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Abstract: 

Pulmonary surfactants, composed of lipids and proteins, play vital roles in lung 

physiology and mechanics. Exploiting their unique properties, such as their interaction 

with lung epithelium, surfactants have emerged as promising carriers for drug delivery to 

the lungs. This review explores the potential of pulmonary surfactants as drug delivery 

vehicles, focusing on leveraging endogenous systems within the lung for therapeutic 

intervention. Beginning with an overview of pulmonary surfactants and the importance 

of drug delivery to the lungs, the review highlights the need for innovative strategies to 

overcome barriers encountered in traditional pulmonary drug delivery approaches. By 

harnessing the inherent mechanisms of surfactant uptake and recycling, novel avenues 

for targeted and sustained drug delivery are elucidated. The objectives of this review 

encompass synthesizing current knowledge, evaluating preclinical and clinical evidence, 

and identifying future directions in the field. Through this exploration, the review aims 

to contribute to the advancement of pulmonary therapeutics and healthcare. 
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Introduction 

In the realm of pulmonary therapeutics, pulmonary surfactants stand as pivotal entities due to 

their multifaceted roles in lung physiology and pathology[1]. Comprising a complex mixture 

of lipids and proteins, pulmonary surfactants serve as the primary interface between the lung 

epithelium and the surrounding air, facilitating respiratory mechanics and maintaining 

alveolar integrity[2]. However, beyond their physiological functions, the unique properties of 

pulmonary surfactants have sparked interest in their potential as carriers for drug delivery to 

the lungs. The lungs present an attractive target for drug delivery owing to their large surface 

area, extensive vasculature, and direct access to systemic circulation, offering a route for both 

local and systemic therapeutic interventions[3]. Yet, conventional approaches to pulmonary 

drug delivery often encounter formidable barriers, including mucociliary clearance, 

enzymatic degradation, and limited cellular uptake. To overcome these challenges and 

enhance the efficacy of pulmonary drug delivery, there arises a compelling need to explore 

and exploit endogenous systems within the lung[4]. By harnessing the inherent mechanisms 

and pathways already present in the pulmonary milieu, such as surfactant uptake and 

recycling, it becomes possible to design innovative strategies for targeted and sustained drug 

delivery to the lungs. Against this backdrop, this review aims to critically examine the current 

landscape of pulmonary surfactants as drug delivery vehicles, with a specific focus on 

exploiting endogenous systems for therapeutic intervention[5]. By elucidating the structural 

and functional intricacies of pulmonary surfactants, assessing the importance of drug delivery 

to the lungs, highlighting the need for leveraging endogenous systems, and delineating the 

objectives of this review, a comprehensive foundation is laid for exploring the potential of 

pulmonary surfactants in advancing pulmonary therapeutics[6]. This review endeavors to 

delve into the diverse aspects of pulmonary surfactants as carriers for drug delivery, 

elucidating their potential in overcoming the hurdles encountered in traditional pulmonary 

drug delivery approaches[7]. Through an in-depth exploration of the composition, structure, 

and physiological roles of pulmonary surfactants, the unique attributes that render them 

promising candidates for drug delivery are unveiled. Furthermore, the critical importance of 

effective drug delivery to the lungs is underscored, emphasizing the significance of 

addressing respiratory ailments and systemic diseases with targeted therapies[8]. The 

discussion then pivots towards the imperative of leveraging endogenous systems within the 

lung for optimizing drug delivery strategies. By harnessing the natural mechanisms of 

surfactant uptake, recycling, and interaction with lung epithelial cells, novel avenues for 

enhancing drug delivery efficiency and therapeutic outcomes emerge[9]. Against this 

backdrop, the objectives of this review are delineated, encompassing a comprehensive 

synthesis of current knowledge, identification of key challenges, evaluation of preclinical and 

clinical evidence, and exploration of future directions and emerging trends in the field. With a 

firm foundation established, this review sets out on a journey to unravel the intricacies of 

pulmonary surfactant-mediated drug delivery, paving the way for transformative 

advancements in pulmonary therapeutics and healthcare[10]. 
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Figure 1: Annotated Diagram of Pulmonary Alveoli and Capillary Beds 

Pulmonary Surfactants: Structure and Function 

Pulmonary surfactants constitute a complex blend of lipids and proteins that are vital for 

maintaining the integrity and function of the lungs. Understanding their composition, role in 

lung physiology, and interaction with lung epithelium is fundamental to appreciating their 

potential as drug delivery vehicles[11]. 

A. Composition of Pulmonary Surfactants: 

Pulmonary surfactants are composed of a complex mixture of lipids and proteins that work 

synergistically to maintain the physiological function of the lungs. The primary components 

of pulmonary surfactants are phospholipids, with dipalmitoylphosphatidylcholine (DPPC) 

being the most abundant[12]. Other phospholipids, suchas phosphatidylglycerol, 

phosphatidylethanolamine, and phosphatidylinositol, are also present in smaller quantities. 

