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Abstract

This review examines recent advances in naso-pulmonary drug delivery technologies for respiratory disease management. Conventional routes
including oral administration and inhalation therapy face significant limitations that novel delivery systems aim to overcome. We analyze
anatomical and physiological considerations critical to optimizing naso-pulmonary delivery and discuss emerging technologies including
nanoparticle-based systems, liposomes, smart polymers, and bio-adhesive formulations. Particle engineering strategies, excipient selection, and
modified release systems are evaluated for their roles in enhancing therapeutic efficacy. In vitro and in vivo evaluation methods including
advanced cell culture models and imaging techniques provide critical insights into drug deposition and distribution patterns. Comparative
analyses of bioavailability metrics, pharmacokinetic profiles, and clinical outcomes data demonstrate significant advantages of novel delivery
platforms across multiple respiratory conditions including asthma, COPD, infectious diseases, and pulmonary fibrosis. Despite regulatory and
manufacturing challenges, future perspectives including personalized delivery approaches, Al-guided formulation design, and combination
therapies offer promising directions for addressing the growing global burden of respiratory diseases.
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Introduction

Background on respiratory diseases and current challenges
Respiratory diseases represent a significant global health burden,
affecting over 500 million people worldwide [1]. Conditions such
as asthma, chronic obstructive pulmonary disease (COPD), and
respiratory infections pose substantial challenges for healthcare
systems due to their prevalence and associated morbidity [2].
Current treatment approaches face limitations including systemic
side effects, poor lung deposition, and inadequate patient
compliance [1, 3].

Importance of targeted drug delivery systems

Targeted drug delivery systems offer promising solutions to
enhance therapeutic efficacy while minimizing adverse effects [3].
Naso-pulmonary delivery routes provide direct access to
respiratory tissues, enabling localized treatment with reduced
systemic exposure [4]. These systems facilitate improved
bioavailability and pharmacokinetic profiles compared to
conventional approaches [2, 5].

Aims and scope of the review

This review examines recent advances in naso-pulmonary drug
delivery technologies for respiratory disease management. We
analyze comparative efficacy data for novel delivery platforms
including nanoparticles, smart polymers, and bio-adhesive systems
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[4]. The scope encompasses formulation strategies, evaluation
methodologies, clinical applications, and emerging technologies
aimed at addressing current therapeutic limitations [5].

Conventional Respiratory Drug Delivery Methods

Oral administration

Oral delivery remains the most common route for respiratory
disease medications due to convenience and patient acceptability
[6]. However, this approach subjects drugs to first-pass
metabolism, resulting in variable bioavailability and necessitating
higher doses [7]. Systemic distribution often leads to off-target
effects, while achieving therapeutic concentrations at pulmonary
sites presents significant challenges [8].

Inhalation therapy

Inhalation delivery enables direct targeting of respiratory tissues
through devices including metered-dose inhalers (MDIs), dry
powder inhalers (DPIs), and nebulizers [8]. This route enhances
local drug concentration while minimizing systemic exposure [9].
Therapeutic efficacy depends on particle size distribution, with
optimal deposition requiring aerodynamic diameters between 1-5
um [7, 10].

Limitations of current approaches

Despite advancements, conventional delivery methods face
substantial limitations including inconsistent lung deposition, poor
patient technique, and device-specific challenges [9]. Drug
formulation constraints, mucociliary clearance mechanisms, and
limited penetration to distal airways restrict therapeutic outcomes
[6, 10]. Additionally, most current systems cannot effectively
target specific regions within the respiratory tract, limiting
precision medicine approaches [8].
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Fig. 1: Development of Chronic Obstructive Pulmonary Disease (COPD)

Naso-Pulmonary Drug Delivery Systems: Overview
Anatomical and physiological considerations

The naso-pulmonary route leverages the interconnected anatomy
of the respiratory system, with the nasal cavity serving as an initial
portal for drug administration [11]. The nasal epithelium presents
approximately 150-160 cm? of surface area with high

vascularization and relatively high permeability [12]. Physiological
factors influencing drug delivery include mucociliary clearance
rates, epithelial tight junctions, and enzymatic activity that varies
between nasal and pulmonary regions [13, 14].

