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ABSTRACT

Scope and objective: Metered-dose inhalers (MDIs) remain the cornerstone of inhalation therapy for asthma and chronic obstructive pulmonary disease (COPD), offering a portable, efficient, and cost-effective means of delivering drugs directly to the lungs. Since their inception in the 1950s, continuous advancements in device design, formulation technology, and propellant systems have significantly enhanced their therapeutic performance and patient compliance. This review aims to provide a comprehensive evaluation of the current state of MDI technologies, encompassing conventional pressurized MDIs, breath-actuated MDIs, and non-pressurized soft mist inhalers (SMIs). The discussion focuses on their mechanisms of operation, formulation strategies, technological innovations, clinical advantages, and inherent limitations. Additionally, the review highlights key industrial insights, regulatory challenges, and future trends driving innovation in inhalation drug delivery systems, with the goal of guiding future research and development in this evolving therapeutic field.

Methodology: This review systematically compiles and analyses current scientific and industrial literature on metered-dose inhalers (MDIs), focusing on technological developments, formulation strategies, regulatory perspectives, and sustainability concerns. Sources from peer-reviewed journals, pharmacopeial standards, and regulatory guidance documents (FDA, EMA, and ICH) were critically evaluated to identify trends, challenges, and innovations influencing MDI design and performance. Particular emphasis was placed on device engineering, aerosol performance parameters, and the integration of quality-by-design (QbD) principles in product development and lifecycle management.

Conclusions: MDIs remain indispensable in the management of asthma and COPD; however, persistent issues such as patient misuse, adherence barriers, and the environmental impact of hydrofluoroalkane (HFA) propellants demand targeted innovation. Future progress in MDI technology requires a multidisciplinary approach combining advances in formulation science, sustainable propellant alternatives, and intuitive device design. Regulatory compliance must emphasize aerodynamic particle size distribution, emitted dose uniformity, extractable and leachable profiling, and robust in vitro–in vivo correlation (IVIVC). Harmonization with FDA and EMA guidelines through risk-based design control and QbD-driven development will be crucial in achieving safer, more effective, and environmentally responsible inhalation therapies.
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ABBREVIATIONS

AI		: Artificial intelligence
APSD 		: Aerodynamic particle size distribution 
BA-MDIs	: Breath-actuated MDIs
CDMOs		: Contract development and manufacturing organisations
CFCs		: Chlorofluorocarbons
CFD		: Computational fluid dynamics
CMAS		: Critical Material Attributes 
COPD		: chronic obstructive pulmonary disease
CPPS		: Critical Process Parameters 
CQAs		: Critical Quality Attributes
DDU		: Delivered Dose Uniformity
DoE:		 Design of Experiments
EHRS		: Electronic health records 
EMA		: European Medicines Agency
EP		: European Pharmacopoeia 
FDA		: Food and Drug Administration
FPF		: Fine particle fraction
GWP		: Global warming potential
HFA		: Hydrofluoroalkane
IVIVC		: in vitro–in vivo correlation
JP		: Japanese Pharmacopoeia 
LCA		: Life cycle assessment
MDIs 		: Metered-dose inhalers
MDR		: Medical Device Regulation
ML		: Machine learning 
MMAD		: mass median aerodynamic diameter
PAT		: Process Analytical Technology
pMDIs		: Pressurized MDIs
PTIT		: Parametric Tolerance Interval Testing
QbD		: Quality-by-design
QTPP		: Quality Target Product Profile
RLD		: Reference Listed Drug
SMIs		: Soft mist inhalers
UDU		: Uniformity of Dosage Units
USP		: United States Pharmacopeia
WHO		: World Health Organization