These phospholipids contribute to the surface tension-lowering properties of surfactants, 

crucial for preventing alveolar collapse during expiration and maintaining lung 

compliance[13]. Additionally, pulmonary surfactants contain surfactant-associated proteins 

(SP-A, SP-B, SP-C, and SP-D), each with distinct roles in surfactant function. SP-A and SP-

D are hydrophilic proteins involved in innate immune defense and immune regulation within 

the lungs. In contrast, SP-B and SP-C are hydrophobic proteins responsible for surfactant 

adsorption and stabilization at the air-liquid interface[14]. The precise composition of 

pulmonary surfactants is finely tuned to ensure optimal surfactant function and lung 

physiology, highlighting the intricate interplay between lipids and proteins in maintaining 

pulmonary homeostasis. 

 

 

 
Figure 2: Therapeutic mechanisms of exogenous pulmonary surfactant. 
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B. Role of Surfactants in Lung Physiology: 

Pulmonary surfactants play a critical role in ensuring the optimal function and integrity of the 

lungs. Their primary function is to reduce surface tension at the air-liquid interface within the 

alveoli, thereby preventing alveolar collapse during expiration and facilitating lung 

compliance[15]. This process, known as adsorption-desorption cycling, allows surfactants to 

spread across the alveolar surface during inspiration, lowering surface tension and enabling 

efficient gas exchange[16]. Additionally, surfactants contribute to the stability of the alveoli 

by preventing alveolar collapse at low lung volumes, thus maintaining the structural integrity 

of the lung parenchyma. Beyond their mechanical roles, surfactants also participate in lung 

host defense and immune regulation[17]. Surfactant-associated proteins SP-A and SP-D are 

involved in innate immune responses, facilitating the clearance of pathogens and particulate 

matter from the airways and modulating inflammation and immune cell activation. Overall, 

the multifaceted functions of pulmonary surfactants are essential for maintaining lung 

physiology and ensuring optimal respiratory function[18]. 

 

C. Interaction of Surfactants with Lung Epithelium: 

 

 

The interplay between pulmonary surfactants and the lung epithelium is a complex and 

dynamic process that influences various aspects of lung health and function. Upon secretion 

by type II alveolar epithelial cells, surfactants form a delicate monolayer at the air-liquid 

interface within the alveoli[19]. This monolayer serves as a crucial barrier, protecting the 

underlying lung epithelium from mechanical stress and maintaining alveolar stability during 

the respiratory cycle. Additionally, surfactants play a pivotal role in modulating immune 

responses and inflammation within the lung[20]. Surfactant-associated proteins, such as SP-A 

and SP-D, participate in the recognition and clearance of pathogens and particulate matter by 

interacting with pattern recognition receptors on immune cells and facilitating phagocytosis 

and clearance mechanisms[21]. Moreover, surfactant proteins SP-B and SP-C are involved in 

intracellular signaling pathways within alveolar epithelial cells, regulating surfactant 

production, secretion, and recycling. This intricate interaction between pulmonary surfactants 

and the lung epithelium underscores their essential role in maintaining pulmonary 

homeostasis and highlights their potential as therapeutic targets for respiratory diseases and 

beyond[22]. 

 

Challenges in Pulmonary Drug Delivery 

Pulmonary drug delivery holds immense promise for the treatment of various respiratory 

conditions and systemic diseases. However, several challenges must be addressed to ensure 

the effective delivery of drugs to the lungs.  

 

A. Barriers to Effective Pulmonary Drug Delivery: 

1. Mucociliary Clearance: The respiratory tract is lined with a layer of mucus that traps and 

removes inhaled particles and pathogens through the action of cilia[17]. This mucociliary 

clearance mechanism poses a significant barrier to the delivery of therapeutics to the lungs, as 
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it can rapidly clear deposited particles before they can exert their therapeutic effects[23]. 

 

2. Epithelial Barrier: The lung epithelium serves as a selective barrier that regulates the 

passage of molecules into the underlying tissue. Large molecules, such as proteins and 

nucleic acids, face challenges in crossing this barrier to reach their target sites within the lung 

parenchyma[24]. 

 

3. Enzymatic Degradation: The lungs contain various enzymes, including proteases and 

nucleases, that can degrade therapeutic molecules, rendering them ineffective before they 

reach their intended targets[2]. This enzymatic degradation poses a significant challenge for 

the delivery of biologics and nucleic acid-based therapeutics to the lungs[25]. 

 

4. Limited Cellular Uptake: Once delivered to the lungs, therapeutic agents must be taken up 

by target cells to exert their pharmacological effects. However, the efficiency of cellular 

uptake can be limited, particularly for large molecules and nanoparticles, reducing the 

efficacy of pulmonary drug delivery[26]. 