Anatomy of Human Respiratory System
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Fig. 2: Anatomy of Human Respiratory System

Nasal-to-lung pathway mechanisms

Drug transport from nasal to pulmonary tissues occurs through
multiple mechanisms including direct mucosal absorption,
lymphatic uptake, and neuronal transport pathways [14]. Particle
size significantly influences deposition patterns, with smaller
particles (1-3 pm) reaching deeper into the lungs while larger
particles (>10 pm) deposit primarily in the nasal cavity [15]. The
nasal valve region serves as a critical anatomical checkpoint
governing airflow dynamics and subsequent pulmonary
distribution [12, 16].

Advantages over conventional routes

Naso-pulmonary delivery systems offer several advantages
including rapid onset of action, bypassing hepatic first-pass
metabolism, and enhanced bioavailability [13]. These systems can
achieve higher local drug concentrations at target sites while
minimizing systemic exposure and associated adverse effects [11,
16]. Additionally, they provide non-invasive alternatives for

acceptability is generally high, potentially improving adherence to
treatment regimens [14].

NOVEL NASO-PULMONARY
TECHNOLOGIES

Nanoparticle-based systems

Nanoparticle platforms (10-1000 nm) offer precise control over
drug release Kinetics and targeting capabilities for respiratory
conditions [17]. These systems enhance mucosal penetration and
cellular uptake through surface modification with ligands such as
lectins and antibodies [18]. Polymeric nanoparticles, solid lipid
nanoparticles, and inorganic nanocarriers demonstrate improved
stability and prolonged retention in respiratory tissues compared to
conventional formulations [19, 20].

Microemulsions and liposomes

Microemulsions provide thermodynamically stable, transparent
systems with enhanced solubilization capacity for both hydrophilic
and hydrophobic drugs [20]. Liposomal formulations, composed of

DELIVERY

delivering macromolecules, peptides, and biologics that phospholipid bilayers, demonstrate significant potential for
traditionally require parenteral administration [15]. Patient sustained pulmonary delivery with reduced immunogenicity [21].

These systems show improved penetration through the mucus
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barrier and extended residence time in the respiratory tract [17,
22].

Smart polymeric carriers

Stimuli-responsive polymeric systems enable controlled drug
release triggered by specific respiratory microenvironment
conditions including pH, temperature, and enzyme concentration
[19]. These carriers facilitate targeted delivery to diseased tissues
while minimizing off-target effects [21]. Recent advances
incorporate biodegradable polymers such as PLGA, chitosan, and
alginate derivatives to address biocompatibility concerns [18, 22].
Bio-adhesive systems

Bio-adhesive formulations enhance residence time on respiratory
mucosa through specific interactions with mucin proteins [20].
These systems incorporate materials such as carbomers, chitosan
derivatives, and thiolated polymers to resist mucociliary clearance
[22]. The prolonged contact time increases local drug
concentration and improves therapeutic efficacy, particularly for
chronic respiratory conditions requiring sustained drug levels [17,
19].

DRUG FORMULATION STRATEGIES

Particle engineering for optimal deposition

Advanced particle engineering techniques including spray drying,
supercritical fluid technology, and controlled crystallization enable
precise control over particle size, shape, and surface properties
[23]. Particles with aerodynamic diameters of 1-5 pum optimize
lower airway deposition, while larger particles (10-20 pm) target
upper respiratory regions [24]. Porous particle technologies reduce
particle density while maintaining geometric size, improving deep
lung penetration and retention [25, 26].

Excipient selection for enhanced stability and efficacy
Excipients play crucial roles beyond their traditional functions as
carriers or stabilizers [24]. Surfactants like polysorbates and
phospholipids modify surface tension and enhance wetting
properties at the air-liquid interface [27]. Permeation enhancers
including chitosan, cyclodextrins, and fatty acids improve drug
absorption across respiratory epithelia [25]. Careful selection of
compatible excipients addresses formulation challenges including
hygroscopicity, electrostatic charging, and chemical degradation
[26, 28].

Modified release systems

Controlled release formulations leverage diverse mechanisms
including matrix diffusion, erosion, and stimuli-responsive systems
to optimize therapeutic regimens [27]. Microsphere technologies
based on biodegradable polymers provide sustained drug release

over extended periods, reducing dosing frequency [23, 28]. pH-
responsive formulations enable targeted delivery to specific
regions within the respiratory tract based on local
microenvironment conditions [25]. These systems significantly
improve patient compliance while maintaining therapeutic
concentrations within the target tissues [26].