1. INTRODUCTION:

Respiratory disorders such as asthma and chronic obstructive pulmonary disease (COPD) remain among the most prevalent chronic conditions worldwide, imposing a substantial socioeconomic and healthcare burden (Alabi FO et al., 2023; Palem CR et al., 2025). According to the World Health Organization, these diseases collectively affect hundreds of millions of individuals and contribute significantly to global morbidity and mortality (Wang et al., 2023). The success of therapeutic management in these conditions depends not only on the pharmacological efficacy of drugs but also on their efficient delivery to the lungs. Inhalation therapy, by providing direct drug deposition at the target site, enables rapid onset of action while minimizing systemic side effects, thereby improving both therapeutic outcomes and patient quality of life.
Metered-dose inhalers (MDIs) have been central to this therapeutic strategy since their introduction in the 1950s, marking a transformative advancement over traditional oral medications and bulky nebulization systems (Aggarwal B et al., 2014). Their development allowed patients to self-administer precisely metered doses of aerosolized medication in a compact, portable, and user-friendly form. Over the decades, MDIs have become the dominant drug delivery modality for inhalation therapy, accounting for nearly 70% of all inhaled treatments across the world’s major patient populations. Their widespread acceptance is attributed to their reliability, cost-effectiveness, and versatility in delivering various classes of medications including bronchodilators, corticosteroids, and combination therapies. Less commonly, MDIs are also used for the administration of mast cell stabilizers such as sodium cromoglicate and nedocromil, underscoring their adaptability in treating a range of pulmonary conditions.
The fundamental principle of an MDI lies in the precise aerosolization of a metered dose of medication, which is achieved through a combination of propellant pressure, valve design, and formulation engineering (Dalby RN et al., 2013). Pressurized MDIs (pMDIs) utilize hydrofluoroalkane (HFA) propellants to disperse fine drug particles capable of reaching the lower airways. Continuous advancements in formulation science and device technology have refined these systems to improve aerodynamic particle size distribution (APSD), dose uniformity, and overall inhalation efficiency. In recent years, alternative inhaler types such as breath-actuated MDIs and non-pressurized soft mist inhalers (SMIs) have been introduced to overcome limitations associated with coordination between actuation and inhalation, a common challenge leading to suboptimal drug deposition in the lungs (Chinna Reddy Palem et al., 2025; Anderson P., 2006).
Despite their widespread use and proven clinical efficacy, MDIs continue to face several challenges. Improper inhalation technique, poor patient adherence, and variability in inspiratory flow remain major contributors to inconsistent therapeutic outcomes. Moreover, the environmental implications of HFA propellants, which contribute to greenhouse gas emissions, have prompted increasing concern and motivated research into sustainable propellant alternatives. From an industrial and regulatory perspective, MDI development must now comply with stringent requirements established by global regulatory authorities such as the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA). These include the evaluation of parameters such as emitted dose uniformity, extractable and leachable profiling, device robustness, and in vitro–in vivo correlation (IVIVC). The integration of quality-by-design (QbD) principles into MDI manufacturing has further reinforced the need for comprehensive product understanding and risk-based design control throughout the device lifecycle.
This review provides an in-depth analysis of the evolving landscape of metered-dose inhalers, encompassing technological innovations, industrial perspectives, and regulatory frameworks. It discusses the mechanisms of drug delivery, formulation challenges, and advances in device engineering that continue to shape modern inhalation therapy. Furthermore, it highlights emerging sustainability initiatives and future trends aimed at developing next-generation MDIs that are not only more efficient and patient-friendly but also environmentally responsible. Through this comprehensive evaluation, the review seeks to bridge current knowledge gaps and guide future research and development in the field of pulmonary drug delivery.

2. OVERVIEW OF METERED-DOSE INHALER SYSTEMS:

2.1  Components and design architecture of MDIs 

The performance, reliability, and therapeutic efficiency of MDI depend heavily on the precise engineering and compatibility of its components (Fig 1). Each element canister, metering valve, actuator, nozzle, and propellant system plays a critical role in determining the consistency of dose delivery, particle size distribution, and overall aerosol performance (Brocklebank, D., 2001). The integration of these components into a robust and reproducible delivery system remains a core focus of both industrial design and pharmaceutical research.
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Fig.1. Illustartes device components and formulation components along with the characterisation components of pressurised metered dose inhalers (pMDI’s)

2.1.1 Canister and Metering Valve

The canister functions as the pressurized reservoir that holds the drug formulation, consisting of the active pharmaceutical ingredient, propellant, and stabilizing excipients. It must resist internal pressures of 300–500 kPa and ensure long-term chemical compatibility. Aluminum is most commonly used due to its strength, low weight, and resistance to corrosion, often with internal epoxy or anodized coatings to prevent drug–metal interactions. Stainless steel and polymer-coated canisters are alternatives for formulations with higher reactivity or stability demands. The metering valve is a precision-engineered component designed to deliver a consistent, metered volume typically 25 –100μL during each actuation. It maintains product integrity under pressure and allows accurate dose release through controlled valve movement. Modern designs emphasize improved sealing performance, reduced leakage, and compatibility with next-generation low-global-warming-potential propellants such as HFA-152a and HFO-1234ze(E).

2.1.2 Actuator and Nozzle Design

The actuator, also referred as the mouthpiece or firing mechanism, converts the pressurized liquid formulation into a fine aerosol suitable for pulmonary deposition. Upon depression of the canister, the metering valve releases the formulation through the actuator’s nozzle, where rapid expansion of the propellant produces atomization. The geometry of the actuator, particularly the nozzle orifice diameter and jet length, directly influences spray characteristics including plume geometry, droplet size distribution, and velocity. Typical nozzle orifice diameters range between 0.2 and 0.5 mm, optimized to balance fine particle fraction (FPF) with spray velocity to ensure adequate penetration into the lower respiratory tract without oropharyngeal impaction. Computational fluid dynamics (CFD) and laser diffraction studies have been increasingly employed to refine nozzle design parameters and understand plume dynamics. Moreover, newer actuator systems incorporate flow-control features, dose counters, and feedback mechanisms to improve patient usability and adherence. Breath-actuated actuators have also emerged to synchronize dose release with the patient’s inspiratory flow, reducing coordination errors and enhancing lung deposition efficiency.