 

B. Strategies to Overcome These Barriers: 

1. Nanoparticle Formulations: Nanoparticles offer a promising approach to overcome the 

barriers to pulmonary drug delivery. By encapsulating drugs within nanoparticles, researchers 

can protect them from enzymatic degradation, prolong their residence time in the lungs, and 

enhance their cellular uptake. Surface modifications of nanoparticles can also facilitate mucus 

penetration and evasion of mucociliary clearance[27]. 

 

2. Targeted Drug Delivery: Targeting specific cell types or receptors within the lungs can 

improve the efficacy of pulmonary drug delivery while minimizing off-target effects. Ligand-

functionalized nanoparticles can be designed to selectively bind to receptors expressed on 

target cells, enhancing their uptake and therapeutic effects[28]. 

 

3. Inhalation Devices: Advancements in inhalation device technology have enabled precise 

and controlled delivery of therapeutics to the lungs. Dry powder inhalers (DPIs) and metered-

dose inhalers (MDIs) allow for convenient administration of drugs to patients and can be 

tailored to deliver therapeutics to specific regions of the lung[29]. 

 

C. Advantages of Using Pulmonary Surfactants as Drug Delivery Vehicles: 

1. Biocompatibility: Pulmonary surfactants are naturally occurring substances produced by 

the lungs and are therefore inherently biocompatible. When used as drug delivery vehicles, 

surfactants are less likely to induce adverse immune reactions or tissue damage, making them 

suitable for pulmonary administration[30]. 

 

2. Enhanced Drug Stability: Surfactant-based formulations can protect encapsulated drugs 

from enzymatic degradation and physical degradation, preserving their stability and 

bioactivity during storage and upon administration to the lungs[3]. 
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3. Targeted Delivery: Surfactants can be functionalized or modified to target specific cell 

types or tissues within the lungs, enabling targeted delivery of therapeutics to diseased sites 

while minimizing systemic exposure and off-target effects[31]. 

 

4. Mucoadhesive Properties: Pulmonary surfactants possess mucoadhesive properties, 

allowing them to adhere to the mucus layer lining the respiratory tract. This mucoadhesion 

can prolong the residence time of drug-loaded surfactants in the lungs, enhancing drug 

absorption and efficacy[15]. 

 

Endogenous Systems Exploited for Drug Delivery 

Pulmonary drug delivery holds immense potential for the treatment of respiratory diseases 

and systemic conditions. Exploiting endogenous systems within the lung presents an 

innovative approach to enhance the efficiency and specificity of drug delivery[32].  

 

A. Overview of Endogenous Systems in the Lung: 

The lung harbors a myriad of endogenous systems that play crucial roles in maintaining 

pulmonary homeostasis, immune defense, and tissue repair. These endogenous systems 

include mucociliary clearance, alveolar macrophages, pulmonary surfactants, and epithelial 

transport mechanisms. Mucociliary clearance is a primary defense mechanism that clears 

inhaled particles and pathogens from the airways through the coordinated action of mucus-

producing goblet cells and ciliated epithelial cells[33]. Alveolar macrophages are resident 

immune cells within the alveoli that phagocytose and clear foreign particles and debris, 

contributing to lung host defense[17]. Pulmonary surfactants, composed of lipids and 

proteins, reduce surface tension at the air-liquid interface within the alveoli, facilitating 

respiratory mechanics and maintaining alveolar integrity. Epithelial transport mechanisms, 

including ion channels and transporters, regulate the movement of ions and solutes across the 

lung epithelium, maintaining fluid balance and ion homeostasis[34]. 

 

B. Mechanisms of Surfactant-Mediated Drug Delivery: 

Pulmonary surfactants offer a unique platform for drug delivery due to their ability to interact 

with lung epithelium and traverse the respiratory tract[2]. The mechanisms of surfactant-

mediated drug delivery involve the incorporation of drugs into surfactant formulations, which 

can then be administered via inhalation or instillation into the lungs[35]. Upon 

administration, surfactant-drug complexes interact with the lung epithelium, where they can 

be taken up by alveolar epithelial cells or transported across the epithelial barrier into the 

systemic circulation. Surfactant-mediated drug delivery exploits endogenous pathways within 

the lung, including surfactant uptake and recycling mechanisms, to enhance the targeting and 

bioavailability of therapeutics[36]. 

