells alongside sodium ions while protons, leading to an increased 
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accumulation of these substances, within endosomes/lysosomes and disrupting the flow 

of autophagy [96].   

 

Additionally, HQ impacts apoptosis by influencing the expression and activity of crucial 

proteins in apoptotic pathways. It downregulates anti-apoptotic proteins such as Bcl-2 and 

activates caspases, pivotal in the execution phase of apoptosis [97]. HQ also significantly 

affects the STAT3 signalling pathway, a critical element in oncogenesis that promotes 

tumour growth. By inhibiting the STAT3 pathway, similar to PMZ's action [89], HQ 

facilitates a series of intracellular events that lead to increased caspase activation, 

intensifying the apoptotic response [98].  

 

The effects of HQ go beyond targeting cancer cells; it also alters the environment within 

the tumour area. One significant aspect of this immune modifying impact is the 

suppression of Toll-like receptors, which leads to a decrease, in the release of cytokines 

by immune cells such as interleukins (IL 6, IL 1) interferons (IFN γ/α) and tumour necrosis 

factor alpha (TNF α). Additionally, it reduces the presence of TNF receptors on 

macrophages T cells and B lymphocytes [99-101]. This adjustment, in response 

surprisingly boosts the body’s ability to fight against tumours resulting in a tumour 

environment that hinders cancer growth and aids in its destruction by cells. 

 

6.3.7 Anti-inflammatory activity 
 

After evaluating the ability of all formulations to inhibit the growth of A549 cells, the 

subsequent step was to investigate how these formulations could mitigate inflammation. 

The impact of the formulations (F1-F10) on the levels of pro-inflammatory cytokines was 

examined, in comparison to cells that were not treated. The investigated cytokines were 

IL 1β, IL 6, IL 8 and TNF α. The findings revealed a decrease in the expression of all 

inflammatory cytokines, in most treated groups when compared to the untreated group 

(p<0.05) (Refer to Figure 9). 
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Figure 9. The anti-inflammatory effect of F-formulations. Relative RNA expression of (A) 

IL-1β, (B) IL-6, (C) IL-8, and (D) TNF-α gene on THP-1 macrophages cell line. RNA was 

isolated and quantified using QPCR technique and the expression of the indicated genes 

was normalized against untreated cells. The values indicate the mean, with standard 

deviation. * p < 0.05, calculated using one-way ANOVA. 

 

For IL-1B, formulations F1 to F5 showed average reductions of 31%-39% (± 2.30%-

17.6%), with notable reductions in F3 (38.0%, ± 2.30%) and F2 (15.5%, ± 17.6%). 

Formulations F6 to F10 had greater suppression, with decreases of 34%-41% (± 2.3%-

5.9%). For IL-6, F1 to F5 reduced expression by 37%-39% (± 3.3%-10.7%), with 

significant reduction in F2 (21.0%, ± 10.7%). F6 to F10 resulted in 34.5%-40.5% 

reductions (± 1.10%-5.90%), with F7 showing the highest consistency (34.5%, ± 1.10%). 

For IL-8, F1 to F5 showed reductions of 35%-40% (± 3.4%-7.0%), with significant 

decreases in F2 (5.0%, ± 16%) and F3 (39.5%, ± 5.80%). F6 to F10 had reductions of 

36%-43% (± 3.3%-5.8%). For TNF-α, F1 to F5 resulted in reductions of 34%-43% (± 2.2%-
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15%), with significant reductions in F2 (1.50%, ± 15.1%) and F5 (38.5%, ± 10.3%). F6 to 

F10 exhibited decreases of 34%-43% (± 1.2%-3.4%). 

 

Notably, the F2 formulation showed no significant change in cytokine levels, likely due to 

its larger particle size. The larger size did not suppress cytokine RNA expression levels, 

possibly because the reduced surface area to volume ratio of larger particles leads to a 

slower dissolution rate [102], thereby limiting the release of the active ingredient. Another 

reason could be the less efficient uptake by cells for larger particles [103], which reduces 

the effective concentration of the active ingredient reaching the cells. Studies, both in vivo 

and in vitro, have demonstrated that alveolar macrophages efficiently uptake particles in 

the 1–5 µm range [104]. Furthermore, larger particles tend to aggregate and settle, which 

further could reduce their availability and interaction with the cells. 

 

The anti-inflammatory effects observed across all formulations were primarily attributed to 

HQ. By analysing the free drugs, it was found that PMZ had no significant effect on the 

levels of pro-inflammatory cytokines. In contrast, HQ and the combination of HQ and PMZ 

significantly reduced the expression of these cytokines, as demonstrated in 

Supplementary figure 1. HQ is well known for its inflammatory effects, which are 

achieved through various molecular mechanisms. HQ is famous, for its inflammatory 

properties, which work through multiple molecular pathways. Firstly, HQ interferes with 

lysosomal activity, leading to reduced processing and presentation of antigens. This 

reduction diminishes the activation and response of the immune system, which is crucial 

for the observed downregulation of cytokines such as IL-1β and TNF-α, both pivotal in 

initiating the inflammatory cascade [105]. Secondly, HQ suppresses the signalling of Toll 

receptors (TLR) leading to lower levels of IL 6 and IL 8. These cytokines play a role, in the 

body’s immune response and the migration of immune cells, to areas of inflammation 

[106]. Additionally, HQ inhibits autophagy and stabilizes cellular membranes, further 

reducing the capacity of cells to propagate inflammatory signals, thereby aiding in the 

overall suppression of pro-inflammatory cytokine production [107]. Furthermore, the 

impact of HQ, on cytokine production is associated with its ability to directly and indirectly 

inhibit the NF κB pathway. This leads to a reduction in the transcription of genes that 
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promote inflammation, such as those, for IL 1β, IL 6 TNF α and IL 8. This broad anti-

inflammatory effect highlights the promise of formulations containing HQ in controlling 

inflammatory reactions [108]. 

 

6.3.8 Antimicrobial activity 
 

The spray-dried formulations were designed for inhalation delivery, intended to directly 

interact with microbial agents present in the respiratory mucosa. In this part of the study, 

the antimicrobial efficacy of these formulations, which contain PMZ, and HQ was tested. 

The microorganism Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas 

aeruginosa were chosen for this evaluation due their role in causing severe respiratory 

infections [109]. The results of the disk diffusion method showed that none of the tested 

spray-dried PMZ- HQ formulations produced an inhibition zone as illustrated in Figure 10. 

 

These negative results could likely be attributed to strain-specific resistance, given prior 

evidence of PMZ's effectiveness against different bacterial strains. For instance, studies 

have shown that PMZ can reduce the internalization of S. enterica serovar Typhimurium 

and E. coli by phagocytic cells in vitro [110, 111]. Additionally, PMZ has been effective in 

decreasing both the uptake and vacuolar escape of Listeria monocytogenes in bone 

marrow-derived macrophages [112], and it has also hindered the bacterial invasion and 

cell-to-cell spread in infections of non-phagocytic cells [113]. Furthermore, PMZ has been 

noted to block the AcrAB-TolC efflux pump in Escherichia coli [110].  The ineffectiveness 

observed in the test indicates that the antibacterial properties of PMZ could vary based 

on the bacteria strains present underscoring the importance of conducting more extensive 

studies to ascertain the range of PMZs antimicrobial efficacy. 
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Figure 10. Disc diffusion method result. (A) Mueller-Hinton Agar (MHA) plate streaked 

with: 1. Acinetobacter baumannii, 2. Klebsiella pneumoniae, 3. Pseudomonas aeruginosa 

tested against discs containing spray-dried F1-F5 formulations (B) MHA plate streaked 

with respective individual excipients. 

 

6.4  Conclusions 
 

Advanced spray drying techniques present a promising strategy to enhance the 

therapeutic efficacy of PMZ and HQ combinations. This study investigated the 
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comparative effectiveness of two such techniques: the 2FN and 3FN methods. The results 

demonstrated that the 3FN method achieved a higher recovery%, especially for PMZ. 

Particle size analysis revealed that the 3FN method produced larger particles compared 

to 2FN. FTIR results confirmed hydrogen bonding between the PMZ, HQ, and excipients 

in both methods, stabilizing the amorphous form. XRPD analysis confirmed the 

transformation to an amorphous state in both methods. Drug release kinetics showed that 

the 3FN spray drying method offered greater versatility over the 2FN method by providing 

a tailored release profile for the encapsulated bio actives. The multilayer encapsulates 

prepared by 3FN exhibited customized release profiles, with a prolonged sustained 

release for PMZ encapsulated in the core and a faster burst release for HQ encapsulated 

in the shell. Most formulations demonstrated synergistic antiproliferative effects against 

A549 cells and significantly reduced pro-inflammatory cytokines. Overall, the findings 

indicate that the 3FN spray drying method is superior to the 2FN method in enhancing the 

therapeutic potential of PMZ and HQ co-delivery for targeting inflammation and cancer 

cells. However, future work should include in vivo studies to evaluate the safety, 

bioavailability, and therapeutic efficacy of these spray-dried formulations in animal models, 

followed by clinical trials to confirm these findings in human subjects and assess the 

potential for widespread clinical use. 
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Supplementary figure 1. The anti-inflammatory effect of PMZ, HQ, and their 

combination as free agents. THP1 macrophages were treated with 10 M HQ, 5 M of 

PMZ, or their combination prior to QPCR analysis of the expression of the IL-1β, IL-6, IL-

8, and TNF-α genes. Data was normalized against untreated cells. 
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Chapter 7 

Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 

for NSCLC and Respiratory Infections 

Arwa Omar Al Khatiba,b, Mohamed El-Tananib, Hisham Al-Obaidia* 

a School of Pharmacy, University of Reading, Reading RG6 6AD, UK 
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Chapter Summary: 

Given the lack of significant antimicrobial activity observed with PMZ-HQ spray-dried 

formulations in the previous chapter, the idea of replacing PMZ with rifaximin (RFX), a 

drug known for its antimicrobial properties, was considered. In this chapter, the study 

explores the development of a co-delivery system for RFX and HQ to target bacterial 

infections and antitumor activity in NSCLC using advanced spray drying techniques. The 

three-fluid nozzle (3FN) method was tested with RFX in the inner nozzle and HQ in the 

outer nozzle, and vice versa, alongside the two-fluid nozzle (2FN) method. The 

comparison of these configurations evaluated their drug recovery efficiency, particle size, 

crystallinity, drug release kinetics, and therapeutic efficacy. The 3FN system showed 

higher recovery percentages and produced larger particles. Multilayer encapsulates from 

the 3FN method demonstrated enhanced sustained release when drugs were 

encapsulated in the core and faster burst release when encapsulated in the shell. Both 

methods' formulations exhibited synergistic antiproliferative effects against A549 cells, 

significant reductions in pro-inflammatory cytokines, and effective inhibition of 

Acinetobacter baumannii. 
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7.1  Introduction 

 

Non-small cell lung cancer (NSCLC), which accounts for 85% of all lung cancer cases, 

leads to over 1.6 million deaths annually and presents significant treatment challenges 

due to its complexity and resistance to standard therapies [1, 2]. Despite advancements 

in diagnosing and treating NSCLC, early detection remains difficult due to the absence of 

symptoms. Pulmonary infections complicate lung cancer in 50-70% of cases, with patients 

frequently experiencing infections that not only hinder the effectiveness of oncological 

treatments but also affect overall survival [3-5].  Therapeutic resistance, tumor relapse, 

and metastasis further reduce survival rates [6, 7]. Respiratory infections, a global health 

concern, particularly affect the elderly, individuals with weakened immune systems, and 

those managing chronic respiratory conditions such as asthma and cystic fibrosis. Despite 

improvements in treatment, mortality rates related to lung diseases have seen minimal 

progress over the past half-century [8]. Consequently, NSCLC and respiratory infections 

require urgent attention for the development of more effective therapeutic approaches. 

 

 

Spray drying is an advanced method used to produce fine, dry powders from a liquid 

solution through rapid drying with hot gas, particularly beneficial in pharmaceuticals for 

encapsulating drugs to enhance stability and solubility. It transforms a liquid or slurry into 

a dry powder using a hot gas, rapidly drying the material while forming it into powder. The 

process achieves this by atomizing the liquid into small droplets, increasing the surface 

area to volume ratio and enhancing heat and mass transfer for quick moisture evaporation 

[9]. Technological advancements, such as the two-fluid nozzle (2FN) and the three-fluid 

nozzle (3FN) configurations, have significantly improved particle engineering for 

specialized pharmaceutical applications.  