2.1.3 Propellant and Formulation System

The propellant is the driving force in MDIs, generating aerosol particles and enabling accurate drug delivery. Traditional MDI formulations employed chlorofluorocarbons (CFCs) for their excellent atomization and stability; due to their ozone-depleting potential, they were replaced by environmentally safer hydro fluoroalkanes (HFAs), mainly HFA-134a and HFA-227ea (Bronsky, E., 1999). These propellants offer suitable vapor pressure, stability, and dispersion properties for effective pulmonary delivery. In general, MDI formulations exist as solutions or suspensions, depending on the API solubility in the propellant system. Suspension formulations, maintaining particle size below 5 µm is essential for dose uniformity and optimal lung deposition. Surfactants such as oleic acid and lecithin, along with co-solvents like ethanol, are commonly used to enhance wetting, suspension stability, and vapor pressure control. Solution-based systems provide better dose consistency but are limited to drugs soluble in the propellant–co-solvent mixture. Ongoing research targets the development of low-global-warming-potential (low-GWP) propellants, such as HFA-152a and hydrofluoroolefin (HFO-1234ze(E)), to reduce environmental impact. These alternatives require reformulation to ensure compatibility with existing valve components and to maintain aerosol performance. Regulatory standards emphasize parameters such as aerodynamic particle size distribution, emitted dose, and formulation stability to ensure efficacy, safety, and compliance across product lifecycles.

2.2 Classification of MDIs

MDIs can be broadly classified based on their operating mechanism and mode of aerosol generation. The three primary types include pressurized MDIs (pMDIs), breath-actuated MDIs (BA-MDIs), and non-pressurized soft mist inhalers (SMIs). Each type is designed to optimize drug delivery efficiency and minimize patient coordination errors during use (Dolovich, MB et al., 2005).
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Fig. 2: Illustration of Classification of MDI’s A. Pressurized metered dose inhaler (pMDI) 
B. Breath Actuated MDI, C. Soft Mist inhaler.

2.2.1 Pressurized MDIs (pMDIs)

Pressurized MDIs represent the most conventional and widely used inhaler systems. They utilize a liquefied propellant typically hydro fluoroalkane (HFA-134a or HFA-227ea) to generate aerosolized drug particles upon actuation. The formulation, stored under high pressure (approximately 300–500 kPa), is expelled through a metering valve and actuator nozzle when the canister is pressed. Rapid depressurization causes the propellant to evaporate, producing fine drug droplets capable of reaching the lower respiratory tract. The main limitation of pMDIs lies in the need for proper hand–breath coordination, as patients must synchronize actuation with inhalation. Despite this, pMDIs remain the gold standard in inhalation therapy due to their portability, reproducibility, and ability to deliver a consistent metered dose. Continued technological improvements, such as dose counters and low-global-warming-potential propellants (e.g., HFA-152a), aim to enhance both performance and environmental sustainability.

2.2.2 Breath-Actuated MDIs (BA-MDIs)

BA-MDIs were developed to overcome the coordination difficulties associated with traditional pMDIs. In these systems, the aerosol release is automatically triggered by the patient’s inspiratory effort rather than manual actuation. The device incorporates a mechanical or microvalve mechanism that senses inspiratory flow typically within a threshold of 20–30 L/min and activates the metering valve to release the dose. This design minimizes timing errors and improves lung deposition efficiency, particularly in paediatric and elderly populations who often struggle with actuation inhalation synchronization. While BA-MDIs still rely on propellants for aerosol generation, their breath-triggered actuation enhances ease of use and ensures more consistent drug delivery (Hampson, NB et a., 1994). However, they are generally more complex and costlier to manufacture than conventional pMDIs.

2.2.3 Non-Pressurized Soft Mist Inhalers (SMIs)

Soft mist inhalers represent a newer, propellant-free category of inhalation devices. Instead of using compressed gas, they employ a mechanical energy source, typically a tensioned spring or piston system, to force a liquid formulation through a micro-engineered nozzle system. The nozzle generates a slow-moving, long-lasting aerosol plume of fine droplets (with low velocity and narrow particle size distribution), improving deposition in the deep lung regions while reducing oropharyngeal losses. A widely known example of this technology is the Respimat® inhaler, which uses a uniblock nozzle to produce two converging jets that form a soft, respirable mist. SMIs are advantageous due to their propellant-free operation, high delivery efficiency, and reduced environmental footprint. However, their relatively complex mechanism and cost-intensive manufacturing process limit widespread adoption compared to pMDIs.