 

C. Examples of Endogenous Pathways Utilized for Drug Delivery: 

Several endogenous pathways within the lung have been leveraged for drug delivery, 

demonstrating the versatility and potential of surfactant-mediated delivery systems[10]. One 

example is the use of pulmonary surfactants as carriers for inhaled corticosteroids in the 

treatment of asthma and chronic obstructive pulmonary disease (COPD)[37]. By 
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encapsulating corticosteroids within surfactant formulations, researchers can enhance drug 

delivery to inflamed airway tissues, thereby improving therapeutic efficacy and minimizing 

systemic side effects. Another example is the delivery of therapeutic proteins, such as insulin, 

via pulmonary surfactants for the treatment of diabetes[38]. Surfactant-mediated delivery of 

insulin offers a non-invasive alternative to subcutaneous injection, with the potential for 

improved patient compliance and glycemic control.In addition to surfactant-mediated 

delivery, other endogenous pathways within the lung, such as epithelial transport mechanisms 

and alveolar macrophage uptake, have been explored for targeted drug delivery[39]. For 

instance, inhalable nanoparticles coated with targeting ligands can selectively bind to 

receptors expressed on lung epithelial cells, facilitating cellular uptake and intracellular drug 

delivery. Similarly, nanoparticles designed to evade alveolar macrophage clearance can 

prolong circulation time in the lungs, allowing for sustained drug release and enhanced 

therapeutic efficacy[40]. 

 

Types of Drugs Delivered Using Pulmonary Surfactants 

Pulmonary surfactants offer a versatile platform for the delivery of various types of drugs, 

ranging from small molecule drugs to macromolecular therapeutics and nanoparticles.  

 

A. Small Molecule Drugs: 

Small molecule drugs represent a broad category of therapeutics that can be delivered using 

pulmonary surfactants[41]. These drugs typically have low molecular weights and include 

bronchodilators, anti-inflammatory agents, antibiotics, and antiviral drugs. Pulmonary 

surfactants can enhance the delivery of small molecule drugs to the lungs by improving their 

solubility, stability, and retention in the respiratory tract[30]. For example, surfactant-based 

formulations have been developed for the delivery of bronchodilators such as albuterol and 

salmeterol for the treatment of asthma and chronic obstructive pulmonary disease (COPD). 

By incorporating these drugs into surfactant carriers, researchers can achieve targeted and 

sustained release in the lungs, leading to improved therapeutic efficacy and reduced systemic 

side effects[42]. 

 

B. Macromolecular Drugs (Proteins, Peptides, Nucleic Acids): 

Macromolecular drugs, including proteins, peptides, and nucleic acids, pose unique 

challenges for pulmonary delivery due to their large size and susceptibility to enzymatic 

degradation[28]. However, pulmonary surfactants offer a promising platform for the delivery 

of these therapeutics, as they can protect macromolecules from degradation and facilitate 

their transport across the lung epithelium[43]. Proteins and peptides, such as insulin and 

growth factors, have been delivered using surfactant-based formulations for the treatment of 

diabetes, pulmonary hypertension, and lung injury. Additionally, nucleic acid-based 

therapeutics, including siRNA and mRNA, have been encapsulated within surfactant carriers 

for targeted gene delivery to the lungs, offering potential treatments for genetic lung diseases 

and respiratory infections[44]. 

 

C. Lipid-Based Drugs: 

Lipid-based drugs, including liposomes, lipid nanoparticles, and lipid-based formulations, are 
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well-suited for pulmonary delivery using surfactants. Liposomes, composed of phospholipid 

bilayers, can encapsulate hydrophobic and hydrophilic drugs, providing protection and 

controlled release in the lungs[45]. Lipid nanoparticles, such as solid lipid nanoparticles 

(SLNs) and nanostructured lipid carriers (NLCs), offer advantages in terms of stability, 

biocompatibility, and drug loading capacity. Surfactant-based formulations have been 

developed for the pulmonary delivery of lipid-based drugs, offering targeted and sustained 

release in the lungs. These formulations have applications in the treatment of pulmonary 

infections, cancer, and inflammatory lung diseases[46]. 

 

D. Nanoparticles and Microparticles: 

Nanoparticles and microparticles represent advanced drug delivery systems that can be 

delivered to the lungs using surfactants. Nanoparticles, typically in the range of 1-100 nm, 

offer advantages such as high drug loading capacity, controlled release kinetics, and targeted 

delivery to specific lung regions[47]. Pulmonary surfactants can enhance the stability, 

dispersion, and cellular uptake of nanoparticles, facilitating their delivery to the lungs. 

Examples of nanoparticle-based formulations include polymeric nanoparticles, lipid 

nanoparticles, and metallic nanoparticles, which have applications in pulmonary drug 

delivery for the treatment of lung cancer, tuberculosis, and respiratory infections[20]. 

Microparticles, larger than nanoparticles with sizes ranging from 1 to 1000 µm, can also be 

delivered using surfactants for sustained release and localized drug delivery in the lungs. 

These drug delivery systems offer potential applications in the treatment of asthma, cystic 

fibrosis, and pulmonary hypertension[48]. 