 

The 2FN design combines a liquid containing the drug and excipients with compressed 

gas, allowing precise control over particle size and distribution, making it suitable for 

specific administration routes like inhalation. Conversely, the 3FN configuration adds an 

extra feed solution, facilitating the creation of complex particle structures like core-shell 

configurations, which improve drug protection and controlled release [10-12].With the 2FN 
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strategy, the solution is fed through a single nozzle to produce droplets that are dried by 

gas. While the 2FN system is simple to operate and maintain, it may sometimes restrict 

control over particle size and distribution due to its atomization process [13]. The 3FN 

system enhances traditional spray drying by incorporating an extra channel that improves 

the atomization process, providing finer control over particle size and distribution [14].  

 

The sophisticated design of the 3FN setup not only facilitates the drying and route of the 

droplets but also allows for the engineering of more complex particle morphologies, such 

as core-shell structures [15]. In a 3FN system, the inner and outer nozzles play distinct 

roles. The inner nozzle typically delivers the core material, which could be the active 

pharmaceutical ingredient, while the outer nozzles dispense a coating or shell material. 

This arrangement is critical for creating multi-layered particles, where the core is shielded 

by the shell, protecting the core material from degradation [16]. Additionally, the ability to 

control the feed from each nozzle independently allows for precise tuning of the particle 

characteristics, ensuring that each layer can be optimized for specific functions, such as 

controlled release rates or targeted delivery to particular sites within the body [16, 17]. 

This level of control is essential for the intended targeting of the inhaled anti lung cancer 

and antimicrobial therapies. 

 

Repurposing of approved or failed pharmaceutical drugs has been gaining popularity 

since it involves early development steps such as preclinical and safety pharmacology, 

lead optimization, and candidate selection. With a rapidly increasing understanding of the 

pathogenesis of various diseases, it has been observed that sometimes a failed or 

approved drug may prove to be an effective treatment for a different condition [18, 19]. 

This study specifically investigates the combined delivery of rifaximin (RFX) and 

hydroxychloroquine (HQ), two compounds that not only demonstrate significant benefits 

in their conventional applications but also hold potential as repurposed drugs for novel 

treatments. Rifaximin, an antibiotic that has been in clinical use for more than 25 years. It 

is commonly prescribed for conditions, like encephalopathy traveler’s diarrhea, irritable 

bowel syndrome and inflammatory bowel disease. Although rifaximin hasn't been 

traditionally explored for cancer treatment a recent investigation indicates that both 
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racemic rifaximin and one of its stereoisomers could impede the growth of cancer cell 

types by disrupting function [20]. 

 

HQ commonly known for its ability to suppress the immune system and reduce 

inflammation making it a valuable treatment option for managing symptoms of irritable 

bowel disease by blocking toll-like receptor signaling [21]. Beyond its primary uses, HQ 

also targets lysosomes, using its alkaline properties to reduce toxic oxygen production in 

leukocytes [22]. Furthermore, HQ has shown to be successful, in boosting the survival 

rates of mice with infections by much, as six times. This advantage comes from its ability 

to stop the growth of bacteria that depends on pH macrophages shielding them from harm 

and improving their capability to eliminate pathogens within cells [23]. Apart from its 

traditional applications, HQs involvement in cancer therapy is evident through its impact 

on autophagy, a mechanism that breaks down and reuses cellular parts during stressful 

situations. By blocking the merging of autophagosomes, with lysosomes HQ interferes 

with this process, which is usually heightened in cancer cells to aid their survival under 

stress and counteract chemotherapy [24].  

 

RFX has been used as an antibiotic for years. Therefore, this study explores the co-

delivery of RFX and HQ, employing a unique design which involves two different methods 

of spray drying, 3FN and 2FN. Each method uses a combination of specific excipients, 

with one polymer (either PVP or HPMC-E5) and one excipient (from trehalose, OraRez, 

or isomalt). HPMC-E5 prevents aggregation, improves viscosity for controlled release, 

boosts mucoadhesive properties, and acts as a stabilizer and protective agent during 

spray drying [25-27]. It was selected for these formulations due to its effectiveness in 

developing spray-dried products. Commonly used in oral formulations, this polymer 

prolongs drug release and improves the aerosolization of inhaled formulations. It is non-

toxic and inert when inhaled, and also enhances the bioavailability of spray-dried drugs 

by improving dissolution rates, inhibiting crystallization, stabilizing the drug, providing 

controlled release, and enhancing muco-adhesion and solubility [28-30]. 

 

Chapter 7: Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 
for NSCLC and Respiratory Infections

266



PVP stabilizes APIs, enhances solubility, facilitates rapid lung absorption, and allows for 

controlled release formulations [31-34]. National regulatory bodies have deemed PVP 

safe as a pharmaceutical excipient, and extensive toxicity research has confirmed its 

biological inertness. It is non-toxic, non-irritant, and non-sensitizing, making it safe for oral, 

topical, and ocular applications [35]. On the other hand, trehalose stabilizes sensitive 

molecules, improves powder flow and dispersibility, and controls hygroscopicity, serving 

as a bulking and taste-masking agent [36-38]. OraRez, a free acid of the co-polymer of 

methyl vinyl ether and maleic anhydride, forms protective films around APIs, enhancing 

stability, optimizing particle characteristics, and improving mucoadhesive properties [39, 

40]. Isomalt ensures consistent particle formation, protects heat-sensitive APIs, prevents 

clumping, and improves patient compliance with its mildly sweet taste [41-44].  

 

In the 3FN method, the process is performed twice for all formulations by simply reversing 

the feed solutions: first, RFX is fed through the inner nozzle to create the microparticle 

core while HQ, along with the polymer and excipient, is fed through the outer nozzle to 

form the shell. In the second instance, HQ combined with the polymer and excipient is fed 

through the inner nozzle to form the core, while RFX is fed through the outer nozzle to 

form the shell. In contrast, the 2FN method uses a single feed solution that contains both 

APIs and excipients. The objective of this study is to develop a co-delivery system for RFX 

and HQ to target NSCLC, incorporating additional antimicrobial and anti-inflammatory 

properties to manage cancer-related infections and inflammation. 

 

7.2  Materials and methods: 
 

7.2.1 Chemicals and reagents 

 

Rifaximin was obtained from KEMPROTEC Limited, UK. Hydroxychloroquine, and 

trehalose were acquired from Sigma-Aldrich, US. DuPont in the Netherlands supplied the 

methocel E5 (HPMC E5). Polyvinylpyrrolidone (PVP) was purchased from Fluka 

Analytical, UK. Isomalt was bought from BENEO GmbH, Germany, and OraRez PVM/MA 

copolymer, an alternating copolymer of methyl vinyl ether and maleic anhydride was 
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obtained from HARKE Pharma GmbH, Germany. The MTT reagent was purchased from 

ThermoFisher Scientific, US, and the dimethyl sulfoxide (DMSO) was obtained from 

Fisher Bioreagents, US. 

 

7.2.2 Preparation of particles encapsulating RFX and HQ by two and three fluid 

nozzle spray drying systems 
 

In this study, HPMC or PVP were selected to encapsulate RFX and HQ within a multilayer 

microcapsule or microsphere using the 3FN, and 2FN spray drying methods respectively, 

utilizing a Büchi mini spray dryer B-290 (Büchi Labortechnik AG, Falwil, Switzerland). In 

the first setting of the 3FN method used in (R1 through R5), 100 mg RFX was dissolved 

in 50 mL absolute ethanol, and fed through the inner nozzle to represent the core bio 

active material. While 100 mg HQ, along with 150 mg of a polymer (PVP or HPMC) and 

60 mg of an excipient (trehalose, OraRez, or isomalt) are dissolved in 50 mL deionized 

water and stirred for 1 hour to ensure uniform dissolution. This solution was 

simultaneously fed through the outer nozzle at a constant flow rate for shell formation. In 

the second setting used in (R6 through R10), 100 mg HQ combined with 150 mg of the 

polymer and 60 mg of the excipient were dissolved in 50 mL deionized water fed through 

the inner nozzle to form the core, while 100 mg RFX dissolved in 50 mL absolute ethanol 

was fed through the outer nozzle to form the shell. In the conventional 2FN method used 

in (R11 through R15), 100 mg of each drug were mixed with 150 mg of the selected 

polymer and 60 mg of the excipient in 100 mL aqueous ethanol (50:50 v/v), and fed 

through the same nozzle. 

 

The spray drying parameters were uniformly applied across both methods, with a nitrogen 

gas flow rate of 50 mL/min, an inlet temperature of 140 °C (± 2 °C), an outlet temperature 

of 81 °C (± 2 °C), a feed flow rate of 2.4 mL/min, and the aspirator blower operating at full 

capacity. For the three-fluid nozzle application, the solutions were pumped simultaneously 

to ensure synchronized feed rates. As shown in Table 1, a Design of Experiment (DoE) 

represented by a structured factorial design was employed to assess the influence of 

various variables, such as the method of spray drying and excipients, on drug stability, 

recovery%, release kinetics, and biological activities. The primary distinction between the 

Chapter 7: Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 
for NSCLC and Respiratory Infections

268



formulations was the method of introducing the drugs into the system: formulations R1-

R5 used a 3FN system (setting 1), with RFX fed through the inner nozzle and HQ, the 

polymer, and excipient sprayed through the outer nozzle, whereas formulations R6-R10 

employed 3FN system (setting 2), with HQ, the polymer, and excipient fed through the 

inner nozzle and RFX, sprayed through the outer nozzle. In formulations R10-R15, a 2FN 

system was employed, where all constituents were fed through a single nozzle. Another 

distinction was the specific excipients utilized: R1, R6 and R11 used PVP and trehalose, 

R2, R7 and R12 used PVP and isomalt, R3, R8 and R13 used HPMC and trehalose, R4, 

R9 and R14 used HPMC and OraRez, and R5, R10 and R15 used HPMC and isomalt. 

 

Table 1. DoE of formulations R1 through R15 

 

Formulation Spray drying 

method 

RFX HQ Polymer Excipient 

R1 3FN Inner nozzle Outer nozzle PVP Trehalose 

R6 3FN Outer nozzle Inner nozzle 

R11 2FN Same nozzle 

R2 3FN Inner nozzle Outer nozzle PVP Isomalt 

R6 3FN Outer nozzle Inner nozzle 

R12 2FN Same nozzle 

R3 3FN Inner nozzle Outer nozzle HPMC Trehalose 

R8 3FN Outer nozzle Inner nozzle 

R13 2FN Same nozzle 

R4 3FN Inner nozzle Outer nozzle HPMC OraRez 

R9 3FN Outer nozzle Inner nozzle 

R14 2FN Same nozzle 

R5 3FN Inner nozzle Outer nozzle HPMC Isomalt 

R10 3FN Outer nozzle Inner nozzle 

R15 2FN Same nozzle 
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7.2.3 Recovery analysis  
 

Each formulation, containing exactly 5 mg of RFX, was dispersed in 2 mL of aqueous 

ethanol (1:1, v/v) and vortexed for 10 minutes. Similarly, each formulation with exactly 5 

mg of HQ was dispersed in 2 mL of aqueous ethanol (1:1, v/v) and also vortexed for 10 

minutes. This process dissolved the bio actives and the polymer matrix, yielding a final 

drug concentration of 2.5 mg/mL for each drug. Following that, the actual concentrations 

of both drugs in the solution were quantified using HPLC. Based on the Area Under the 

Curve (AUC) from the HPLC results, the recovery% was calculated using the specific 

formula [45]: 

 

 (Equation 4) 

 

 

7.2.4  High Performance Liquid Chromatography (HPLC) analysis 

 

High Performance Liquid Chromatography (HPLC) analysis was performed using an 

Agilent 1100 Series instrument from the USA. The setup included a 15 cm C18 column 

and a detection wavelength of 270 nm. The HPLC's mobile phase consisted of 45% 

acetonitrile and 55% water, with the pH adjusted to 2.5 (±0.5) using 0.1% v/v phosphoric 

acid. An isocratic elution approach was used, with a flow rate of 1mL/min, injection volume 

of 20 µL, and run time of 10 minutes, measurements were conducted in triplicate. 