3. FORMULATION SCIENCE AND PROPELLANT SYSTEMS

Propellants are central to the performance of MDIs, driving aerosol generation and ensuring precise and reproducible drug delivery to the lungs. Historically, chlorofluorocarbons (CFCs) notably CFC-11, CFC-12, and CFC-114 were used for their excellent atomization and stability properties. However, due to their ozone-depleting potential, the Montreal Protocol mandated their global phase-out. This led to the introduction of hydrofluoroalkane propellants in the mid-1990s, beginning with HFA-134a in 1996 and HFA-227ea in 2006, which became the standard replacements for CFCs. These HFAs are non-ozone-depleting, chemically stable, and capable of producing softer and warmer aerosol plumes, reducing oropharyngeal drug deposition and minimizing the “cold Freon effect.” Another major advantage of HFA-based formulations is their ability to maintain drugs in true solution form rather than suspensions, eliminating the need for shaking and improving dose uniformity. By 2014, all CFC-based MDIs were fully replaced by HFA-based products and alternative non-propellant systems such as dry powder inhalers (DPIs). Despite their environmental advantages over CFCs, current HFAs (HFA-134a and HFA-227ea) possess high global warming potentials (GWPs of 1,430 and 3,220, respectively). Consequently, current research is focused on the development of low-GWP propellants such as hydrofluoroolefin (HFO-1234ze(E)) and hydrofluorocarbon HFA-152a, which offer similar vapor pressures and atomization properties but significantly reduced environmental impact (Labiris, NR et al., 2003; O’Callaghan, C.A., et al. 2022). Formulation optimization within these systems requires careful consideration of solubility, suspension stability, and particle engineering to achieve aerodynamic particle sizes within the optimal range of 1–5 µm for deep lung deposition. Surfactants (e.g., oleic acid, lecithin) and co-solvents (e.g., ethanol) are commonly incorporated to enhance suspension homogeneity, improve wetting, and modulate vapor pressure (Ding, B et al., 2018). Advances in particle engineering techniques such as micritization, surface modification, and aerodynamic optimization have further refined drug dispersion, deposition efficiency, and stability. Looking ahead, the gradual transition to low-GWP propellants is expected over the next two decades, ensuring that MDIs remain an essential and sustainable platform for pulmonary drug delivery in asthma, COPD, and emerging respiratory indications.

4. TECHNOLOGICAL INNOVATIONS IN MDI DESIGN AND PERFORMANCE

Continuous advancements in MDI design have significantly improved dose reproducibility, aerosol performance, and patient adherence. Modern innovations span mechanical engineering, digital integration, and computational modelling collectively enhancing both device functionality and therapeutic outcomes.

4.1 Advances in Valve and Actuator Engineering

Recent developments in valve and actuator design have focused on improving dosing precision, minimizing leakage, and ensuring compatibility with next-generation propellants. Enhanced metering valves with improved sealing integrity and reduced extractables enable accurate dose delivery across variable temperature and pressure conditions. Actuator nozzle geometries have been optimized using microengineering techniques to refine spray plume geometry and particle velocity, reducing oropharyngeal deposition while improving lung targeting efficiency (Berry, J. et al., 2004). Materials science innovations such as fluoropolymer coatings and low-friction elastomers have also enhanced mechanical durability and chemical compatibility with diverse formulations.

4.2 Smart and Digital Inhaler Technologies

Smart inhalers represent a major technological leap by integrating dose counters, electronic sensors, and wireless connectivity to monitor inhaler use. These systems record actuation frequency, inhalation technique, and timing, providing feedback through mobile applications or cloud-based platforms. Digital inhalers, such as those equipped with Bluetooth-enabled dose counters or adherence monitoring chips, enhance patient engagement and clinical decision-making. Such data-driven approaches help clinicians assess adherence patterns, reduce medication errors, and personalize therapy regimens (Dominic LS et al., 2024).

4.3 Breath-Synchronized and User-Assisted Mechanisms

Breath-actuated MDIs and user-assisted designs have been developed to address coordination difficulties between actuation and inhalation. These devices employ flow sensors or mechanical triggers that automatically release the dose during inhalation, ensuring optimal drug deposition in the lungs. Advanced breath-synchronized technologies improve drug delivery efficiency, particularly in elderly and paediatric populations where coordination challenges are common. Additionally, innovations in dose timing algorithms and mechanical assist systems further reduce dependence on patient technique (Dhand, R. et al., 2018).