 

Methods of Formulating Drug-Surfactant Complexes 

Formulating drug-surfactant complexes is a critical step in the development of pulmonary 

drug delivery systems.  

 

A. Techniques for Incorporating Drugs into Surfactant Formulations: 

1. Co-solubilization: One common method for formulating drug-surfactant complexes 

involves co-solubilization, where drugs and surfactants are dissolved together in a suitable 

solvent[22]. This method allows for the simultaneous solubilization of hydrophobic drugs 

within the hydrophobic core of surfactant micelles, enhancing drug stability and 

bioavailability. Co-solubilization can be achieved using organic solvents, such as ethanol or 

chloroform, or aqueous solvents, depending on the solubility characteristics of the drug and 

surfactant[49]. 

 

2. Thin Film Hydration: Thin film hydration is another technique commonly used to 

formulate drug-surfactant complexes, particularly for lipophilic drugs and lipid-based 

surfactants. In this method, a thin film of surfactant and drug is formed by evaporating a 

solvent from a mixture of surfactant and drug solution[12]. The film is then hydrated with an 

aqueous solution to form liposomes or micelles encapsulating the drug. Thin film hydration 

offers advantages in terms of scalability, reproducibility, and control over particle size and 

drug loading[50]. 
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3. Co-precipitation: Co-precipitation involves the simultaneous precipitation of drug and 

surfactant from a solution, resulting in the formation of drug-surfactant complexes[18]. This 

method is particularly suitable for hydrophobic drugs and surfactants that form insoluble 

complexes upon mixing. Co-precipitation can be achieved by adding a non-solvent to a 

solution containing drug and surfactant, leading to the precipitation of drug-surfactant 

complexes[51]. 

 

4. Emulsification: Emulsification is a versatile technique for formulating drug-surfactant 

complexes, particularly for hydrophobic drugs and surfactants. In this method, a hydrophobic 

drug is dispersed in an aqueous surfactant solution to form an emulsion[32]. The emulsion is 

then homogenized or sonicated to reduce droplet size and enhance drug encapsulation within 

surfactant micelles or liposomes. Emulsification offers advantages in terms of scalability, 

stability, and control over particle size and drug loading[52]. 

 

B. Factors Influencing Drug Loading and Release Kinetics: 

 

Several factors influence the drug loading and release kinetics of drug-surfactant complexes, 

including the physicochemical properties of the drug and surfactant, formulation parameters, 

and environmental conditions. 

 

1. Drug Solubility: The solubility of the drug in the surfactant formulation plays a crucial 

role in drug loading and release kinetics[19]. Hydrophobic drugs tend to partition into the 

hydrophobic core of surfactant micelles or liposomes, leading to higher drug loading and 

sustained release kinetics. Conversely, hydrophilic drugs may be encapsulated within the 

aqueous phase of surfactant formulations, resulting in lower drug loading and faster release 

kinetics[53]. 

 

2. Surfactant Concentration: The concentration of surfactant in the formulation influences 

drug loading and release kinetics by affecting the size, stability, and structure of surfactant 

micelles or liposomes[33]. Higher surfactant concentrations generally result in higher drug 

loading and slower release kinetics, as more drug molecules can be accommodated within the 

surfactant matrix[54]. 

 

3. Formulation Parameters: Formulation parameters, such as pH, temperature, and ionic 

strength, can impact drug loading and release kinetics by affecting the stability and structure 

of drug-surfactant complexes. Changes in pH or temperature may alter the solubility of the 

drug or induce phase transitions within the surfactant formulation, leading to changes in drug 

release kinetics[22]. 

 

4. Environmental Conditions: Environmental conditions, such as humidity, light exposure, 

and storage temperature, can influence the stability and performance of drug-surfactant 

complexes. Exposure to harsh environmental conditions may degrade the surfactant or drug 

molecules, leading to changes in drug loading and release kinetics over time[55]. 
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C. Stability Considerations of Drug-Surfactant Complexes: 

Stability considerations are paramount in the formulation of drug-surfactant complexes to 

ensure the integrity and efficacy of the final product. Several factors must be considered to 

maintain the stability of drug-surfactant complexes during formulation, storage, and 

administration[18]. 

 

1. Compatibility: Compatibility between the drug and surfactant is essential to prevent drug 

degradation or physical instability within the formulation. Compatibility studies should be 

conducted to assess potential interactions between the drug and surfactant molecules and 

identify any incompatibilities that may affect formulation stability[56]. 

 

2. Physical Stability: Physical stability of drug-surfactant complexes refers to their ability to 

maintain uniformity, particle size, and morphology over time. Physical instability, such as 

aggregation, precipitation, or phase separation, can compromise the efficacy and safety of the 

formulation. Formulation techniques should be optimized to minimize physical instability 

and ensure uniform distribution of drug within the surfactant matrix[57]. 