 

7.2.5 Particle size analysis 

 

In this study, the average particle size of all spray-dried RFX- HQ microparticles were 

determined using the dynamic light scattering (DLS) (a Zetasizer Nano ZS, (Malvern 

Instruments, UK). Briefly, 5 mg of each spray-dried powder was first re-dispersed in 5 mL 

of distilled water. A 10 μL sample from this dispersion was then further diluted to a final 
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volume of 1000 μL with distilled water. The resulting dispersions were then placed into a 

glass cuvette and subjected to measurements under controlled conditions, which included 

a temperature set at 25 °C, a refractive index fixed at 1.33, and a measurement duration 

of 60 seconds. Average particle size, and zeta potential were performed in triplicate. 

 

7.2.6 Fourier transform infrared spectroscopy (FTIR) 

 

The interactions between the encapsulated APIs and the wall material were analyzed 

using a Perkin-Elmer Spectrum 100 spectrophotometer (Waltham, MA, USA). Each 

component, including all individual core and wall materials and the encapsulates created 

using both 2FN and 3FN spray drying techniques, was examined. These analyses 

covered a spectral range from 650 to 4200 cm-1, with each spectrum averaging 16 scans. 

 

7.2.7 X-ray powder diffraction (XRPD) 
 

X-ray powder diffraction analysis was carried out using Bruker D8 Advance flat plate 

powder diffractometer (Bruker AXS GmbH, Germany). The samples were irradiated with 

copper source radiation (1.54A° angstroms). The data collection was carried from 5.0° to 

90° 2theta, 0.2° step size at 1.2 seconds per step. 

 

7.2.8 Drug release studies 

 

The release kinetics of RFX and HQ from various formulations were studied using dialysis 

bags and analyzed with HPLC. Each formulation weighing 10 mg was dispersed in 5 mL 

of a simulated lung fluid (SLF) containing mixtures of salts; 100 mM NaCl, 5 mM KCl, 2 

mM CaCl2, 25 mM NaHCO3, 5 mM Na2HPO4, 1 mM NaH2PO4, and 1 mM MgCl2 

hexahydrate, adjusted to a pH of 7.4 and vortexed for 3 minutes. The resulting mixture 

was then placed inside a dialysis bag to allow for controlled diffusion. The release of drugs 

was performed under sink conditions in 20 ml of release medium (SLF) to mimic lung 

conditions closely as possible at 37°C, with agitation using BioCote hotplate stirrer at 100 

rpm. At predetermined time intervals, 1 mL samples were withdrawn from the SLF, and 

immediately replaced with fresh SLF to maintain constant volume. This method ensured 
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that the drug concentrations stayed below saturation levels, promoting continual diffusion 

of the drugs from the formulations. The samples collected were subsequently analyzed 

with HPLC. The data obtained from this analysis was used to determine the cumulative 

drug release percentages, thereby generating a kinetic profile of RFX and HQ release 

from the various formulations under simulated lung conditions. 

 

7.2.9 Antiproliferative effect of R-formulations against A549 cells 

 

 

The antiproliferative effects of RFX, HQ and various formulations (R1- R15) were 

assessed using an MTT assay by (Biorad). A549 human lung cancer cells were grown in 

RPMI 1640 medium with 2 mM L glutamine, 100 mg/mL penicillin/streptomycin, from 

(Gibco) and 10% bovine serum from (Euroclone). The cells were seeded in a 96 well plate, 

from (SPL Korea) at a density of 5×10³ cells per well. Left to attach. The next day the cells 

were treated with distinct concentrations of free RFX, free HQ or one of the formulations 

(R1- R15) at doses ranging from 0.8 to 100 μM. Following a 72-hour treatment period cell 

viability was assessed using the MTT assay. This process involved adding 0.5 mg/mL 

MTT to each well and allowing a 3 -hour incubation for crystals to form. The formazan was 

then dissolved by adding 100 μL of DMSO to each well. Absorbance readings were taken 

at 570 nm using a BioTek Cytation 5 multi -mode plate reader, from the USA. The results 

of cell viability were expressed as percentages relative to the untreated control group. The 

drug interactions were analyzed by calculating the combination index (CI) using the Chou 

and Talalay method [46], with CompuSyn software. A CI value below 1 indicated a 

synergistic effect, a value of 1 signified an additive effect, and a value above 1 suggested 

an antagonistic effect. 

 

7.2.10 Quantification of pro-Inflammatory cytokine RNA expression in THP-1 cells                       

using qPCR 
 

The THP- 1 human monocytic cell line was grown in RPMI 1640 medium (Euroclone) with 

added 2 mM L glutamine, 100 mg/mL penicillin/streptomycin (Gibco), 4.5 g/L D glucose 

(Sigma), and 20% fetal bovine serum (Euroclone). To prompt the transformation, into 
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macrophages the THP 1 cells were cultured at a density of 2×105 cells per mL, in RPMI 

medium supplemented with 100 nM Phorbol 12 myristate 13 acetate (PMA) in a 24 well 

plate allowing them to adhere for a day (SPL, Korea). After discarding adherent cells, the 

remaining macrophages were sustained in RPMI medium before being exposed to 5 

μg/mL lipopolysaccharide (LPS) for an additional day. Following stimulation, the cells were 

treated with the formulations at concentrations equivalent to 10 μM of HQ for 48 hours. To 

measure RNA expression of IL-1, IL6, IL-8, and TNF-, approximately 1×106 cells were 

harvested, and RNA was extracted. The RNA concentration was quantified using a 

NanoDrop device (Thermo Fisher Scientific). A total of 0.5 μg of RNA was reverse 

transcribed to cDNA using the PrimeScript RT Master Mix (Takara, China) in a T100 

Thermal Cycler (Biorad). 

 

The qPCR reaction mixture included 2 μL of cDNA, 0.4 μL each of forward and reverse 

primers, 7.2 μL of nuclease-free water, and 10 μL of SYBR Premix Ex Taq (TliPlus) (Takara 

Bio). The PCR cycles were performed on a CFX96 C1000 Touch thermal cycler (Biorad) 

with an initial denaturation at 95°C for 3 minutes, followed by 40 cycles of denaturation at 

95°C for 5 seconds and annealing at 61°C for 30 seconds. 18S-rRNA was used as the 

reference gene, and all samples were analyzed in triplicate. Data analysis was conducted 

using the 2−ΔΔCT method through CFX Maestro Software (Biorad). 

 

7.2.11 Antimicrobial activity measurements  

 

7.2.11.1 Disc diffusion method 

 

All Acinetobacter baumannii (A. baumannii) strains were clinical isolates obtained from 

Department of microbiology lab at King Hussien Cancer Center (KHCC), Amman, Jordan.  

All strains were sub cultured onto nutrient broth to obtain fresh colonies for either glycerol 

stock preparation or 0.5 McFarland standard preparation for antimicrobial assay. All 

procedures performed and drugs’ preparations were done according to CLSI guidelines 

(CLSI M100, 2023). The disc diffusion method was performed by placing blank discs 

loaded with 200µg of each formula on Mulier Hinton agar (MHA) plates streaked with fresh 
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0.5 McFarland standard inoculum of each bacterial isolate individually. Plates were 

incubated overnight at 37 ◦C at ambient air condition and the diameter of the inhibition 

zone was measured in mm and noted down. The individual components of the formulas 

and the buffers used for preparation were also loaded on blank discs individually and 

tested as controls. 

 

7.2.11.2 MIC Minimum Inhibitory Concentration 

 

For each clinical isolates, 100 µl broth of 0.5 McFarland adjusted turbidity were placed on 

twofold serially diluted drug formula starting at 2000µg/ml.   All microtiter plates were 

placed in the incubator at 37°C for 12-18 hours. Results of the MIC were recorded as the 

last well that showed no visible growth with the lowest possible antibiotic concentration. 

The individual components of the formulas along with negative (media only) and positive 

(bacteria without drugs) controls were also tested. 

 

7.2.12 Statistical analysis 
 

To compare the variations between formulations, a one-way analysis of variance (ANOVA) 

with Pythons SciPy library was employed. All the statistical analyses were carried out with 

a significance level set at α=0.05. Any p-values, below this threshold indicated significant 

difference. 

 

7.3 Results and discussion 
 

7.3.1 Recovery analysis 

 

 

It is essential to normalize all tests to the actual amounts of drugs produced after spray 

drying in order to precisely assess the antiproliferative effects on A549 cells and detect 

pro-inflammatory cytokine RNA expression. By using this normalization, it is made sure 
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that the biological assay results are consistent with the actual drug concentrations in the 

microparticles. Although drug loss during spray drying is a typical occurrence and is mostly 

related to wall deposition and low cyclone separation [11, 47], most studies fail to take this 

into account. FTIR measurements, which showed no significant shifts or new peaks, 

confirm that the drug and excipients remained intact, providing crucial evidence that drug 

loss due to chemical degradation has been ruled out. Accordingly, stability studies further 

support this finding. Based on such recovery % results, this novel approach evaluates the 

success of spray drying using 2FN and 3FN methods to generate homogenous 

microparticles, offering a more precise assessment of the efficacy of all biological 

experiments. 

 

The recovery percentages of both drugs, as shown in Figure 1, indicated that the highest 

recovery% for both drugs was achieved when the drug was fed through the inner nozzle 

of 3FN, followed by the outer nozzle of 3FN, and the lowest recovery% was observed with 

the 2FN method. For HQ, the recovery% was 83.9% ± 3.20% (inner nozzle of 3FN), 81.1% 

± 3.70% (outer nozzle of 3FN), and 78% ± 3.5% (2FN method). For RFX, the recovery% 

was 70.7% ± 3.90% (inner nozzle of 3FN), 67.9% ± 4.30% (outer nozzle of 3FN), and 64% 

± 3.9% (2FN method). This trend was observed across all spray-dried formulations, with 

a higher average recovery percentage for HQ (81% ± 3.9%) compared to RFX (68% ± 

4.3%). The recovery percentages of RFX and HQ highlight the significant impact of solvent 

systems, nozzle configurations, and the properties of the drugs and excipients used. 

 

The 3FN method introduces three separate fluids into the drying chamber: one for the first 

drug, one for the second drug with excipients, and one for the atomizing gas, allowing 

better control over composition and distribution [47, 48]. By managing flow rates and 

concentrations separately, 3FN reduces non-uniform distribution and segregation seen in 

2FN, leading to higher recovery percentages and more consistent drug content by 

minimizing drying rate differences and reducing wall deposition.  
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For RFX’s recovery in formulations R1-R5 (3FN with RFX fed through the inner nozzle), 

the high Peclet number in the 3FN method promotes faster ethanol evaporation, leading 

to earlier shell formation and concentrating RFX at the core. This results in higher recovery 

compared to RFX’s recovery in the shell of 3FN formulations (R6-R10) and in 2FN 

formulations (R11-R15). Conversely, HQ’s recovery in formulations R6-R10 (3FN with HQ 

fed through the inner nozzle) was higher, indicating that HQ in water with polymer and 

excipient forms a more viscous and stable encapsulating layer, enhancing its recovery 

[49-51]. The distinct mixing of components with different viscosities improves recovery 

due to a better core-to-wall ratio, boosting HQ recovery in the core while reducing RFX 

recovery in the shell [16, 52, 53]. This aligns with previous research, such as Leena et al. 

(2022), which reported improved recovery using a 3FN spray drying system [52].  