4.4 Computational Modelling and Aerosol Characterization Tools

Computational fluid dynamics (CFD) and advanced aerosol characterization methods have become indispensable tools in MDI research and development. CFD modeling enables precise simulation of airflow patterns, particle dynamics, and deposition behavior within the respiratory tract, reducing the need for extensive in vivo studies. Complementary techniques such as laser diffraction, cascade impaction, and high-speed imaging allow real-time assessment of spray plumes and aerodynamic particle size distribution (APSD). These methodologies accelerate device optimization, ensuring consistent performance under pharmacopeial and regulatory standards (Conor AR. Et al., 2013).

4.5 Integration of Artificial Intelligence (AI) and Data Analytics in Inhalation Therapy

Artificial intelligence (AI) and machine learning (ML) are increasingly being integrated into inhalation therapy for predictive modeling, patient monitoring, and personalized treatment. AI-driven analytics can identify inhalation patterns associated with poor control or non-adherence and recommend corrective interventions. Cloud-based data integration between digital inhalers and healthcare systems facilitates continuous disease management and remote clinical supervision. In the industrial context, AI tools also enhance quality-by-design (QbD) implementation, process control, and product lifecycle management, ensuring robust, data-driven optimization of MDI technologies.

5. INDUSTRIAL & MANUFACTURING PERSPECTIVES

5.1. Industrial trends and global MDI market overview

The global MDI market continues to demonstrate strong growth potential, currently valued between US $15–20 billion and projected to reach US $20–40 billion by the mid-2030s, with an estimated compound annual growth rate (CAGR) of 4–7 % depending on regional dynamics and product segmentation. This expansion is primarily driven by the increasing prevalence of asthma and COPD, ageing populations, rising urbanisation, and environmental factors such as air pollution and smoking. Technological advancements including breath-actuated systems, digital dose counters, and smart inhaler connectivity are further broadening market opportunities and improving patient adherence. Emerging markets in Asia-Pacific and Latin America are exhibiting higher growth rates due to improved accessibility to respiratory care. However, the MDI industry also faces key manufacturing challenges, including market concentration among a few major contract development and manufacturing organisations (CDMOs), supply-chain vulnerabilities related to propellant, valve, and actuator sourcing, and increasing regulatory and environmental pressures to transition from hydro fluoroalkane (HFA) propellants to low-global-warming-potential (low-GWP) alternatives. These factors are prompting process redesigns, while the push for regional manufacturing and supply localisation demands stricter quality, sterility, and regulatory compliance standards to maintain global competitiveness.

5.2. Quality-by-Design (QbD) approach in MDI development

The QbD paradigm has emerged as a fundamental framework in modern pharmaceutical and drug–device product development, particularly for inhalation systems such as MDIs. QbD is defined as a systematic, science-based approach that begins with predefined objectives and emphasizes comprehensive understanding of product and process parameters, alongside proactive quality risk management. In MDI development, the QbD approach involves several interrelated components (Table 1). The Quality Target Product Profile (QTPP) defines critical performance attributes such as delivered dose uniformity, aerosol mass median aerodynamic diameter (MMAD), fine-particle fraction, plume geometry, propellant valve system stability, dose counter integrity, and device ergonomics. From the QTPP, Critical Quality Attributes (CQAs) are identified, including emitted dose, fine-particle dose, excipient propellant compatibility, valve metering precision, canister deposition, and actuator efficiency. In parallel, Critical Material Attributes (CMAs) and Critical Process Parameters (CPPs) such as propellant vapor pressure, formulation rheology, valve stem design, actuator orifice geometry, filling pressure, crimping torque, and leak integrity are defined and controlled within an established Design Space to ensure consistent quality. Continuous process monitoring through Process Analytical Technology (PAT) and in-line sensors supports lifecycle management and facilitates ongoing improvement. Given the complex, pressurized, and mechanically integrated nature of MDIs, QbD is particularly valuable for ensuring manufacturing robustness and regulatory compliance. Moreover, as the industry transitions toward low-global-warming-potential (low-GWP) propellants, understanding valve and actuator deposition behaviors within the QbD framework is essential for maintaining performance consistency and scalability (Thorat SR et al., 2013). Early integration of QbD principles enables MDI manufacturers and contract development and manufacturing organizations (CDMOs) to mitigate scale-up risks, enhance regulatory flexibility, and achieve cost efficiencies through improved process control and reduced product failures.

