Opinion
Volume 09:05, 2025

Journal of Formulation Science & Bioavailability

ISSN: 2577-0543 Open Access

Advancing Pulmonary Drug Delivery for Enhanced

Bioavailability

Chen Wei*

Department of Pharmaceutical Engineering and Bioavailability, Tsinghua University, Beijing 100084, China.

Introduction

Pulmonary drug delivery systems are increasingly recognized for their potential
to achieve systemic bioavailability, circumventing the limitations associated with
conventional oral and parenteral administration routes. This approach harnesses
the lungs’ anatomical and physiological advantages, including their expansive sur-
face area, a thin epithelial barrier, and extensive vascularization, to facilitate rapid
drug absorption directly into the systemic circulation. Various strategies have been
developed, such as nanoparticles, liposomes, and dry powder inhalers, which are
meticulously designed to optimize drug loading capacity, particle size, and aero-
dynamic properties to ensure efficient deposition within the lungs and controlled
drug release. Despite these advancements, challenges persist, including achiev-
ing uniform drug deposition across the lung, preventing enzymatic degradation
of therapeutic agents, and mitigating potential inflammatory responses within the
lung tissue. Nevertheless, ongoing research in material science and formulation
engineering continues to pave the way for the development of effective and safe
pulmonary therapeutics. [1]

Dry powder inhalers (DPIs) stand as a fundamental modality for pulmonary drug
delivery aimed at achieving systemic absorption. The efficacy of DPIs is heavily re-
liant on sophisticated formulation design, which encompasses both carrier-based
and carrier-free approaches, to attain optimal aerosol performance and predictable
drug release kinetics. Significant progress has been made in particle engineering
techniques, including spray drying and micronization, enabling the precise cre-
ation of respirable particles. Maintaining the stability of the drug formulation, both
within the inhaler device and upon aerosolization, is paramount for ensuring con-
sistent dosing and achieving desired therapeutic outcomes. A thorough under-
standing of powder characteristics and flowability is indispensable for developing
robust DPIs capable of overcoming the physiological complexities of the respira-
tory tract. [2]

Lipid-based nanoparticles, encompassing structures like liposomes and solid lipid
nanoparticles, present a promising avenue for the pulmonary delivery of a diverse
array of therapeutics intended for systemic effects. Their inherent amphiphilic na-
ture facilitates the encapsulation of both hydrophilic and lipophilic drug molecules,
thereby protecting them from degradation within the lung environment and promot-
ing cellular uptake. Surface modifications can be employed to enhance targeting
capabilities and prolong the residence time of these nanopatrticles in the lungs.
While the biocompatibility and biodegradability of lipid-based systems are signif-
icant advantages, critical challenges related to formulation stability, scalability of
production, and potential immunogenicity necessitate careful and thorough con-
sideration during development. [3]

Polymeric nanoparticles offer a highly versatile platform for pulmonary drug de-

livery, owing to their tunable properties and their capacity to encapsulate a wide
range of drug molecules. Biodegradable polymers such as poly(lactic-co-glycolic
acid) (PLGA) and chitosan are frequently utilized in the fabrication of these
nanoparticles. These nanoparticles can be strategically engineered to achieve
controlled drug release profiles, enhance cellular uptake, and enable targeted de-
livery within the lung, ultimately contributing to improved systemic bioavailability.
However, critical issues such as optimizing drug loading efficiency, preventing par-
ticle aggregation, and addressing potential toxicity concerns must be meticulously
managed through rigorous formulation design and comprehensive characteriza-
tion. [4]

Microneedles are emerging as a potential strategy for transpulmonary drug de-
livery, offering a minimally invasive method for achieving systemic absorption of
therapeutic agents. Although primarily associated with transdermal delivery, the
development of pulmonary microneedle arrays, specifically designed to penetrate
the lung epithelium, holds the promise of enabling direct and rapid drug entry
into the systemic circulation. This delivery route effectively bypasses first-pass
metabolism in the liver and allows for precise dose control. Key considerations in
the development of pulmonary microneedles include the selection of appropriate
biocompatible materials, optimization of drug loading capacity, and the fine-tuning
of mechanical properties necessary for safe and effective penetration of the deli-
cate lung tissue. [5]

Aerosolized gene therapy for the treatment of systemic diseases through pul-
monary delivery represents a rapidly evolving and promising field. Both viral and
non-viral vectors are being extensively explored as means to deliver therapeutic
genes to target cells within the body. The lungs, with their substantial surface area,
provide an ideal environment for gene delivery, and the thin alveolar-capillary bar-
rier facilitates the efficient entry of gene products into the systemic circulation.
Significant challenges remain, including the achievement of efficient gene trans-
fection, the prevention of adverse immune responses directed against the delivery
vector, and the assurance of long-term gene expression. Nanocarriers play a cru-
cial role in protecting the genetic material and enhancing its delivery to target sites.