IN VITRO AND IN VIVO EVALUATION METHODS

Cell culture models

Advanced in vitro respiratory models include air-liquid interface
(ALI) cultures that closely mimic airway epithelial structure and
function [29]. Three-dimensional organoid systems incorporating
multiple cell types provide improved predictability of drug
permeation and metabolism [30]. Precision-cut lung slices
maintain native tissue architecture and cellular interactions,
enabling evaluation of regional drug deposition and local effects
[31, 32].

Animal models

Animal models remain essential for assessing the
pharmacokinetics, biodistribution, and safety profiles of novel
naso-pulmonary formulations [32]. Rodent models facilitate initial
screening, while larger species including rabbits, dogs, and non-
human primates better approximate human respiratory anatomy
and physiology [33]. Disease-specific models for asthma, COPD,
and pulmonary fibrosis enable evaluation of therapeutic efficacy
under pathological conditions [30, 34].

Imaging techniques for tracking delivery

Advanced imaging modalities including gamma scintigraphy,
positron emission tomography (PET), and single-photon emission
computed tomography (SPECT) enable real-time visualization of
drug deposition patterns [31]. Magnetic resonance imaging (MRI)
with contrast agents offers excellent soft tissue resolution without
radiation exposure [33]. Optical techniques including confocal
laser scanning microscopy and two-photon microscopy provide
cellular-level insights into drug-tissue interactions [29, 34].
CLINICAL STUDIES AND THERAPEUTIC
APPLICATIONS

Asthma management

Novel naso-pulmonary delivery systems demonstrate improved
efficacy for asthma therapeutics through targeted deposition and
sustained release profiles [35]. Nanoparticle-based formulations of
corticosteroids show extended duration of action with reduced
systemic exposure compared to conventional inhalers [36]. Smart
polymer carriers responsive to inflammatory microenvironments
enable selective drug release during acute exacerbations [37, 38].

Comparison of Drug Deposition Patterns in Respiratory Regions
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Fig. 3: Bar graph comparing percentage deposition in different lung regions (upper/central/peripheral) for conventional vs. novel
delivery systems

COPD treatments

Advanced delivery platforms address challenges in COPD
management including reduced inspiratory flow and impaired
mucociliary  clearance [38]. Liposomal formulations of
bronchodilators provide prolonged bronchodilation with less

frequent dosing requirements [39]. Combination therapies utilizing
bio-adhesive  systems enhance therapeutic outcomes by
simultaneously targeting multiple pathophysiological mechanisms
[35, 40].

Infectious respiratory diseases
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Targeted antimicrobial delivery systems achieve higher local drug
concentrations while minimizing systemic toxicity [36].
Nanoparticle encapsulation improves penetration through biofilms
and mucus barriers in conditions like cystic fibrosis and
tuberculosis  [39]. Sustained-release formulations maintain
therapeutic concentrations above minimum inhibitory levels for
extended periods [37, 40].

Pulmonary fibrosis

Emerging naso-pulmonary platforms for antifibrotic agents
demonstrate improved tissue penetration and cellular uptake in
fibrotic regions [38]. Lipid-based carriers enhance solubility and
bioavailability of poorly water-soluble agents like pirfenidone and
nintedanib [40]. Targeted delivery systems incorporating cell-
specific ligands enable selective drug accumulation in activated
fibroblasts [36, 39].

COMPARATIVE EFFICACY ANALYSIS

Bioavailability metrics

Novel naso-pulmonary delivery systems demonstrate significantly
enhanced bioavailability compared to conventional formulations
[41]. Area under the curve (AUC) values for nanoparticle-based
systems show 2-3 fold increases in pulmonary tissue
concentrations while reducing systemic exposure [42]. Absolute
bioavailability for poorly water-soluble compounds increases from
<20% with oral delivery to >60% with optimized naso-pulmonary
formulations [43, 44].

Pharmacokinetic profiles

Advanced delivery platforms exhibit modified pharmacokinetic
parameters including extended half-life and sustained maximum
concentrations in target tissues [42]. Liposomal formulations
demonstrate reduced clearance rates with mean residence times 3-4
times longer than solution formulations [45]. Smart polymer
carriers enable pulsatile release profiles that better align with
circadian rhythms of disease states like asthma [43, 46].