 

The 2FN system used in formulations R11 through R15, which atomizes a single feed 

solution with a high-speed gas stream, resulted in lower recovery percentages due to the 

solubility properties of RFX and HQ. RFX, soluble in ethanol but insoluble in water, had 

higher recovery in the 3FN system where it was dissolved in absolute ethanol. In the 2FN 

system, RFX was fed with HQ in a 50:50 v/v aqueous ethanol solution, reducing its 

solubility and recovery. HQ, soluble in water but sparingly in the 50:50 v/v solution, also 

showed reduced recovery, though less significantly. This lower recovery percentage in 

2FN highlights the challenges of mixed solvent systems, which affect solubility and 

solution homogeneity. These challenges lead to non-uniform droplet formation during 

atomization, causing variations in droplet sizes. Smaller droplets dry faster and can trap 

more excipients or solvent inside, while larger droplets allow more time for components to 

redistribute. This can cause the drug and excipients to migrate within the droplets due to 

differences in diffusion rates and evaporation kinetics, resulting in non-uniform 

solidification and pockets of varying drug concentration, ultimately leading to lower 

recovery percentages [54, 55]. Furthermore, the low recovery percentage of the 2FN 

methods might also be attributed to the smaller particle sizes produced, as indicated in 

Section 3.2 of the particle size analysis. This section revealed that 2FN produced the 

smallest particle sizes, and the low recovery percentage is likely due to product loss on 

the walls of the drying chamber and the cyclone's low capacity to separate fine particles 

(˂2 μm) [56].  
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Excipients significantly impact drug solubility, particle size, and density, affecting particle 

collection efficiency in spray drying. Variations in excipients can lead to non-uniform drug 

distribution and recovery due to differences in solubility, viscosity, surface tension, and 

interactions between components. For HQ, the highest recovery (84.8% ± 1.40%) was 

observed in formulations (R3, R8, R13) containing HPMC and trehalose. HPMC's robust 

film-forming properties and trehalose's ability to replace water, reduce particle sticking, 

and allow finer atomization resulted in smaller particle sizes and improved recovery[57-

59].  This is consistent with findings that HPMC shells enhance solubility and sustained 

release of hydrophobic drugs [60, 61]. The combination of HPMC and trehalose improved 

solubility, created more uniform particles, and facilitated better collection efficiency. 

 

 In formulations R1 through R5 and R6 through R10 using the 3FN method, variations in 

recovery were attributed to the different thicknesses of the polymer shell with PVP or 

HPMC-E5. The differential diffusion of fluids with different viscosities improved the core 

drug’s recovery but reduced the recovery of the drug in the shell [53, 62]  PVP, with its 

lower density and better solubility enhancement properties, led to higher recovery 

percentages for RFX. Specifically, RFX's highest recovery (72.7% ± 3.01%) was observed 

in formulations (R1, R6, R11) using PVP and trehalose [63]. PVP's efficient encapsulation 

and protection of RFX particles during drying, combined with trehalose’s high glass 

transition temperature and protective properties, significantly improved recovery 

compared to other stabilizers [64-66].  

  

Statistical differences observed in Figure 2 further support the impact of spray drying 

methods on the recovery percentage. Formulations with identical components but 

prepared using three different spray drying methods showed significant differences in their 

recovery. 
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Figure 1. Recovery% of RFX and HQ in all spray-dried formulations. In these 

comparisons, HQ % is depicted in red, while RFX % in blue. Values mean ± standard 

deviation. 

 

  

Chapter 7: Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 
for NSCLC and Respiratory Infections

278



 

Figure 2. Bar graph representing comparisons in the recovery% across 

formulations having the same excipients utilizing three different method settings, 

Group 1 (R1, R6, R11), Group 2(R2, R7, R12), Group 3(R3, R8, R13), Group 4 

(R4, R9, R14), and Group 5(R5, R10, R15). In these comparisons, HQ % is  

depicted in red, while RFX % in blue. Values are presented as mean ± standard 

deviation. * Indicates p < 0.05, determined using one-way ANOVA. Comparisons 

were made between formulations with identical components but prepared using 

three different spray drying methods. Groups marked with * show a significant 

difference, while those marked with n.s indicate no significant difference. 

 

7.3.2 Particle size analysis 

 

This research explored the effects of spray drying methods and excipients on the particle 

size distributions of fifteen RFX-HQ spray-dried formulations. The observed trend of 

particle sizes in formulations R1 through R15 as illustrated in Figure 3 is influenced by 

the nozzle configuration and the feeding method of hydrophilic polymers (HPMC or PVP). 
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Formulations R1 through R5, prepared by 3FN with the polymer and excipient fed through 

the outer nozzle, resulted in larger particles followed by formulations R6 through R10, also 

prepared by 3FN but with the polymer and excipient fed through the inner nozzle. The 

smallest particles were found in formulations R10 through R15, prepared using the 2FN 

method. 

 

This observed trend towards larger particle sizes in formulations R1-F5 prepared by 3FN 

and smaller particle sizes in formulations R11-R15 prepared by 2FN method, can be 

attributed to the effect of the hydrophilic polymers (HPMC or PVP) in the 3FN configuration 

since they are located on the outer shell layer of the particles, this could cause these 

particles to retain water and dry more slowly, limiting the amount of shrinkage during spray 

drying. On the other hand, the 2FN method's dispersion of the feed decreases water 

retention, enabling the particles to dry faster and consequently resulting in smaller 

particles [67]. Moreover, given that the particle size of spray-dried microcapsules is heavily 

influenced by the droplet size formed after atomization, with smaller droplet sizes 

producing smaller microcapsules. The high shear mixing in the 2FN method is suggested 

to significantly reduce the emulsion droplet size, and consequently leading to a smaller 

average diameter compared to the formulations prepared by 3FN method [48]. This finding 

aligns with a previous study that reported nitrofurantoin powders spray-dried with a 2FN 

system had significantly smaller particle sizes than those processed with a 3FN system 

[67]. Smaller particles with higher surface area to volume ratios generally release drugs 

faster as evidenced in the in vitro release profiles in Section 3.5. 

 

Further elucidation on the vital roles of polymer and excipient in influencing particle size, 

revealed that formulations (R2, R7, and R12) using PVP with isomalt, resulted in 

significantly larger particles sized at 7068 nm ±195.0 nm, 1883 nm ±115.0 nm, and 527 

nm ±88.0 nm respectively. This increase can be attributed to the dual effect of PVP’s 

viscosity [68, 69], which facilitates larger droplet formation, and isomalt's bulking 

properties, which add volume, contributing to a looser and larger matrix formation [44, 70]. 

Shifting to formulations utilizing HPMC-E5 which indicated a trend towards smaller particle 

sizes, optimized by the specific excipients used [71]. Particularly, formulations (R4, R9, 

and R14) presented the smallest particles in the series, measuring 457 nm ±29.0 nm, 371 
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nm ±22.0 nm, and 303 nm ±3.0 nm respectively due to the effects of HPMC-E5's excellent 

film-forming ability and OraRez's adhesive properties, which facilitated tightly 

encapsulated, well-stabilized particles [72].  

 

 

 

Figure 3. Bar graph comparing average particle sizes of formulations by constituents: 

Group 1 in blue (R1, R6, R11) with PVP and trehalose; Group 2 in green (R2, R7, R12) 

with PVP and isomalt; Group 3 in red (R3, R8, R13) with HPMC and trehalose; Group 4 

in light blue (R4, R9, R14) with HPMC and OraRez; Group 5 in purple (R5, R10, R15) with 

HPMC and isomalt. Values are mean ± standard deviation. * p < 0.05, calculated using 

one-way ANOVA. Comparisons were made between formulations (within each group) that 

had identical components but were prepared using three different spray drying methods. 

All groups showed significant difference in their average particle sizes as annotated by * 

 

7.3.3 Fourier transform infrared spectroscopy (FTIR) 
 

FTIR spectral analysis was conducted to evaluate the molecular interactions between 

RFX and HQ and the excipients during the formation of microparticles prepared by 2FN 

and 3FN methods. The spectra of RFX-HQ spray-dried formulations were compared with 
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their individual components, and revealed distinct characteristic peaks for each 

constituent, reflecting the diverse chemical functionalities present. The spectrum of RFX 

revealed several characteristic fingerprint peaks, which correspond to specific functional 

groups within the molecule. Peaks around 1700 cm⁻¹, attributed to the C=O stretching 

vibration in carbonyl compounds, around 1600 cm⁻¹, corresponding to C=C stretching 

vibrations in aromatic rings, reflecting the presence of aromatic structures in the 

molecule; and around 1500 cm⁻¹, associated with various bending vibrations involving 

C-H bonds. Peaks between 1317 cm⁻¹ and 1370 cm⁻¹ are indicative of C-H bending 

vibrations from methyl groups attached to the complex polycyclic structure, with possible 

contributions from bending vibrations involving -OH groups attached to aromatic rings. 

Additionally, multiple peaks in the 1200-1000 cm⁻¹ range are associated with C-O 

stretching vibrations and various bending modes involving O-H groups, highlighting the 

presence of hydroxyl and ether functionalities [73].  

 

HQ was distinguished by a prominent peak at 1049 cm⁻¹, indicating the symmetric 

stretching vibration of the sulfate group (SO₄²⁻). Additional notable peaks were found 

around 1600 cm⁻¹ for C=C and C=N stretching vibrations in the aromatic ring, and in the 

1400-1500 cm⁻¹ region for CH2 bending [74]. PVP has an amide carbonyl group in its 

structure, which showed a characteristic sharp peak C=O stretching at 1646 cm-1 [75, 

76]. The stabilizers, trehalose and isomalt, exhibited O-H stretching at 3273 cm-1, typical 

of hydroxyl groups, accompanied by other peaks for C-H and C-O stretching [77]. HPMC-

E5 displayed peaks associated with C-H stretching at 2903 cm-1 and strong C-O 

stretching vibrations, suggestive of its polymeric nature, it has  free OH groups, which 

resulted in a peak at 3455 cm−1 [76, 78]. Lastly, OraRez showed C=O stretching at 1750 

cm-1, pointing to the presence of ester linkage.  

 

To investigate the interactions between the drugs and polymers, the spectra of all spray-

dried formulations were compared to the those of pure RFX and pure HQ as well as the 

spectra of the respective excipients, using them as references to analyze the solid 

dispersions. All investigated samples showed a broad peak above 3100 cm−1, indicating 

hydrogen bonding interactions within the formulations. Particularly, the spectra reveal 
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hydrogen bonding interactions between RFX, PVP, and HPMC. The hydroxyl (-OH) 

stretching vibration of RFX, typically observed around 3200-3600 cm⁻¹, shows a minor 

shift, indicating hydrogen bonding with the carbonyl groups of PVP and HPMC. 

Specifically, in the RFX-PVP interaction, the carbonyl (C=O) stretching vibration of PVP 

shifts from 1651 cm⁻¹ to 1646 cm⁻¹, while in the RFX-HPMC interaction, the carbonyl 

(C=O) stretching vibration of HPMC shifts from 1639 cm⁻¹ to 1633 cm⁻¹. Similarly, 

hydrogen bonding interactions are observed between HQ, PVP, and HPMC. In the HQ-

PVP interaction, both the hydroxyl (-OH) and amine (NH) stretching vibrations of HQ 

show a slight shift, and the carbonyl (C=O) stretching vibration of PVP shifts to 1646 

cm⁻¹. In the HQ-HPMC interaction, the carbonyl (C=O) stretching vibration of HPMC 

shifts to 1633 cm⁻¹. These minor red shifts confirm the formation of hydrogen bonds and 

the interactions between the drugs and the polymers which could correspond to efficient 

encapsulation. 

 

As shown in Figure 4, the prepared formulations exhibited a peak around 1500 cm⁻¹, 

indicative of the polycyclic structure, and peaks between 1317 cm⁻¹ and 1370 cm⁻¹ are 

indicative of C-H bending vibrations from methyl groups attached to the complex 

polycyclic structure confirming the presence of RFX in the encapsulates. Additionally, 

each tested powder displayed a prominent peak at 1049 cm⁻¹, corresponding to the 

symmetric stretching vibration of the sulfate group (SO₄²⁻) in hydroxychloroquine sulfate, 

which verifies that HQ is present in the spectra of all spray-dried formulations. The 

representative FTIR spectra of formulations prepared using three distinct nozzle 

settings: R1- 3FN with RFX via the inner nozzle and HQ via the outer nozzle, R6- 3FN 

with HQ via the inner nozzle and RFX via the outer nozzle, and R11- using the 2FN 

method, as shown in Figure 4 exhibited similar shifts in some peaks, indicating hydrogen 

bonding between the drugs and excipients. These interactions help stabilize the 

amorphous forms of the drugs, as evidenced by the XRPD analysis in Section 3.4, 

enhance solubility, and improve controlled release, that is further determined by the in 

vitro release data in Section 3.5, thereby potentially increasing bioavailability [79]. 
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Figure 4. A representative comparative analysis using Fourier-transform infrared 

spectroscopy (FTIR) for three formulations R1- prepared by 3FN (RFX-inner, HQ-outer), 

and R6- by prepared by 3FN (HQ-inner, RFX-outer), and R11- prepared by 2FN with their 

respective individual components including RFX, HQ, polymer, and excipient. The graph 

uses circles and lines to indicate the broadening of peaks above 3000 cm-1 and the 

presence of fingerprint zones of both drugs within the formulation spectra.  