 

3. Chemical Stability: Chemical stability of drug-surfactant complexes refers to their ability 

to resist chemical degradation, such as hydrolysis, oxidation, or degradation induced by light 

exposure. Stability-indicating assays should be employed to assess the chemical stability of 

drug-surfactant complexes under various storage conditions and identify degradation 

products that may affect drug efficacy and safety[28]. 

 

4. Storage Stability: Storage stability of drug-surfactant complexes is crucial to ensure their 

efficacy and safety during storage and transportation[17]. Formulations should be stored 

under appropriate conditions, such as controlled temperature and humidity, to prevent 

degradation and maintain stability over time. Stability testing should be conducted to assess 

the long-term stability of drug-surfactant complexes and establish shelf-life specifications for 

commercial products[58]. 

 

Table 1: Summary of Surfactant Changes in Chronic Pulmonary Diseases 

 

Pulmonary 

Disease 

Model Phospholipids Surfactant 

Proteins 

Surface 

Activity 

References 

Chronic 

Obstructive 

Pulmonary 

Disease (COPD) 

In vivo 

studies 

in COPD 

patients 

Decreased levels, 

altered 

composition 

Decreased 

SP-A and 

SP-D levels 

Reduced 

surface 

tension 

lowering 

capacity 

[15] 

Asthma Animal 

models, 

in vitro 

studies 

Altered 

phospholipid 

composition 

Variable 

changes in 

SP-A and 

SP-D 

Variable 

effects on 

surface 

tension 

[4] 
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lowering 

capacity 

Cystic Fibrosis Clinical 

studies, 

animal 

models 

Altered 

composition, 

increased 

viscosity 

Decreased 

SP-A and 

SP-D levels 

Impaired 

surface 

tension 

lowering 

capacity, 

increased 

viscosity 

[3] 

Interstitial Lung 

Disease (ILD) 

Animal 

models, 

in vitro 

studies 

Altered 

phospholipid 

profile 

Variable 

changes in 

SP-A and 

SP-D 

Variable 

effects on 

surface 

tension 

lowering 

capacity 

[7] 

Pulmonary 

Fibrosis 

Animal 

models, 

in vitro 

studies 

Altered 

composition, 

increased 

cholesterol 

Decreased 

SP-A and 

SP-D levels 

Impaired 

surface 

tension 

lowering 

capacity, 

increased 

stiffness 

[33] 

Bronchiectasis Clinical 

studies, 

in vitro 

models 

Altered 

composition 

Variable 

changes in 

SP-A and 

SP-D 

Variable 

effects on 

surface 

tension 

lowering 

capacity 

[21] 

Pulmonary 

Alveolar 

Proteinosis 

Clinical 

studies, 

animal 

models 

Accumulation of 

surfactant 

proteins, 

decreased 

phospholipids 

Variable 

changes in 

SP-A and 

SP-D 

Impaired 

surfactant 

function, 

reduced 

surface 

tension 

lowering 

capacity 

[19] 

Pulmonary 

Hypertension 

Animal 

models, 

in vitro 

studies 

Variable 

phospholipid 

composition 

Variable 

changes in 

SP-A and 

SP-D 

Variable 

effects on 

surface 

tension 

lowering 

capacity 

[22] 

Idiopathic Clinical Altered Decreased Impaired [33] 
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Pulmonary 

Fibrosis 

studies, 

animal 

models 

composition, 

increased 

cholesterol 

SP-A and 

SP-D levels 

surface 

tension 

lowering 

capacity, 

increased 

stiffness 

Sarcoidosis Clinical 

studies, 

in vitro 

models 

Altered 

phospholipid 

profile 

Variable 

changes in 

SP-A and 

SP-D 

Variable 

effects on 

surface 

tension 

lowering 

capacity 

[29] 

 

Applications of Pulmonary Surfactant-Mediated Drug Delivery 

 

Pulmonary surfactant-mediated drug delivery offers a versatile and promising approach for 

the treatment of various lung diseases, systemic drug delivery via the lungs, targeted delivery 

to specific lung regions, and the development of imaging and contrast agents[59].  

 

A. Treatment of Lung Diseases: 

1. Asthma: Asthma is a chronic inflammatory disorder characterized by airway inflammation, 

bronchoconstriction, and mucus hypersecretion. Pulmonary surfactant-mediated drug 

delivery holds potential for the treatment of asthma by delivering bronchodilators, anti-

inflammatory agents, and immunomodulators directly to inflamed airway tissues. By 

encapsulating drugs within surfactant carriers, researchers can achieve targeted and sustained 

release in the lungs, leading to improved therapeutic efficacy and reduced systemic side 

effects[60]. 