Table 1: QbD Framework for MDI Development: Key Quality Attributes, Process Controls, and Stability Considerations.
	Parameter / Section /Stage
	Key Areas
	Details of QbD Framework for MDI Development

	Quality Target Product Profile (QTPP) & Critical Quality Attributes (CQAs)
	QTPP considerations
	Intended route, dose, patient usability, lung deposition

	
	CQAs for MDIs
	Delivered Dose / Dose Uniformity (DDU).  
Aerodynamic Particle Size Distribution (APSD) / Fine Particle Fraction. 
Spray pattern, plume geometry, spray velocity, shot weight, back pressure.
Physical stability (sedimentation, crystallization, agglomeration).
Drug deposition on canister, valve, actuator (wall loss). 
Extractables / leachables from device and container

	Product & Process Development
	Regulatory framework
	Follows FDA's Quality by Design (QbD) and risk-based development approach

	
	Key studies
	Formulation & process characterization - Design of Experiments (DoE)

	
	Device design factors
	Valve metering chamber - Actuator orifice diameter - Mouthpiece geometry

	
	Suspension challenges
	Sedimentation, flocculation, crystal growth - Mitigation: particle size engineering, stabilizers, surfactants

	
	Process controls
	Bulk mixing, pressure filling, crimping, valve insertion - Ensures reproducibility and scalability

	Control Strategy & Testing / Specifications
	Control strategy
	Raw materials: API, excipients, canister, valve, actuator.
In-process controls: mixing speed/time, filling precision, crimping quality. 

	
	Finished product tests
	Delivered Dose Uniformity (DDU) over canister life.
Uniformity of Dosage Units (UDU).
APSD (e.g., cascade impactor).
Spray pattern, plume geometry, spray velocity, shot weight.
Foreign particulates.
Microbial limits (if applicable)

	
	Statistical methods
	Parametric Tolerance Interval Testing (PTIT) for DDU

	Stability & Shelf-life
	Testing guidelines
	ICH Q1A(R2) – Accelerated, intermediate, long-term

	
	Key stability concerns
	Physical: sedimentation, aggregation, dose uniformity - Chemical: API/excipient/propellant degradation - Container-closure compatibility: extractables, leachables.

	
	Shelf-life justification
	Based on validated stability data and consistent performance

	Information to be Submitted in Application (NDA/ANDA/BLA)
	Required content
	Drug substance info (e.g., particle size, polymorphs, stability)
Product composition (formulation, propellant, excipients, device).
Development rationale (formulation, device, process optimization).
Manufacturing process & control.
Excipients control (specs, justification).
MDI product control (methods, specs, sampling).
Reference standards.
Container-closure system details (materials, compatibility).
Stability data.
Labeling, usage directions, device instructions. 



5.3. Manufacturing process control and scale-up challenges

Manufacturing MDIs is a complex process involving multiple interconnected steps, including formulation preparation, pressurized filling, valve crimping, metering validation, leak testing, and final quality control. Scaling up from laboratory to commercial production introduces significant process control challenges related to propellant handling, valve and actuator reproducibility, and spray performance consistency. Transitioning from conventional hydro fluoroalkane (HFA) propellants to low-global-warming-potential (low-GWP) alternatives alters thermodynamic and spray characteristics, often requiring re-engineering of actuator and valve systems. At industrial scale, maintaining uniform fill weight, internal pressure, and aerosol performance becomes critical, while variability in component tolerances or supplier materials can compromise product quality. Advanced monitoring tools, such as Process Analytical Technology (PAT), are increasingly used to maintain control and efficiency without compromising throughput. Moreover, stringent regulatory and change-control requirements necessitate demonstration of product equivalence throughout scale-up. Consequently, successful MDI manufacturing demands strong process engineering, risk management, and validation strategies, with many companies leveraging specialized contract development and manufacturing organizations (CDMOs) to manage these complexities effectively.

5.4. Packaging, device robustness, and shelf-life stability

Packaging integrity, device robustness, and shelf-life stability are critical determinants of MDI performance and patient safety. As a pressurized drug device combination, MDIs must maintain structural integrity, metering accuracy, and dose consistency throughout storage and use. The canister valve actuator assembly must withstand internal pressure, prevent leakage, and function reliably under variable environmental conditions such as temperature fluctuations, vibration, and altitude changes. Long-term stability depends on maintaining formulation homogeneity, propellant pressure, and consistent aerosol characteristics, while preventing drug adsorption or material degradation within the canister and valve. Secondary packaging provides additional protection against mechanical stress, light, and moisture, ensuring device reliability across diverse supply chains (Das P et al., 2018). Rigorous stability testing, including real-time and accelerated studies, verifies chemical and physical stability under simulated in-use conditions. Equally important is materials compatibility and control of extractables and leachables (E&L), as chemical migration from device components can affect product safety and efficacy. Implementing a QbD and risk-based approach to E&L assessment supports robust material selection, lifecycle management, and regulatory compliance, ultimately ensuring that MDIs remain safe, stable, and effective throughout their intended shelf life.