 

7.3.4 Physical state of bioactive compounds in microparticles 

 

The impact of microencapsulation on the crystallinity of RFX and HQ was assessed using 

XRPD analysis. All individual components as well as spray-dried formulations were 

evaluated. Results shown in Figure 5 provided evidence of the crystalline nature of RFX 

and HQ, with sharp peaks observed for RFX at angles such as 5.65° and 18.86°, with the 

highest intensity recorded at 337, indicating its characteristic crystalline structured form 

[80]. Similarly, HQ showed significant peaks at 24.358° with an intensity of 465, as well as 
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other peaks at 24°, 20°, and 17° with intensities of 363, 292, and 284 respectively [81]. 

The amorphous state of PVP and  OraRez was confirmed by the absence of sharp peaks 

in their diffractograms [75]. While  HPMC exhibited two broad humps within the range of 

5˚-25˚, indicating its amorphous state [82]. Trehalose and isomalt crystalline content was 

evidenced with sharp peaks at 24.3° and 19.8°, respectively, suggesting distinct 

crystallographic features [83, 84].  
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Figure 5. XRPD patterns for RFX, HQ, PVP, HPMC, trehalose, isomalt, and OraRez 
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As illustrated in Figure 6, none of the intense sharp peaks of RFX or HQ are visible in any 

of the solid dispersions prepared using 2FN and 3FN. This suggests that in both methods, 

the drugs have been successfully transformed into an amorphous or molecularly 

dispersed state [85-87]. This finding aligns with a prior study which confirmed that 

encapsulation alters the crystallinity of resveratrol and curcumin, converting them into an 

amorphous form [52]. With its greater free energy levels than the crystalline forms, the 

amorphous form is probably more soluble at saturation [88]. Encapsulation also enhances 

the effective surface area of drugs dispersed in microparticles, leading to rapid dissolution 

of the water-soluble matrix and thereby increasing the dissolution rate and absorption of 

the encapsulated molecules [89]. As a result, the amorphous state of these drugs 

improves their dissolution rates and solubility profiles, thereby boosting their bioavailability 

[90].  
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Figure 6. XRPD patterns for the spray-dried RFX- HQ powders, (A) R1, R6, and R11, (B) 

R2, R7, and R12 (C) R3, R8, and R13 (D) R4, R9, and R14 (E) R5, R10, and R15. 

Formulations where RFX is fed via the inner nozzle and the combination of HQ, polymer, 

and excipient through the outer nozzle in 3FN system are illustrated in red. The 

formulations spray-dried in an inversed approach of 3FN method, are represented in 

green. Lastly, formulations administered through a single nozzle in a 2FN system are 

shown in blue. 

 

7.3.5 In vitro drug release  
 

In vitro release studies are crucial for understanding how encapsulates behave under 

simulated lung conditions. Figure 7 presents the release profiles of RFX and HQ using 

SLF. The results revealed distinct differences in the release kinetics of RFX and HQ across 

various formulations (R1-R15), influenced mainly by the spray drying method, polymer 

type, and particle size. The core-shell encapsulates produced by the 3FN spray drying 

method (formulations R1-R10) exhibited a slower release of the drug encapsulated in the 

core: RFX Figure 7B in (formulations R1-R5) and HQ Figure 7C in (formulations R6-R10) 

compared to their release in the traditional 2FN approach (formulations F11-F15) Figure 

7 (E, F). Initially, a rapid release was observed in all the core-shell spray-dried 

encapsulates prepared using the 3FN method, likely due to the presence of core droplets 

on the surface of the encapsulates [91]. This initial burst was then followed by a slower 

release of the drug encapsulated in the core. This could be attributed to the sustained 

release properties of the polymer forming the shell of the microcapsule, which swells 

under simulated lung conditions, gradually releasing the core contents [92].  

 

In formulations (R1-R5) where RFX is fed through the inner nozzle and HQ through the 

outer nozzle in Figure 7 (A, B), RFX with a pKa of 7.9, will be partially ionized at pH 7.4, 

which provides some increase in solubility but not as much as the full ionization of HQ. 

RFX is slightly soluble in water (0.2 mg/mL), and while it is polar, its larger molecular 

weight (785.94 g/mol) and partial ionization result in a moderate solubility and dissolution 

rate in SLF, supporting its low solubility and slower dissolution rate compared to HQ. On 

Chapter 7: Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 
for NSCLC and Respiratory Infections

288



the other hand, HQ release profiles in the same set of formulations R1-R5 exhibited faster 

release, due to its proximity to the particle surface. Additionally, HQ is expected to have 

higher solubility than RFX and dissolve faster in SLF. It has pKa values of 8.3 and 9.7, 

meaning it will be largely ionized at the SLF's pH of 7.4, which enhances its water 

solubility. Besides, it is very soluble in water and has a polar nature, leading to a fast 

dissolution rate in SLF.  

 

In formulations (R6-R10) indicated in Figure 7(C, D) where HQ is fed through the inner 

nozzle and RFX through the outer nozzle, the release profiles showed slower release of 

HQ encapsulated into the core. However, this finding is further supported by the 

recovery% results in Section 3.1 which indicated that HQ had a higher recovery%. 

Suggesting that when a larger proportion of the drug is encapsulated within the 

microparticles, the release tends to be more controlled and sustained. This is likely 

because the encapsulating material acts as a barrier, slowing the diffusion of the drug into 

the surrounding environment. In contrast, RFX being encapsulated within the shell of the 

microparticle with a closer proximity to the particle surface, showed a faster release in this 

set of formulations. However, the recovery% results in Section 3.1 further support this 

faster release of RFX. RFX showed a lower recovery%, suggesting that a larger portion 

of the drug may be free or loosely associated with the microparticles. Because the drug 

can disperse out more easily as a result, the release happens faster. 

 

Conversely, the 2FN method (formulations R11-R15) demonstrated in Figure 7 (E, F), 

where both RFX and HQ were fed through the same nozzle and distributed throughout 

the particle matrix, resulted in release kinetics for both drugs with less pronounced 

variations, highlighting the impact of the spray drying method. It was evident that RFX’s 

and HQ’s release rates were faster compared to their respective release profiles when 

being fed through the inner nozzle of 3FN in Figure 7B and Figure 7C respectively. This 

difference could be attributed to the smaller particle sizes of R11-R15 prepared by 2FN, 

which offered larger contact surface areas to the SLF release medium [93]. Consequently, 

leading to a faster release rate than the larger particles prepared by 3FN [94], as noted in 

the particle size analysis in Section 3.2. Larger particles typically have a smaller surface 
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area to volume ratio resulting in less exposed surface area for drug release. This results 

in a slower dissolution rate because the distance the drug must travel from the core to the 

surface is greater [95]. Additionally, larger particles may require a longer hydration time to 

form channels that allow drug diffusion, further delaying drug release [96]. However, this 

observation was not very noticeable when compared with the release of drugs fed through 

the outer nozzle of 3FN system such as in Figure 7 (A, D) suggesting that the impact of 

nozzle configuration surpasses the effect of particle size in this context. 

 

Expanding on the impact of polymer on the release rate, it is interesting to note that the 

release of RFX and HQ was slower in formulations (R1, R2) compared to (R3, R4, R5), 

and in (R6, R7) compared to (R8, R9, R10) and in (R11, R12) compared to (R13, R14, 

R15) as shown in Figures 7 (A, B, C, D, E, and F). This variation is likely due to 

differences in the structure and nature of the polymer [16]. Formulations (R1, R2, R6, R7, 

R11, R12) used PVP, while formulations (R3, R4, R5, R8, R9, R10, R13, R14, R15) 

employed HPMC. HPMC, being highly hydrophilic, swells quickly and forms gels with 

lower viscosity, facilitating faster drug release [97]. In contrast, PVP forms thicker gels with 

higher viscosity, hindering drug movement and resulting in slower release [58, 98, 99] . 

This result is in line with a prior study that found metformin release was prolonged more 

effectively using higher viscosity grade ethyl cellulose [100]. Additionally, HPMC's higher 

porosity is likely to enhance drug diffusion, accelerating release [101], whereas PVP's 

tighter polymer network reduces porosity and is expected to slow diffusion [102]. These 

findings are supported by the particle size analysis in Section 3.2, which demonstrated 

that the PVP-based particles exhibited larger particle sizes than the particles prepared 

with HPMC.  
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Figure 7. Comparison of release kinetics of HQ and RFX from different formulation groups 

(A) Release kinetics of HQ in R1-R5 formulations, 3FN (RFX inner-HQ outer nozzle) (B) 

Release kinetics of RFX in R1-R5 formulations, 3FN (RFX inner-HQ outer nozzle) (C) 

Release kinetics of HQ in R6-R10, 3FN (HQ inner-RFX outer nozzle) (D) Release kinetics 

of RFX in R6-R10, 3FN (HQ inner-RFX outer nozzle) (E) Release kinetics of HQ in R11-

R15, 2FN (F) Release kinetics of RFX in R11-R15, 2FN.  Free drugs were used as control. 

Values are means ± SD. 

 

7.3.6 Antiproliferative effect against A549 cells 
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Before investigating the antiproliferative effect of the formulations on A549 cells, it was 

crucial to understand the antiproliferative effect of RFX and HQ as single agents on A549 

cells. The MTT assay is a colorimetric method used to assess cell metabolic activity by 

measuring the reduction of MTT, a yellow tetrazole, to purple formazan by mitochondrial 

enzymes in living cells, thereby reflecting the number of viable cells. In our study, this 

assay was employed to evaluate the cytotoxic effects of RFX and HQ on the A549 cell 

line over 72 hours. The primary metric obtained from this assay is the IC50 value, which 

indicates the concentration of a compound needed to inhibit cell viability by 50%. The 

lower IC50 of HQ (20.13 μM) compared to RFX (25.32 μM) suggests that HQ is more 

effective at inducing cytotoxic effects at lower concentrations, implying a higher 

therapeutic potential or greater efficacy. However, these cytotoxicity data, particularly the 

IC50 values, are essential for determining safe dosage ranges for therapeutic 

applications. Lower IC50 values necessitate careful dosage optimization to prevent 

adverse effects, making controlled release of HQ preferable to avoid potential toxicity. 

(Figure 8). 

 

 

 

Figure 8. Anti-proliferative effect of free RFX and HQ. A549 cells were treated with various 

concentrations of RFX or HQ as free drugs for 72 hours prior to cell viability assessment 
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using MTT assay. Graphs are presented as percentage viability relative to the untreated 

control. Data represent the mean ± S.D. 

 

To further explore the antiproliferative effects, the combined effects of HQ and RFX both 

as free drugs (at a molar ratio of 1:2.5, reflecting the utilized ratio of both agents in the 

formulations) and in the formulations on A549 cells were evaluated. The combination 

index (CI) for each formulation and for the free drug combination was calculated to 

understand the nature of the interaction between HQ and RFX against A549 cells.  

 

In Figure 9, it is shown that the combination of drugs had a synergistic effect, with a low 

CI value of 0.545. Most of the formulations also displayed effects as their average CI 

values were below 1. The first group, R1 to R5, showed a combination index indicating 

varying degrees of synergy and antagonism. Formulations R1, R2, and R5 had CI values 

greater than 1, indicating antagonistic effects. Specifically, R1 had an average CI of 1.504 

(±0.058), R2 had an average CI of 1.396 (±0.102), and R5 had an average CI of 1.543 

(±0.132). On the other hand, formulations R3 and R4 demonstrated synergy with CI values 

less than 1. R3 had an average CI of 0.808 (±0.129), indicating a synergistic effect, and 

R4 had an average CI of 0.674 (±0.104), also showing synergy. The second group, R6 to 

R10, exhibited combination index values that mostly indicated synergy. Individual 

formulation averages in this group ranged from 0.488 (±0.130) for R6 to 0.821 (±0.131) 

for R10. Formulation R6 had a significantly low CI, indicating a strong synergistic effect, 

while R7 and R8 also showed synergy with average CIs of 0.747 (±0.090) and 0.738 

(±0.015), respectively. R9 and R10 had CIs close to 1, with average values of 0.661 

(±0.073) and 0.821 (±0.131), suggesting moderate to low synergy. The third group, R11 

to R15, demonstrated combination index values predominantly indicating synergy. 