 

2. Chronic Obstructive Pulmonary Disease (COPD): COPD encompasses a group of 

progressive lung diseases, including chronic bronchitis and emphysema, characterized by 

airflow limitation and respiratory symptoms. Pulmonary surfactant-mediated drug delivery 

offers opportunities for the treatment of COPD by delivering bronchodilators, corticosteroids, 

and mucolytic agents directly to affected lung tissues. By enhancing drug deposition and 

retention in the lungs, surfactant-based formulations can improve symptom control and lung 

function in patients with COPD[61]. 

 

3. Cystic Fibrosis: Cystic fibrosis is a genetic disorder characterized by abnormal mucus 

production, chronic airway inflammation, and recurrent respiratory infections. Pulmonary 

surfactant-mediated drug delivery holds promise for the treatment of cystic fibrosis by 

delivering antibiotics, mucolytic agents, and gene therapy vectors directly to the lungs. By 

targeting drugs to the site of infection and inflammation, surfactant-based formulations can 

enhance therapeutic efficacy and reduce the frequency of exacerbations in patients with cystic 

fibrosis[62]. 
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B. Systemic Drug Delivery via the Lungs: 

 

Pulmonary surfactant-mediated drug delivery offers a non-invasive route for systemic drug 

delivery via the lungs, bypassing the gastrointestinal tract and avoiding first-pass metabolism 

in the liver. This approach is particularly advantageous for drugs with poor oral 

bioavailability or those that undergo extensive metabolism in the liver. By formulating drugs 

with surfactant carriers, researchers can achieve rapid absorption and systemic distribution, 

leading to improved pharmacokinetics and therapeutic outcomes[63]. 

 

C. Targeted Delivery to Specific Lung Regions: 

 

Pulmonary surfactant-mediated drug delivery enables targeted delivery to specific lung 

regions, such as the upper airways, conducting airways, and alveolar regions. This targeted 

approach allows for the selective deposition of drugs in diseased tissues while minimizing 

systemic exposure and off-target effects. By modifying surfactant formulations with targeting 

ligands or nanoparticles, researchers can achieve site-specific delivery of drugs to treat 

localized lung diseases, such as lung cancer, tuberculosis, and pulmonary fibrosis[64]. 

 

D. Imaging Agents and Contrast Agents: 

In addition to therapeutic applications, pulmonary surfactant-mediated drug delivery has 

applications in the development of imaging agents and contrast agents for diagnostic 

purposes. Surfactant-based formulations can be loaded with imaging agents, such as 

fluorescent dyes, radiotracers, or magnetic nanoparticles, to enable non-invasive imaging of 

lung anatomy, physiology, and function. By enhancing the retention and distribution of 

imaging agents in the lungs, surfactant-mediated delivery systems can improve the sensitivity 

and specificity of diagnostic imaging techniques, such as positron emission tomography 

(PET), single-photon emission computed tomography (SPECT), and magnetic resonance 

imaging (MRI)[65]. 

 

Future Perspectives and Emerging Trends 

The future of pulmonary drug delivery holds immense promise, driven by advances in 

surfactant-based drug delivery technologies, novel strategies for enhancing targeting and 

therapeutic efficacy, potential applications in personalized medicine and precision drug 

delivery, and regulatory considerations and commercialization prospects[66].  

 

A. Advances in Surfactant-Based Drug Delivery Technologies: 

 

1. Nanotechnology: Nanotechnology holds the potential to revolutionize pulmonary drug 

delivery by enabling precise control over drug release kinetics, targeting, and bioavailability. 

Advances in nanoparticle engineering, such as lipid nanoparticles, polymeric nanoparticles, 

and inorganic nanoparticles, offer opportunities to enhance the stability, solubility, and 

cellular uptake of drugs delivered using surfactants[67]. 

 

2. Engineered Surfactants: Engineered surfactants with tailored physicochemical properties 
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and functionalities represent a frontier in pulmonary drug delivery. By modifying surfactant 

compositions, structures, and surface properties, researchers can optimize drug loading, 

release kinetics, and targeting specificity, leading to enhanced therapeutic outcomes and 

reduced side effects[68]. 

 

3. Inhalation Devices: Innovations in inhalation device technology, such as dry powder 

inhalers (DPIs), metered-dose inhalers (MDIs), and nebulizers, are poised to improve patient 

compliance, drug delivery efficiency, and ease of administration. Smart inhalation devices 

equipped with sensors and feedback mechanisms offer opportunities for personalized dosing 

and real-time monitoring of patient adherence and treatment response[69]. 

 

B. Novel Strategies for Enhancing Targeting and Therapeutic Efficacy: 

 

1. Targeted Delivery Systems: Targeted drug delivery systems, such as ligand-functionalized 

nanoparticles and antibody-conjugated liposomes, enable precise targeting of diseased tissues 

and cells within the lungs. By exploiting specific receptors or biomarkers expressed on target 

cells, these systems enhance drug accumulation and uptake while minimizing off-target 

effects, leading to improved therapeutic efficacy and safety profiles[70]. 