6.  REGULATORY LANDSCAPE AND QUALITY REQUIREMENTS

6.1 key regulatory frameworks

The development and approval of pMDIs are governed by harmonised international frameworks that integrate pharmaceutical and medical device regulations. The principal authorities include the U.S. Food and Drug Administration (FDA), the European Medicines Agency (EMA), the International Council for Harmonisation (ICH), and the World Health Organization (WHO). FDA provides specific guidance through “Metered Dose Inhaler (MDI) and Dry Powder Inhaler (DPI) Drug Products-Quality Considerations”, which outlines expectations for formulation, device compatibility, performance testing, and stability. Regulation of drug device combinations falls under the Office of Combination Products, which determines jurisdiction based on the product’s primary mode of action. Within the EMA, inhalation products are regulated under Directive 2001/83/EC and Regulation (EC) No 726/2004, with device elements assessed under the Medical Device Regulation (MDR). The Guideline on the Pharmaceutical Quality of Inhalation and Nasal Products (EMEA/CHMP/QWP/49313/2005) defines European quality standards for pMDIs, DPIs, and nebulisers. The ICH provides harmonised principles applicable globally which includes ICH Q8(R2) emphasises Quality by Design (QbD) and control strategy development; ICH Q9 and Q10 address quality risk management and pharmaceutical quality systems; ICH Q12 establishes lifecycle management flexibility for complex drug device products. Summary of key requirements for generic MDI development and ANDA submission information is tabulated in table 2. The WHO offers reference guidelines to support consistent quality assurance for inhalation products, particularly in emerging regulatory markets. Overall, regulators require comprehensive characterisation of both formulation and device, performance parameters such as delivered dose and aerodynamic particle size distribution, stability data, and human-factor evaluations. A QbD-based approach with clearly defined CQAs and process controls is considered the benchmark for MDI development.

Table 2: Summary of Key Requirements for Generic MDI Development and ANDA Submission
	Key Requirement 
	Details of Generic MDI Development and ANDA Submission

	Demonstrate Pharmaceutical Equivalence
	Show that the generic MDI matches the Reference Listed Drug (RLD) in dosage form, route of administration, and strength. Preferably Q1/Q2 same (qualitative and quantitative sameness in inactive ingredients). Any formulation differences must be scientifically justified and proven not to impact safety or efficacy of the dosage form.

	Demonstrate Bioequivalence
	Conduct a combination of in vitro (e.g., DDU, APSD, spray pattern, plume geometry) and in vivo studies (e.g., comparative clinical endpoint studies, if required). If formulation and device are highly similar to RLD, in vitro data alone may be acceptable (subject to FDA).

	Match Device Design and Functionality
	The generic device must closely match the RLD in design and functionality (e.g., actuation force, plume geometry, inhalation resistance). Significant design differences may require bridging or human factors studies. Mismatches can result in FDA rejection or need for further testing.

	Provide Detailed Formulation Characterization
	Comprehensive data needed, especially for suspension-based MDIs. Includes particle size distribution, polymorphism, and drug distribution in the canister. Differences from RLD must be justified with data on aerosolization and drug delivery. Behavior during storage and use must be well understood and controlled.

	Ensure Container-Closure Compatibility
	Compatibility of formulation with canister, valve, and actuator must be evaluated. Conduct extractables and leachables studies to identify safety risks. All materials must be suitable for inhalation use and proven functional.

	Conduct Stability Studies
	Perform stability studies per ICH guidelines (accelerated and long-term). Include physical, chemical, and microbiological testing. Data must support proposed shelf life and confirm ongoing performance.

	Define Robust Control Strategy
	Implement controls across raw materials, manufacturing, and final product. Key controls: fill weight, mixing time, DDU, APSD, etc. Strategy must be risk-based and aligned with Quality Target Product Profile (QTPP).

	Submit Comprehensive CMC Information
	ANDA must include a complete Chemistry, Manufacturing, and Controls (CMC) section. Include manufacturing process details, batch records, equipment, validation data, and test methods. Must prove consistent quality and reproducibility.

	Match Labelling and Instructions for Use
	Labelling must be identical to RLD, except for allowed differences (e.g., manufacturer name). If device differs, updated instructions for use and possibly bridging studies are required. Must ensure no impact on usability or therapeutic equivalence.



6.2. Pharmacopeial Specifications

Pharmacopeial monographs and general chapters define performance and quality benchmarks for inhalation products. The main compendia are the United States Pharmacopeia (USP), European Pharmacopoeia (Ph. Eur.), and Japanese Pharmacopoeia (JP). USP 〈601〉 outlines tests for delivered dose uniformity (DDU) and APSD, while Ph. Eur. 2.9.18 specifies aerodynamic assessment methods for fine particles. Ph. Eur. 2.9.40 harmonises uniformity testing approaches. JP includes equivalent specifications for inhalation preparations intended for the Japanese market. Compliance with these compendial methods is essential for regulatory submissions and batch release. However, due to the interplay between device and formulation, test conditions such as cascade impactor configuration, actuation force, or flow rate often require scientific justification or bridging studies. Updates to monographs (e.g., USP 〈601〉) may necessitate revalidation to ensure continued conformity.