Individual formulation averages ranged from 0.514 (±0.104) for R12 to 0.688 (±0.057) for 

R13. Formulation R11 had an average CI of 0.579 (±0.075), indicating a synergistic effect, 

while R12 and R13 also showed synergy with average CIs of 0.514 (±0.104) and 0.688 

(±0.057), respectively. R14 and R15 exhibited moderate synergy with average CIs of 

0.617 (±0.045) and 0.614 (±0.033), respectively. Interestingly, the apparent antagonistic 

effect observed in formulations R1, R2, and R5 may not truly indicate antagonism. Instead, 
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this could be attributed to the unique drug release profiles of these formulations, as 

previously discussed. These formulations exhibited slower drug release compared to the 

others, likely due to their larger particle size, which resulted in more prolonged release. 

Besides, the larger particle size may have also hindered their accumulation in A549 cells, 

preventing the effective concentration of the drugs within the cells. Consequently, the slow 

release may have led to insufficient drug concentrations to effectively suppress A549 cell 

proliferation, reflecting an apparent antagonistic interaction. 

 

In order to verify that the decrease, in cell proliferation was specifically caused by the 

drugs within the formulations (HQ and RFX), the effects of the excipients were also 

examined. These preliminary tests indicated that the excipients did not have an impact on 

cell survival when compared to the control group supporting the conclusion that the 

significant decrease, in cell viability was a result of the combined effects of RFX and HQ 

(as shown in Figure 9D). 
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Figure 9. (A) Anti-proliferative effects and combination index (CI) of RFX and HQ in R1-

R5 (B) Anti-proliferative effects and CI of RFX and HQ in R6-F10 (C) Anti-proliferative 

effects and combination index (CI) of RFX and HQ in R11-R15 (D) Cell viability% of empty 

vehicles consisting of the same ratios of excipients in the formulations but without the 

drugs. CI was calculated for each formulation at Fa=0.9 (90% inhibition of cell viability). 

Values are mean ± standard deviation. The horizontal red line represents the cut-off point 

for the additive effect (CI = 1). Values below this line indicate a synergistic effect, values 

at this line indicate an additive effect, and values above this line indicate an antagonistic 

effect. The fitting model was logistic fitting. 

  

The antiproliferative impacts of RFX and HQ are diverse involving pathways that 

collectively produce strong anticancer effects. Esposito et al. conducted a study 

examining the proliferative effects of RFX, on Caco 2 cells in a laboratory setting. The 

research demonstrated that treating Caco 2 cells with RFX led to a decrease in their 

viability. Looking deeper into how RFX exerts its influence, the study emphasized a 

decrease, in the expression of proliferating cell nuclear antigen (PCNA) in Caco 2 cells 

treated with varying concentrations of RFX compared to untreated samples [103]. 

Additionally, the treatment, with RFX resulted in a decrease in the secretion of VEGF, 

release of NO, expression of VEGFR 2 and levels of matrix metalloproteinases MMP 2 

and MMP 9 when compared to cells that were not treated. RFX also caused a reduction 

in the phosphorylation levels of Akt, mTOR and p38MAPK, in a concentration manner. 

Furthermore, it inhibited hypoxia inducible factor 1 α (HIF 1α), p70S6K, and NF κB [103]. 

These molecular changes collectively disrupt signalling pathways crucial for cell survival, 

proliferation, and angiogenesis, effectively reducing the cancer cell's viability. 

 

On the other hand, it has been demonstrated that HQ can improve the cancer properties 

of different chemotherapy drugs in various types of cancer cells  [24, 104, 105]. HQ aids 

in boosting the effectiveness of anticancer treatments by interacting with cellular 

processes like survival, growth and cell death. One of the main ways it fights cancer is, by 

blocking autophagy. HQ disrupts the fusion of autophagosomes and lysosomes causing 
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waste to build up and triggering cell death. This process is supported by proteins that help 

HQ accumulate in endosomes and lysosomes inhibiting autophagic flux [106].  

  

In addition to inhibiting autophagy, HQ impacts apoptosis by modulating the expression 

and activity of key apoptotic proteins. It downregulates anti-apoptotic proteins like Bcl-2 

and activates caspases, which are essential in the execution phase of apoptosis [107]. 

Notably, HQ also significantly influences the STAT3 signalling pathway, a crucial driver of 

oncogenesis. By targeting and inactivating the STAT3 pathway, HQ hampers tumour 

growth and enhances caspase activation [108].   

 

Furthermore, HQ also alters the environment, in the tumour area. It hinders toll- like 

receptors (TLR) which leads to a decrease in the release of cytokines like IL 6, IL 1, IFN 

γ/α, and TNF α. This suppression results in reduced levels of TNF receptors, on 

macrophages, T cells, and B lymphocytes [109-111]. The modulation of the immune 

landscape paradoxically enhances the anti-tumour immune response, creating a 

microenvironment less conducive to cancer growth and more susceptible to immune cell-

mediated destruction. 

 

7.3.7 Anti-inflammatory activity 
 

Prior to exploring how the formulations affect inflammation, the effects of HQ and RFX 

were first assessed individually and in combination. It was observed that both HQ and 

RFX alone resulted in a decrease, in the levels of inflammatory cytokines including IL 1 β, 

IL 6, IL 8 and TNF α when compared to the untreated control group. Interestingly, when 

HQ and RFX were combined there was a pronounced reduction in the expression of these 

cytokines than when each compound was used independently. This suggests a synergistic 

effect not with regard to their anti-proliferative properties but also, in terms of their ability 

to combat inflammation (Figure 10). 
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Figure 10. The anti-inflammatory effect of HQ, RFX, and their combination. Relative RNA 

expression of (A) IL-1β, (B) IL-6, (C) IL-8, and (D) TNF-α gene on THP-1 macrophages 

cell line. RNA was isolated and quantified using qPCR technique and the expression of 

the indicated genes was normalized against untreated cells. Values are mean ± standard 

deviation. * p < 0.05, calculated using one-way ANOVA compared to the untreated control. 

 

After evaluating the results of free drugs and their combination, we explored the anti-

inflammatory effects of all the fifteen formulations (R1-R15). The analysis of gene 

expression showed that most of the formulations resulted in a decrease, in the levels of 

pro-inflammatory cytokines such, as IL 1β, IL 6, IL 8 and TNF α (refer to Figure 11). 

However, formulations R1 and R2 exhibited a non-significant change in cytokine levels, 

which can be attributed to their size limitation. The larger size did not suppress cytokine 

RNA expression levels, possibly because the reduced surface area to volume ratio of 

larger particles leads to a slower dissolution rate [112], thereby limiting the release of the 
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active ingredient. Another reason could be the less efficient uptake by cells for larger 

particles [113], which reduces the effective concentration of the active ingredient reaching 

the cells. Studies, both in vivo and in vitro, have demonstrated that alveolar macrophages 

efficiently uptake particles in the 1–5 µm range [114]. Furthermore, larger particles tend to 

aggregate and settle, which further could reduce their availability and interaction with the 

cells. 

 

The 3FN method exhibited the most pronounced suppression of IL-1β. Particularly, the 

formulations with HQ fed through the inner nozzle and RFX through the outer nozzle 

showed decreases reaching up to 51% (± 2.9%). For IL-6, the formulations prepared using 

the same nozzle configuration resulted in reductions of up to 50% (± 4.9%). In the case 

of IL-8, formulations prepared by the 3FN method but with RFX fed through the inner 

nozzle and HQ through the outer nozzle showed reductions of up to 45% (± 7.3%). 

Similarly, for TNF-α expression, the formulations prepared by the same nozzle 

configuration achieved the highest reductions, reaching up to 46.5% (± 3.90%). 
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Figure 11. The anti-inflammatory effect of R-formulations. Relative RNA expression of (A) 

IL-1β, (B) IL-6, (C) IL-8, and (D) TNF-α gene on THP-1 macrophages cell line. RNA was 

isolated and quantified using qPCR technique and the expression of the indicated genes 

was normalized against untreated cells. Values are mean ± standard deviation. * p < 0.05, 

calculated using one-way ANOVA compared to the untreated control. 

 

HQ and RFX are recognized for their anti-inflammatory characteristics achieved through 

different but complementary molecular processes. HQ exerts its anti-inflammatory 

properties via various molecular routes. Initially, HQ disrupts lysosomal functions 

decreasing the processing and presentation of antigens. This decrease lowers the 

immune system’s activation and response resulting in a decrease, in cytokines, like IL 1β 

and TNF α which play a role in starting the inflammatory process [115].  Secondly, HQ 

suppresses the signalling of TLR leading to lower levels of IL 6 and IL 8. These cytokines 

play a role, in the body’s immune response and the migration of immune cells, to areas of 

inflammation [116]. Moreover, HQ inhibits autophagy and stabilizes cellular membranes, 

further reducing the capacity of cells to propagate inflammatory signals, thereby aiding in 

the overall suppression of pro-inflammatory cytokine production [117]. HQ’s effect on 

cytokine production is also linked to its suppression of the NF-κB pathway, resulting in 

decreased transcription of pro-inflammatory genes, including IL-1β, IL-6, TNF-α, and IL-8 

[118].  

 

On the other hand, RFX has been extensively researched for its anti-inflammatory 

properties. One study revealed that RFX therapy had an impact, on the balance of gut 

bacteria and lowered the levels of cytokines like IL 1β, IL 6, and TNF α in individuals, with 

Parkinson’s disease. This led to protecting the integrity of the blood brain barrier and 

enhancing both motor skills and cognitive abilities. Furthermore, RFX modulates 

microglial function and increases the release of anti-inflammatory factors in chronic 

unpredictable mild stress (CUMS)-induced depression models in rats, indicating its 

neuroprotective effects through gut microbiota regulation [119]. Supporting this, a study 
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conducted by Kang et al. (2016) found that treatment with RFX significantly reduced the 

levels of IL-1β and IL-6 in the small and large intestine in vivo [120]. 

 

At the molecular level, RFX slows down the movement of endotoxins and pro- 

inflammatory cytokines into the bloodstream. This decrease, in inflammation is partially 

influenced by the creation of chain fatty acids such as butyrate. These fatty acids boost 

anti-inflammatory cytokines like IL 10 and IL 1ra while also decreasing pro-inflammatory 

ones such, as TNF α and IL 1β [121]. Together, the combined use of HQ and RFX in this 

study elucidates their complementary anti-inflammatory mechanisms. HQ’s broad 

inhibition of key inflammatory pathways, coupled with rifaximin’s modulation of systemic 

inflammation through gut microbiota, highlights their potential synergistic effect. This 

synergy is evident in the enhanced reduction of pro-inflammatory cytokines observed in 

the experiments, supporting the efficacy of HQ-containing formulations in effectively 

managing inflammatory responses. 

 

7.3.8 Antimicrobial activity 

 

RFX, a non-absorbable, broad-spectrum antibiotic, is commonly used for treating 

traveler's diarrhea as it requires direct contact with the pathogens present [122]. The 

formulations created through spray-drying were developed for inhalation delivery, aiming 

to make direct contact with microbial agents on the respiratory mucosa.  In this section of 

the research, the antimicrobial effectiveness of these spray-dried formulations containing 

RFX was evaluated. The microorganism A. baumannii was selected for testing due to its 

significance in causing pneumonia and its association with multidrug resistance (MDR) 

mechanisms [123]. A. baumannii has emerged as a critical bacterium needing effective 

treatment strategies because of the scarce therapeutic alternatives available [124]. The 

phenotype known as extensive drug resistance (XDR) is defined by its resistance to 

several antibiotics, leaving only colistin or tetracyclines as viable treatment options [125].  
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The results from the disc diffusion method showed that all the tested spray-dried 

formulations produced an inhibition zone measuring approximately 14 mm (Figure 12 and 

Table 2). The size of the inhibition zones for rifaximin alone was comparable to those 

produced by the spray-dried formulations. Conversely, the individual excipients used in 

the formulations did not produce any detectable inhibition zones, suggesting that the 

antibacterial effect was attributable solely to the drug RFX. Furthermore, these 

components did not affect the size of the inhibition zones measured. These results 

highlight the potential of these formulations in providing effective antimicrobial activity with 

controlled release for targeted pulmonary delivery to treat cancer-related lung infections. 