[6]

The development of advanced inhaler devices is paramount for optimizing the effi-
cacy of pulmonary drug delivery systems intended for systemic effects. Innovations
in nebulizers and metered-dose inhalers are primarily focused on improving the
aerodynamic particle size distribution of the emitted aerosol, ensuring dose uni-
formity, and enhancing patient adherence to prescribed treatment regimens. The
advent of smart inhalers, which incorporate sensors and connectivity features, al-
lows for the monitoring of inhaler usage patterns and provides valuable feedback
to patients, thereby improving therapeutic outcomes. The design of these sophis-
ticated devices must carefully consider the intricate physiology of the respiratory
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tract and the specific physicochemical properties of the drug formulation being de-
livered. [7]

Biocompatible and biodegradable hydrogels are currently being investigated as a
novel approach for sustained pulmonary drug delivery for systemic applications.
These innovative formulations can be instilled directly into the lungs or adminis-
tered via nebulization, acting as a localized depot that facilitates controlled drug
release over an extended period. The porous structure characteristic of hydro-
gels allows for efficient drug loading and subsequent diffusion, while their tunable
swelling properties can be manipulated to precisely modulate drug release rates.
Key challenges in this area include ensuring adequate aerosolization character-
istics for nebulized hydrogels and maintaining their structural integrity within the
dynamic lung environment. [8]

Mucoadhesive systems are recognized as a critical component for prolonging the
residence time of drugs within the lungs, thereby increasing the opportunity for
absorption and consequently improving systemic bioavailability. Polymers such
as chitosan, carbopol, and hyaluronic acid are commonly employed in the devel-
opment of mucoadhesive nanoparticles or microparticles. These systems are de-
signed to adhere to the mucus layer that lines the respiratory epithelium, effectively
preventing rapid clearance by the mucociliary escalator. A significant formulation
challenge lies in optimizing the mucoadhesive properties of these systems while
simultaneously ensuring satisfactory aerosol performance for efficient delivery. [9]

The pulmonary immune system presents a unique set of challenges and opportu-
nities for drug delivery strategies. While it can contribute to the inflammatory re-
sponse and the clearance of foreign particles, it also offers potential pathways for
targeted delivery of therapeutic agents to immune cells residing within the lungs.
Nanoparticles can be specifically engineered to interact with these pulmonary im-
mune cells, thereby facilitating the targeted delivery of immunomodulatory agents
or vaccines. A comprehensive understanding of the intricate interplay between
nanomaterials and the lung immune microenvironment is essential for the suc-
cessful design of safe and effective immunotherapeutics that are delivered via the
pulmonary route. [10]

Description

Pulmonary drug delivery systems are gaining significant traction as an effective
method for achieving systemic bioavailability, offering a viable alternative to tradi-
tional oral and parenteral routes. This approach leverages the lungs’ unique phys-
iological characteristics, including their vast surface area, thin epithelial barrier,
and rich vascularization, to promote rapid drug absorption directly into the blood-
stream. Strategies employed in this field involve the use of advanced delivery
vehicles such as nanoparticles, liposomes, and dry powder inhalers, all meticu-
lously engineered to optimize critical parameters like drug loading efficiency, par-
ticle size, and aerodynamic properties, ensuring efficient deposition in the lungs
and controlled drug release. Despite these technological advancements, several
challenges remain to be addressed, including achieving uniform drug distribution
throughout the lung, preventing the enzymatic degradation of administered drugs,
and managing potential inflammatory responses within the lung tissue. However,
continuous research efforts in material science and formulation engineering are
steadily advancing the development of safe and efficacious pulmonary therapeu-
tics. [1]

Dry powder inhalers (DPIs) represent a cornerstone in the field of pulmonary drug
delivery for systemic absorption. The success of DPIs is fundamentally linked to
sophisticated formulation design, which explores both carrier-based and carrier-
free strategies to achieve optimal aerosolization performance and predictable drug
release kinetics. Significant progress in particle engineering techniques, such as
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spray drying and micronization, has enabled the creation of precisely sized res-
pirable particles. The stability of the drug formulation, both within the inhaler de-
vice and upon aerosolization, is of paramount importance for ensuring consistent
dosing and achieving therapeutic efficacy. A deep understanding of powder char-
acteristics and flow properties is crucial for developing robust DPIs that can ef-
fectively overcome the physiological challenges presented by the respiratory tract.
2]

Lipid-based nanoparticles, including liposomes and solid lipid nanoparticles, are
emerging as highly promising carriers for the pulmonary delivery of a broad spec-
trum of therapeutics aimed at systemic effects. Their inherent amphiphilic nature
allows for the encapsulation of both hydrophilic and lipophilic drugs, offering pro-
tection from enzymatic degradation in the lungs and facilitating enhanced cellular
uptake. Surface modifications can further improve targeting capabilities and ex-
tend the residence time of these nanocarriers within the lung. The inherent biocom-
patibility and biodegradability of lipid-based systems are significant advantages;
however, critical challenges related to formulation stability, scalability of manu-
facturing, and potential immunogenicity require careful consideration during the
development process. [3]