Clinical outcomes data

Comparative clinical studies report improved efficacy metrics
including enhanced FEV1, reduced exacerbation rates, and
improved quality of life scores with novel delivery systems [41,
45]. Meta-analyses indicate 30-45% reductions in hospitalization
rates for chronic respiratory conditions when using targeted naso-
pulmonary formulations [44]. Long-term studies demonstrate
improved disease progression markers particularly for conditions
affecting small airways [42, 46].

Patient compliance factors

Novel delivery technologies address key compliance barriers
through reduced dosing frequency, improved taste profiles, and
simplified administration techniques [43]. Patient preference
surveys indicate 65-80% satisfaction rates with naso-pulmonary
systems compared to 40-55% for conventional inhalers [41, 46].
Device-independent formulations reduce technique-related errors
that commonly compromise therapeutic outcomes with traditional
inhalers [44, 45].

CHALLENGES AND LIMITATIONS

Regulatory considerations

Regulatory frameworks for novel naso-pulmonary delivery
systems remain complex with varying requirements across
jurisdictions [47]. FDA and EMA guidelines require extensive
characterization of physicochemical properties, in vitro
performance, and in vivo correlations [48]. Nanotechnology-based
platforms face additional scrutiny regarding biodegradability,
accumulation potential, and long-term safety profiles [49, 50].
Scale-up and manufacturing hurdles

Translation from laboratory scale to commercial production
presents  significant challenges including batch-to-batch
reproducibility and stability concerns [50]. Manufacturing
technologies for complex formulations require specialized
equipment and precise control over critical process parameters
[51]. Sterility assurance and particulate contamination control add
complexity to production processes, particularly for biologic-
containing formulations [47, 52].

Patient-specific factors affecting efficacy

Anatomical variations in respiratory tract dimensions significantly
impact deposition patterns and subsequent efficacy [48, 51].
Disease-induced changes including mucus hypersecretion, airway
remodeling, and breathing pattern alterations alter drug delivery
efficiency [49]. Genetic polymorphisms affecting drug metabolism
and transporter expression contribute to variable therapeutic
responses [50, 52].

FUTURE PERSPECTIVES AND
TECHNOLOGIES

Personalized naso-pulmonary delivery
Advancing toward precision medicine, personalized delivery
systems leverage patient-specific factors including respiratory
anatomy, genetic profiles, and disease phenotypes [53]. 3D-printed
devices tailored to individual airway geometries optimize
deposition patterns and therapeutic outcomes [54]. Biomarker-
responsive systems enable real-time adaptation to changing disease
states, particularly beneficial for conditions with variable
manifestations like asthma [55, 56].

Al-guided formulation design

Artificial  intelligence  approaches accelerate  formulation
development through predictive modeling of structure-activity
relationships and pharmacokinetic profiles [56]. Machine learning
algorithms identify optimal excipient combinations based on
physicochemical properties and target product profiles [57]. Digital
twins of respiratory systems enable in silico testing of delivery
strategies, reducing development timelines and costs [53, 58].
Combination therapy approaches

Multi-drug delivery platforms address the multifactorial nature of
respiratory  diseases  through  synchronized release  of
complementary therapeutics [54, 57]. Synergistic formulations
incorporating anti-inflammatory agents with bronchodilators or
antimicrobials demonstrate enhanced efficacy compared to
monotherapies [55]. Novel excipient combinations function as
active pharmaceutical ingredients, providing additional therapeutic
benefits beyond their traditional roles [56, 58].

CONCLUSION

Novel naso-pulmonary drug delivery systems represent significant
advancements over conventional respiratory treatments. The
integration of nanotechnology, smart polymers, and targeted
formulation strategies has enabled improved lung deposition
patterns, enhanced bioavailability, and optimized pharmacokinetic
profiles. While challenges related to regulatory requirements,
manufacturing scale-up, and patient-specific factors persist,
emerging technologies including Al-guided formulation design and
personalized delivery approaches show considerable promise.
Future developments will likely focus on combination therapies
and responsive systems that adapt to individual patient needs and
disease states. As these technologies continue to evolve, they offer
potential solutions for more effective management of respiratory
diseases with reduced side effects and improved patient
compliance.
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