 

 

 

  

 

 

 

Figure 12. Disc diffusion method result. The figure shows a Mueller-Hinton Agar (MHA) 

plate streaked with Extensively Drug-Resistant (XDR) A. baumannii isolate tested against 

discs containing spray-dried R1-R5 formulations and their respective individual 

components. 
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 Table 2. Disc diffusion method inhibition zone measurements of the tested   

               isolates   

 

Isolate# Phenotype R1 R2 R3 R4 R5 RFX 

pure 

HQ 

pure 

1 MDR 13 mm 16 mm 15 mm 14 mm 14 mm 15 mm 0 mm 

2 XDR 16 mm 16 mm 16 mm 14 mm 15 mm 15 mm 0 mm 

3 XDR 14 mm 15 mm 15 mm 13 mm 14 mm 13 mm 0 mm 

4 XDR 14 mm 15 mm 11 mm 11 mm 12 mm 12 mm 0 mm 

5 XDR 14 mm 15 mm 11 mm 11 mm 12 mm 12 mm 0 mm 

Mean  14.2 

mm 

15.4 

mm 

12.6 

mm 

12 mm 13 mm 13.4 

mm 

0 mm 

 

 

The MIC minimum inhibitory concentration data confirmed the disc diffusion results and 

indicated that the mean of MIC was 250 µg/ml (Table 3, and Supplementary Figure 13 

(A)). The effect was due to the drug RFX as none of the excipients exhibited antibacterial 

effect as shown in (Table 4, and Supplementary Figure 13 (B)). 

 

Table 3. Minimum inhibitory concentration (MIC) results for formulations (R1-R5) 

 

# Phenotype R1 R2 R3 R4 R5 RFX 

pure 

HQ 

pure 

1 Sensitive 250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

>= 

2000 

µg/ml 

Chapter 7: Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 
for NSCLC and Respiratory Infections

303



2 XDR 125 

µg/ml 

62.5 

µg/ml 

125 

µg/ml 

125 

µg/ml 

125 

µg/ml 

250 

µg/ml 

>= 

1000 

µg/ml 

3 XDR 500 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

500 

µg/ml 

250 

µg/ml 

>= 

2000 

µg/ml 

4 XDR 250 

µg/ml 

125 

µg/ml 

250 

µg/ml 

125 

µg/ml 

250 

µg/ml 

250 

µg/ml 

>= 

2000 

µg/ml 

5 XDR 250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

250 

µg/ml 

>= 

2000 

µg/ml 

Mean  275 

µg/ml 

187 

µg/ml 

225 

µg/ml 

175 

µg/ml 

275 

µg/ml 

250 

µg/ml 

>= 

1400 

µg/ml 

 

Table 4. Minimal inhibitory concentration (MIC) results for excipients 

 

# Phenotype PVP Trehalose Isomalt OraRez HPMC-E5 

1 Sensitive >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

2 XDR >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

3 XDR >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

4 XDR >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 
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5 XDR >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

Mean  >= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

>= 2000 

µg/ml 

 

7.4 Conclusions 
 

Considering that pulmonary infections often worsen lung cancer and that lung cancer 

patients frequently suffer from these infections, which diminish both their overall survival 

and the effectiveness of anticancer treatments. A novel co-delivery system using RFX and 

HQ for targeting bacterial infections and antitumor activity in NSCLC was successfully 

developed using the 3FN spray drying method. Specifically, optimal results were achieved 

with HQ fed through the inner nozzle and RFX through the outer nozzle, as some 

formulations with the reversed setup showed no significant change in cytokine levels. The 

physicochemical properties of the resulting powders showed recovery% of 83.9% ± 3.20% 

for HQ and 67.9% ± 4.30% for RFX. Particle size analysis revealed that the 3FN system 

produced larger particles compared to the 2FN system. FTIR results confirmed hydrogen 

bonding between RFX, HQ, and excipients in both methods, stabilizing the amorphous 

form, which was also confirmed by XRPD. 

 

The 3FN method provided advanced customized release profiles, facilitating a rapid 

release of RFX to combat respiratory infections and a controlled, prolonged release of HQ 

for targeted anticancer effects. In vitro efficacy demonstrated synergistic antiproliferative 

effects against A549 cells and revealed complementary anti-inflammatory mechanisms. 

HQ broadly inhibited key inflammatory pathways, while RFX modulated systemic 

inflammation, underscoring the potential synergistic effect of these formulations in 

addressing cancer-related inflammation. Moreover, this newly developed co-delivery 

system effectively inhibited Acinetobacter baumannii, highlighting its potential for treating 

resistant infections. Overall, the 3FN spray drying method excelled in developing an RFX-

HQ co-delivery system with substantial therapeutic activity for targeting NSCLC and 

associated infections or inflammations. The best results were achieved with HQ 
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encapsulated in the core, exhibiting a sustained release profile to target antitumor activity 

in NSCLC while minimizing toxicity, particularly since HQ has a lower IC50 than RFX. 

Conversely, RFX encapsulated in the shell exhibited a faster initial release to manage 

cancer-related infections and enhance overall cytotoxicity. It would be interesting to 

investigate other drug combinations, particularly those with narrow therapeutic windows, 

and examine the impact of different excipients on controlled release kinetics. 
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Supplementary Figure 13. (A) Minimum inhibitory concentration (MIC) results for 

formulations (R1-R5), (B) Minimum inhibitory concentration (MIC) results for free dugs 

and excipients. 
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Chapter 8 

General Discussion and Conclusion 

Chapter Summary:  

This chapter provides a summary and discussion of the key findings of this work. It 

includes a critical assessment of the results and the methodologies employed, along with 

recommendations for future research within the broader context of the field. 
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8.1 Introduction 

Non-small cell lung cancer (NSCLC) constitutes 85% of all lung cancer cases, presenting 

significant treatment challenges due to its complexity and resistance to conventional 

therapies. Despite progress in diagnosis and treatment, NSCLC continues to be a major 

health issue, causing over 1.6 million deaths worldwide annually [1]. The disease often 

remains undetected in its early stages due to a lack of visible symptoms. Additionally, 

therapeutic resistance, tumor relapse, and metastatic spread further hinder effective 

treatment and reduce survival rates. Pulmonary infections complicate lung cancer in 50-

70% of cases, and lung cancer patients often experience frequent infections which not 

only hinder the effectiveness of oncological treatments but also impact overall survival [2-

4].  Respiratory infections, those caused by bacteria that is resistant to multiple drugs 

make treating lung conditions like NSCLC more challenging. These bacteria, such, as 

Acinetobacter baumannii pose a problem in hospitals due to their resistance to antibiotics 

complicating treatment efforts [5-7]. This becomes particularly risky for individuals with 

compromised immune systems. Moreover, a history of lung infections may result in 

chronic health issues such as inflammation and cellular damage. These factors can 

elevate the risk of developing lung cancer by impacting lung function and reducing 

defenses [8]. 

Advanced drug delivery systems, including nanoparticle carriers and inhaled therapies, 

offer promising solutions by directly delivering therapeutic agents to tumor sites. These 

methods enhance treatment efficacy, minimize side effects, and bypass the body's 

defense mechanisms [9]. In pulmonary drug delivery, these systems are crucial for 

effectively targeting and treating infections, reducing resistance, and improving patient 

outcomes. Particle engineering is a transformative approach in the formulation of Active 

Pharmaceutical Ingredients (APIs), using advanced techniques to modify particle size, 

shape, surface properties, and crystallinity. These modifications enhance bioavailability, 

solubility, and stability, addressing key pharmaceutical challenges. By intersecting with 

advanced drug delivery systems like solid dispersions, and nanoparticles, particle 

engineering improves the effectiveness, delivery, and controlled release of medications, 

leading to better patient adherence and therapeutic outcomes. 
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There are some recent examples in the literature detailing the promising advancements 

in inhalable nanoparticle-based drug delivery systems for lung cancer. The use of spray 

drying techniques to produce dry powder formulations of lipid nanoparticles (LNPs), solid 

lipid nanocarriers (SLNs), and nanostructured lipid carriers (NLCs) for the delivery of 

chemotherapeutics, siRNA, and targeted therapies showed the potential for improved 

efficacy, reduced side effects, and enhanced patient compliance in lung cancer treatment 

[10-12]. However, there is often limited discussion about spray drying of liquid lipid carriers 

(LLCs), and utilizing combination therapies of repurposed drugs in this context. 

Furthermore, there is not much debate regarding how the parameters of the spray drying 

process affect the type of solid dispersion that is created, particularly when it comes to 

using the 3-fluid nozzle (3-FN) spray drying method to prepare dual drug-loaded spray-

dried solid dispersions. 

This thesis aimed to improve the efficacy of drug delivery systems for non-small cell lung 

cancer (NSCLC) and respiratory infections. This was accomplished through particle 

engineering, specifically by combining lipid nanoparticles with solid dispersions to create 

new spray-dried LNPs loaded with one or two repurposed drugs. Additionally, the thesis 

developed new spray-dried solid dispersions using two repurposed drugs with a three-

fluid nozzle (3FN) system, allowing control over one drug's fast burst release and the 

other’s sustained release. 

This section provides a quick assessment of the work, including an overview of the earlier 

chapters (8.2), a review of the experimental findings, and recommendations for next 

research (8.3).   

8.2 Summary of Key Findings 

8.2.1  Inhaled Medicines for Targeting Non-Small Cell Lung Cancer (Chapter 2) 
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This chapter provided an overview of the advantages and challenges of inhaled drug 

delivery for non-small cell lung cancer (NSCLC). Inhaled delivery enhances drug 

precision, reduces systemic side effects, and bypasses first-pass metabolism, resulting in 

higher bioavailability and faster action. Challenges include the complex respiratory tract 

structure and mucociliary clearance affecting drug deposition. Various inhalation devices 

(PMDIs, DPIs, nebulizers) offer distinct benefits. Accurate drug deposition assessment is 

crucial, using lung imaging, pharmacokinetic analysis, and in silico models. Preferred 

particle size for chemotherapy is 1-5 µm. Carrier-free nanodrugs show promise for 

improved outcomes, synthesized through nanoprecipitation and spray-drying. Targeting 

strategies include active targeting with ligands/antibodies and passive targeting using the 

enhanced permeability and retention (EPR) effect. Emerging systems, like nanoparticles, 

liposomes, and pH-sensitive systems, enhance targeted delivery. Investigated drugs 

include azacitidine, bevacizumab, doxorubicin, curcumin, and paclitaxel. Key benefits of 

inhaled therapies are reduced side effects, targeted delivery, and improved patient 

compliance. 

8.2.2  Spray-Dried Nano lipid Powders for Pulmonary Drug Delivery (Chapter 3) 

This chapter highlights significant advancements in using spray-dried nano lipid powders 

for treating lung diseases, including infections. Pulmonary drug delivery offers benefits 

like a non-invasive route, localized lung delivery, reduced enzymatic activity, low drug 

degradation, high patient compliance, and bypassing first-pass metabolism. Lipid 

nanoparticles (SLNs and NLCs) are effective due to their biocompatibility, biodegradability, 

deep lung deposition, controlled drug release, and good muco-adhesion. The spray drying 

technique, being scalable and commercially viable, produces stable particles with 

enhanced drug encapsulation and bioavailability. Dry powder inhalers (DPIs) efficiently 

deliver medication directly to the lungs with high stability and increased bioavailability. 

SLNs and NLCs are particularly promising for treating lung cancer and lung infections as 

tuberculosis (TB), as they allow targeted drug delivery, improving efficacy and reducing 

systemic toxicity. 

Chapter 8: General Discussion and Conclusion 

318



8.2.3  Development of Pimozide Spray- dried Lipid Nanoparticles with Enhanced  

Targeting of Non-small cell Lung Cancer (Chapter 4) 

This chapter reported the development and evaluation of pimozide-loaded lipid 

nanoparticles (LNPs) for targeted treatment of non-small cell lung cancer (NSCLC). Using 

the microemulsion technique, three types of LNPs including SLNs, NLCs, and LLCs were 

synthesized and optimized into fine powders via spray drying. NLC formulations achieved 

the highest encapsulation efficiency (EE%), attributed to the inclusion of oleic acid which 

disrupted the lipid matrix's crystalline structure, enhancing drug encapsulation. In contrast, 

SLN formulations had the lowest EE% due to their solid lipid content, which limits the 

ability to encapsulate the drug effectively. Spray drying increased particle sizes and 

slightly reduced EE% across all LNP types. Dynamic vapor sorption analyses (DVS) 

revealed diverse moisture sorption trends, with LLCs showing the highest capacity due to 

their porous structure. FTIR and Raman spectroscopy confirmed successful drug 

encapsulation and uniform distribution within the LNPs, while X-ray powder diffraction 

indicated varying degrees of crystallinity, with LLCs being the most amorphous. SEM 

analysis revealed changes in surface morphology post spray drying.   