Polymeric nanoparticles provide a versatile and adaptable platform for pulmonary
drug delivery, owing to their tunable properties and their capacity to encapsulate
diverse drug molecules. Biodegradable polymers, such as poly(lactic-co-glycolic
acid) (PLGA) and chitosan, are frequently incorporated into these nanoparticle for-
mulations. These nanoparticles can be engineered to achieve controlled drug re-
lease profiles, enhance cellular uptake mechanisms, and facilitate targeted de-
livery within the pulmonary system, ultimately contributing to improved systemic
bioavailability. Nevertheless, critical issues such as optimizing drug loading effi-
ciency, preventing particle aggregation, and mitigating potential toxicity necessi-
tate meticulous formulation design and comprehensive characterization. [4]

Microneedles are gaining attention as a potential strategy for transpulmonary drug
delivery, offering a minimally invasive approach for facilitating systemic drug ab-
sorption. While primarily developed for transdermal applications, pulmonary mi-
croneedle arrays, specifically designed to breach the lung epithelium, could enable
direct and rapid entry of drugs into the systemic circulation. This delivery route ef-
fectively bypasses first-pass metabolism in the liver and allows for precise dose
administration. Key considerations for the development of pulmonary micronee-
dles include the selection of appropriate biocompatible materials, the optimization
of drug loading capacity, and the fine-tuning of mechanical properties to ensure
safe and effective penetration of the lung tissue. [5]

Aerosolized gene therapy for the treatment of systemic diseases via pulmonary
delivery is a rapidly advancing field. Both viral and non-viral vectors are being
actively investigated as vehicles to deliver therapeutic genes to target cells. The
lungs, with their extensive surface area, provide a favorable environment for gene
delivery, and the thin alveolar-capillary barrier facilitates the systemic circulation
of gene products. Key challenges include achieving efficient gene transfection,
preventing adverse immune responses against the vector, and ensuring sustained
long-term gene expression. Nanocarriers are essential components for protecting
the genetic material and enhancing its targeted delivery. [6]

The advancement of sophisticated inhaler devices is crucial for optimizing pul-
monary drug delivery systems intended for systemic applications. Innovations
in nebulizers and metered-dose inhalers are primarily focused on enhancing the
aerodynamic particle size distribution of the generated aerosol, ensuring dose uni-
formity, and improving patient adherence to therapy. The emergence of smart in-
halers, equipped with sensors and connectivity features, enables the monitoring
of inhaler usage and provides feedback to patients, thereby improving therapeu-
tic outcomes. The design of these devices must carefully account for the intricate
physiology of the respiratory tract and the specific characteristics of the drug for-
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mulation being delivered. [7]

Biocompatible and biodegradable hydrogels are being explored as a promising
approach for sustained pulmonary drug delivery for systemic applications. These
advanced formulations can be administered directly into the lungs or delivered via
nebulization, serving as a localized depot for controlled drug release over extended
periods. The porous architecture of hydrogels facilitates drug loading and diffu-
sion, while their tunable swelling characteristics allow for precise modulation of re-
lease rates. Key challenges in this area include ensuring appropriate aerosoliza-
tion properties for nebulized hydrogels and maintaining their structural integrity
within the lung environment. [8]

Mucoadhesive systems play a vital role in extending the residence time of drugs
within the lungs, thereby increasing the window for absorption and improving sys-
temic bioavailability. Polymers such as chitosan, carbopol, and hyaluronic acid
are commonly utilized in the development of mucoadhesive nanoparticles or mi-
croparticles. These systems are designed to adhere to the mucus layer coating the
respiratory epithelium, which helps to prevent rapid clearance by the mucociliary
escalator. A primary formulation challenge involves optimizing the mucoadhesive
properties of these systems while simultaneously ensuring satisfactory aerosol per-
formance for efficient lung deposition. [9]

The pulmonary immune system presents a complex interplay of challenges and
opportunities for drug delivery. While it can trigger inflammatory responses and
lead to the clearance of foreign particles, it also offers pathways for targeted de-
livery to resident immune cells within the lungs. Nanopatrticles can be engineered
to interact specifically with pulmonary immune cells, thereby facilitating the de-
livery of immunomodulatory agents or vaccines. A thorough understanding of the
interactions between nanomaterials and the lung immune microenvironment is es-
sential for the design of safe and effective immunotherapeutics delivered via the
pulmonary route. [10]

Conclusion

Pulmonary drug delivery systems are rapidly advancing, offering systemic bioavail-
ability by utilizing the lungs’ large surface area and rich vascularization. These
systems employ various strategies like nanoparticles, liposomes, and dry powder
inhalers to enhance drug absorption, overcoming traditional route limitations. Key
delivery vehicles include lipid-based nanoparticles, polymeric nanoparticles, and
hydrogels, each designed with specific properties for controlled release and cellu-
lar uptake. Advanced inhaler devices and microneedles are also being developed
to improve efficacy and patient adherence. While significant progress has been
made, challenges such as uniform deposition, formulation stability, and immune
responses persist. Research is ongoing to optimize these systems for effective
and safe therapeutic outcomes, including targeted delivery to immune cells and
gene therapy applications.
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