 

2. Combination Therapies: Combination therapies involving multiple drugs or drug classes 

offer synergistic effects and improved treatment outcomes for complex lung diseases[71]. 

Pulmonary surfactant-mediated drug delivery provides a platform for co-delivering 

synergistic drug combinations, such as bronchodilators and anti-inflammatory agents, to 

achieve additive or synergistic therapeutic effects while reducing the risk of drug resistance 

and adverse reactions[72]. 

 

3. Controlled Release Systems: Controlled release systems, such as stimuli-responsive 

nanoparticles and microparticles, enable precise control over drug release kinetics and 

spatiotemporal drug distribution within the lungs[73]. By responding to endogenous or 

exogenous stimuli, such as pH, temperature, or enzymatic activity, these systems can release 

drugs in a controlled manner, prolonging drug action and minimizing fluctuations in drug 

concentration[74]. 

 

C. Potential Applications in Personalized Medicine and Precision Drug Delivery: 

1. Biomarker-Based Therapeutics: Advances in biomarker discovery and personalized 

medicine enable the development of biomarker-based therapeutics tailored to individual 

patient profiles and disease characteristics[75]. Pulmonary surfactant-mediated drug delivery 

offers opportunities for precision drug delivery based on patient-specific biomarkers, genetic 

polymorphisms, and disease phenotypes, leading to personalized treatment regimens and 

optimized therapeutic outcomes[76]. 

 

2. Pharmacogenomics: Pharmacogenomic approaches leverage genetic information to 

predict individual patient responses to drugs and optimize treatment strategies accordingly. 

Pulmonary drug delivery systems can be tailored to deliver genotype-specific therapeutics, 



Page 1047 of 22 

Satyajit Panda / Afr.J.Bio.Sc. 6(9) (2024) 

adjust drug dosing based on genetic variations in drug metabolism or transport, and minimize 

interindividual variability in drug response and toxicity[77]. 

 

3. Disease Modeling and Drug Screening: Patient-derived lung organoids and in vitro 

disease models provide platforms for disease modeling, drug screening, and personalized 

drug testing. Pulmonary surfactant-mediated drug delivery systems can be integrated into 

these models to evaluate drug efficacy, toxicity, and pharmacokinetics in a patient-specific 

context, guiding personalized treatment decisions and drug development strategies[78]. 

 

D. Regulatory Considerations and Commercialization Prospects: 

 

1. Regulatory Pathways: The regulatory landscape for pulmonary drug delivery is evolving 

to accommodate advances in drug delivery technologies and personalized medicine 

approaches. Regulatory agencies, such as the U.S. Food and Drug Administration (FDA) and 

the European Medicines Agency (EMA), are developing guidelines and frameworks for the 

evaluation and approval of novel drug delivery systems, biomarker-based therapeutics, and 

personalized medicine approaches[79]. 

 

2. Commercialization Opportunities: Pulmonary drug delivery technologies represent a 

burgeoning market with significant commercialization opportunities for pharmaceutical 

companies, biotechnology startups, and academic research institutions[80]. Investments in 

research and development, intellectual property protection, and strategic partnerships are 

essential for translating innovative drug delivery technologies into commercial products and 

addressing unmet medical needs in respiratory diseases and beyond[81]. 

 

Conclusion  

Pulmonary surfactant-mediated drug delivery holds tremendous potential for revolutionizing 

the treatment of respiratory diseases and advancing personalized medicine. The diverse 

applications of surfactant-based drug delivery technologies, including targeted delivery to 

specific lung regions, systemic drug delivery via the lungs, and the development of imaging 

and contrast agents, offer opportunities to improve therapeutic outcomes, minimize side 

effects, and enhance patient compliance. Emerging trends such as nanotechnology, 

engineered surfactants, and biomarker-based therapeutics are poised to drive innovation in 

pulmonary drug delivery, enabling precise control over drug release kinetics, targeting 

specificity, and therapeutic efficacy. Moreover, regulatory considerations and 

commercialization prospects underscore the growing interest and investment in pulmonary 

drug delivery technologies, paving the way for the translation of research advancements into 

clinical applications and commercial products. As the field continues to evolve, 

collaborations between researchers, clinicians, industry stakeholders, and regulatory agencies 

will be crucial for advancing pulmonary drug delivery technologies, addressing unmet 

medical needs, and improving patient care in respiratory diseases and beyond. By harnessing 

the potential of pulmonary surfactant-mediated drug delivery, we can usher in a new era of 

precision medicine and personalized therapeutics tailored to individual patient profiles and 

disease characteristics, ultimately improving health outcomes and quality of life for patients 
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worldwide. 
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