With regards to the antiproliferative tests against A549 lung cancer cells, certain NLC and 

LLC formulations were particularly effective, with lower IC50 values compared to free 

pimozide, indicating improved therapeutic potential. Drug release studies showed a 

biphasic release pattern, ensuring sustained drug availability. Given that this study 

underscored the potential of pimozide-loaded LNPs as a promising strategy for treating 

NSCLC, evaluating the combination effect with another repurposed drug to achieve 

enhanced antiproliferative with additional anti-inflammatory effects was considered, 

thereby enhancing the overall impact. This consideration prompted us to continue with the 

work discussed in section 8.2.4. (Chapter 5). 
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8.2.4  Enhancing NSCLC Treatment: Advanced Lipid Nanoparticle Formulations and 

Spray Drying Techniques with Repurposed Pimozide and Hydroxychloroquine 

(Chapter 5) 

 

This chapter aimed to enhance the treatment of non-small cell lung cancer (NSCLC) by 

developing and evaluating lipid nanoparticle (LNP) formulations loaded with pimozide 

(PMZ) and hydroxychloroquine (HQ). Three types of PMZ-HQ loaded LNPs including, 

solid lipid nanoparticles (SLNPH), nanostructured lipid carriers (NLCPH), and liquid lipid 

carriers (LLCPH) were prepared and optimized using spray-drying technique. Among 

these, NLCPH formulations were the most promising, demonstrating superior EE% for 

PMZ and HQ due to their flexible structure, which allows better drug accommodation. In 

contrast, SLNPH showed lower EE%, likely due to the crystalline nature of the solid lipid 

matrix, while LLCPH had intermediate values, highlighting the role of lipid fluidity in drug 

encapsulation. Post-spray drying, all formulations exhibited a shift from nano to micro-

scale particle sizes, with SLNPH showing the largest increase, indicating higher 

aggregation susceptibility. 

 

 NLCPH and LLCPH maintained more controlled particle sizes, with NLCPH also 

demonstrating enhanced colloidal stability through uniform size distribution and higher 

negative zeta potential values. Over two months of storage, NLCPH formulations showed 

better stability compared to SLNPH and LLCPH. DVS analysis indicated higher moisture 

absorption for LLCPH and SLNPH compared to NLCPH. FTIR analysis confirmed the 

encapsulation of PMZ and HQ, revealing changes in the molecular environment within the 

formulations. XRPD analysis indicated that NLCPH formulations underwent significant 

modifications in crystalline structure, potentially enhancing drug solubility and stability. 

SEM images showed that spray drying transformed nanoparticles into microparticles, with 

variations in surface morphology across formulations. Biological evaluations 

demonstrated significant anti-proliferative activity against A549 lung cancer cells, 

highlighting the synergistic effect of PMZ and HQ in NLCPH and LLCPH formulations, 

which significantly reduced cell viability. These formulations also exhibited notable anti-

inflammatory effects by downregulating pro-inflammatory cytokines. Release kinetics 
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showed a biphasic release profile, with NLCPH offering sustained release, while LLCPH 

had a higher initial burst release due to its liquid lipid matrix. 

 

8.2.5  Comparison of the Therapeutic Potential of Pimozide and Hydroxychloroquine 

Combination Using Advanced Spray Drying Techniques (Chapter 6) 

 

Building on the potential anti-proliferative activity against A549 lung cancer cells of the 

PMZ- HQ combination from the previous section, this subsequent chapter reported the 

preparation and characterization of a novel co-delivery system for PMZ and HQ using 

advanced spray drying techniques. This system is aimed at targeted anticancer activity 

and the management of cancer-related inflammation and infection in NSCLC. Particles 

were prepared using both conventional two-fluid nozzle (2FN) and three-fluid nozzle (3FN) 

methods to compare the impact of specific nozzle configurations and excipients on the 

recovery%, particle size, drug release kinetics, and therapeutic efficacy of the resulting 

formulations.  

 

Results showed higher recovery% for both PMZ and HQ in 3FN compared to 2FN. For 

PMZ, the recovery was 66% ± 0.9% in 3FN and 59.1% ± 1.9% in 2FN. For HQ, the 

recovery was 53.1% ± 1.8% in 3FN and 49.8% ± 0.7% in 2FN. Particle size analysis 

indicated that the 3FN system favored larger particles, while the 2FN system generated 

smaller particles. FTIR results confirmed hydrogen bonding between the PMZ, HQ, and 

excipients in both methods, stabilizing the amorphous form. XRPD confirmed the 

transition to an amorphous state for both methods. The antiproliferative assays showed 

lower IC50 of PMZ (13.27 μM) compared to HQ (20.13 μM) suggesting that PMZ is more 

effective at inducing cytotoxic effects at lower concentrations. Lower IC50 values 

necessitate careful dosage optimization to prevent adverse effects, making controlled 

release of PMZ preferable to avoid potential toxicity. The multilayer encapsulates prepared 

by 3FN exhibited customized release profiles, with prolonged sustained release for PMZ 

in the core and a faster burst release of HQ in the shell. Most formulations demonstrated 

synergistic antiproliferative effects against A549 cells (CI < 1) and significantly reduced 

pro-inflammatory cytokines. Overall, the 3FN spray drying method proved superior to the 
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2FN method in enhancing the therapeutic potential of the PMZ and HQ combination. 

However, no significant antimicrobial activity was observed, suggesting further 

investigation is needed. 

 

8.2.6  Use of Advanced Spray Drying Techniques by Employing a Combination Therapy 

for NSCLC and Respiratory Infections (Chapter 7) 

 

Given the lack of significant antimicrobial activity observed with PMZ-HQ spray-dried 

formulations in the previous section, the idea of replacing PMZ with rifaximin (RFX), a 

drug known for its antimicrobial properties, was considered. This chapter detailed the 

development of an innovative co-delivery system for RFX and HQ to target both bacterial 

infections and antitumor activity in NSCLC using advanced spray drying techniques. To 

further expand and deepen the study, this section focused on the 3FN spray drying 

strategy, introducing two configurations (RFX in the inner nozzle and HQ in the outer, and 

vice versa). This approach was evaluated alongside the 2FN method to determine the 

impact of nozzle configuration on recovery%, particle size, drug release kinetics, and 

therapeutic efficacy.  

 

Results showed the highest recovery% with the 3FN system. Specifically, feeding RFX 

through the inner nozzle and HQ through the outer nozzle resulted in the highest 

recovery% for HQ (84% ± 3.0%) and RFX (71% ± 3.5%). Reversing this setup slightly 

lowered the recovery%. The lowest recovery% was observed with the 2FN system (78% 

± 3.5% for HQ and 64% ± 3.9% for RFX). Particle size analysis revealed that the 3FN 

system produced larger particles compared to 2FN. The antiproliferative assays showed 

lower IC50 of HQ (20.13 μM) compared to RFX (25.32 μM) suggesting that HQ is more 

effective at inducing cytotoxic effects at lower concentrations. Lower IC50 values 

necessitate careful dosage optimization to prevent adverse effects, making controlled 

release of HQ preferable to avoid potential toxicity. The 3FN method provided advanced 

tailored release profiles and demonstrated synergistic antiproliferative effects against 

A549 cells while significantly reducing pro-inflammatory cytokines through 

complementary anti-inflammatory mechanisms. HQ broadly inhibited key inflammatory 
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pathways, and RFX modulated systemic inflammation, highlighting the potential 

synergistic effect of these formulations in addressing cancer-related inflammation. 

Additionally, the method effectively inhibited Acinetobacter baumannii. Overall, the 3FN 

spray drying method excelled in developing an RFX-HQ co-delivery system with 

substantial therapeutic activity for targeting NSCLC and associated infections or 

inflammations. The best results were achieved with HQ encapsulated in the core, 

exhibiting a sustained release profile to target antitumor activity in NSCLC while 

minimizing toxicity, particularly since HQ has a lower IC50 than RFX. Conversely, RFX 

encapsulated in the shell exhibited a faster initial release to manage cancer-related 

infections and enhance overall cytotoxicity. 

 

8.3 Evaluation of Experimental Content and Suggestions for Future Work   

 

8.3.1 Overview and Impact of Particle Engineering 

 

The experimental chapters of this thesis (Chapters 4, 5, 6, and 7) collectively highlight the 

transformative potential of particle engineering, particularly in the context of LNPs and 

spray drying techniques, to improve the treatment of NSCLC and related infections and 

inflammations. The focus on advanced spray drying strategies, especially the 3FN 

method, and the detailed examination of release kinetics underscore the significant 

advances made towards achieving targeted and effective drug delivery systems. 

 

In Chapter 4, the development of PMZ-loaded LNPs was explored using SLNs, NLCs, and 

LLCs. Advanced particle engineering techniques led to high encapsulation efficiency and 

stability, particularly for NLCs, due to their flexible lipid structure that enhanced drug 

encapsulation. The stability and uniform distribution of the drug within the nanoparticles 

were confirmed through various characterization techniques. Additionally, the spray-dried 

NLC and LLC formulations exhibited significant antiproliferative effects against A549 lung 

cancer cells, with improved therapeutic potential indicated by lower IC50 values compared 

to free pimozide. The biphasic release pattern observed ensured sustained drug 

availability, enhancing the overall treatment efficacy. 
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Building on the success of single-drug formulations, Chapter 5 advanced the treatment of 

NSCLC by developing LNP formulations loaded with PMZ and HQ. The use of spray 

drying technique complemented the co-delivery system, with NLCPH formulations 

showing superior EE% for both PMZ and HQ due to the flexible lipid structure allowing 

better drug accommodation. After spray drying produced, the formulations exhibited 

biphasic release profiles, indicated in a faster initial release followed by a sustained 

release. These formulations exhibited significant antiproliferative and anti-inflammatory 

effects, synergistically reducing cell viability and pro-inflammatory cytokines, thereby 

demonstrating enhanced therapeutic potential. 

 

Chapter 6 further investigated the impact of innovative spray drying techniques by 

comparing the conventional 2FN and advanced 3FN methods for the co-delivery of PMZ 

and HQ. The findings emphasized the importance of nozzle configuration on therapeutic 

outcomes. The 3FN method resulted in higher recovery% and tailored release profiles, 

with the ability to customize drug release kinetics. The multilayer encapsulation achieved 

through 3FN enabled prolonged sustained release for PMZ and faster burst release for 

HQ. The 3FN formulations demonstrated superior antiproliferative effects against A549 

cells and significant anti-inflammatory activity, highlighting the potential for targeted 

cancer therapy. 

 

Chapter 7 expanded the therapeutic scope by developing a co-delivery system for RFX 

and HQ, targeting both bacterial infections and antitumor activity in NSCLC. The advanced 

3FN spray drying technique proved to be particularly effective in optimizing drug 

recovery% and stability. The 3FN system achieved the highest recovery% for both drugs, 

with the optimal configuration being RFX in the inner nozzle and HQ in the outer nozzle. 

The tailored release profiles facilitated by the 3FN method allowed for synergistic 

antiproliferative effects and significant reduction in pro-inflammatory cytokines. 

Additionally, the formulations effectively inhibited Acinetobacter baumannii, addressing 

both cancer and respiratory infections. 
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8.3.2 Impact and Future Directions 

 

The work presented in these chapters underscores the significant impact of particle 

engineering in enhancing drug delivery systems for NSCLC. The advanced 3FN spray 

drying technique, in particular, has shown remarkable potential in optimizing drug 

recovery%, stability, and tailored release kinetics. These advancements translate into 

improved therapeutic outcomes, with targeted and sustained drug delivery reducing side 

effects and improving patient compliance. Future research should focus on optimizing 

formulations, and conducting comprehensive in vivo studies to validate the promising in 

vitro results and assess systemic toxicity and long-term stability of the formulations which 

are critical for clinical translation. Besides, it would be interesting to explore the co-

encapsulation of different drug combinations, especially those with narrow therapeutic 

windows to develop controlled release formulations using 2FN and 3FN systems. 
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