6.3. Critical Quality Attributes (CQAs)

Under the QbD framework, CQAs are the measurable properties that ensure product quality and clinical performance. For pMDIs, the most critical include APSD which determines lung deposition and therapeutic outcome. Parameters such as MMAD and Fine Particle Fraction (FPF) must remain consistent across batches and shelf life. Delivered Dose Uniformity reflects reproducibility of emitted dose across actuations and devices. Influenced by formulation type, propellant, valve integrity, actuator geometry, and user operation. Device Functionality includes valve performance, actuation force, spray pattern, plume geometry, and canister integrity. Materials compatibility, leakage control, and extractables/leachables must be assessed. Additional CQAs include content uniformity, residual propellant levels, stability, human-factor usability, and container closure integrity. Manufacturers must link CQAs to critical process parameters (CPPs) within a validated control strategy (ICH Q8–Q10) and maintain performance consistency through risk-based lifecycle management.

6.4. In Vitro In Vivo Correlation (IVIVC) and Bioequivalence

Establishing IVIVC for inhalation products remains challenging due to the complex interplay between device, formulation, and patient inhalation dynamics. In vitro metrics such as APSD, fine particle dose, and plume geometry provide surrogate indicators of in vivo lung deposition, but direct predictability is limited. For bioequivalence assessments, regulatory authorities typically require comprehensive in vitro comparisons complemented by pharmacokinetic, scintigraphic, or clinical endpoint studies when warranted. Critical factors include device geometry, propellant system, metering performance, and actuation mechanics. Lifecycle modifications such as propellant change or device redesign must demonstrate equivalence through comparability or bridging studies aligned with ICH Q12 principles. 

6.5. Combination Product Guidelines and Lifecycle Management

MDIs are classified as drug device combination products, requiring integrated regulatory oversight. The FDA defines these under 21 CFR 3.2(e), with jurisdiction determined by PMOA. Submissions must address device design controls, manufacturing standards (21 CFR 210/211; ISO 13485), and human-factor validation. Lifecycle management (Figure 3), guided by ICH Q12, enables structured approaches to changes in formulation, propellant, actuator, or digital integration without resubmission of a full application. 
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Fig-3: life cycle Management of Pressurised Metered Dose Inhalers (pMDI) (“T” means Testing)
Each modification must be risk-assessed for its impact on CQAs such as APSD and DDU. In modern industrial practice, effective MDI quality management demands close alignment of formulation and device suppliers, robust design history files, real-world usability assessments, and proactive change control. As sustainability pressures (low-GWP propellants) and digital health technologies emerge, maintaining regulatory compliance will increasingly depend on a holistic, science-driven lifecycle strategy. List of commercially available Metered-Dose Inhalers are presented in table 3.

Table 3: Comprehensive list of currently available metered-dose inhalers (MDIs) in the market
	Active Ingredient
	RLD /Brand
	Dosage form
	strength
	Applicant Holder Name

	Aclidinium bromide
	Tudorza Pressair
	Powder, Metered
	0.4 Mg/Inh
	Covis pharma gmbh

	Aclidinium bromide; Formoterol fumarate
	Duaklir Pressair
	Powder, Metered
	0.4 Mg/Inh; 0.012 Mg/Inh
	Covis pharma gmbh

	Albuterol sulfate
	Proair HFA
	Aerosol, Metered

	EQ 0.09 mg Base/ Inh
	Teva branded pharmaceutical products
r& d Inc

	Albuterol sulfate
	Proventil-HFA
	Aerosol, Metered
	EQ 0.09 mg Base/ Inh
	Kindeva drug delivery lp

	Albuterol sulfate
	Ventolin HFA
	Aerosol, Metered
	EQ 0.09 mg Base/ Inh
	GlaxoSmithKline intellectual property ltd England

	Albuterol sulfate
	Proair RespiClick
	Powder, Metered
	EQ 0.09 mg Base/ Inh
	Teva branded pharmaceutical products r and d llc

	Albuterol sulfate; budesonide
	Airsupra
	Aerosol, Metered
	EQ 0.09 mg Base/ Inh; 0.08 Mg/Inh
	AstraZeneca pharmaceuticals lp

	Albuterol sulfate; ipratropium bromide
	Combivent respimat
	Spray, Metered
	EQ 0.1MG BASE/INH; 0.02MG/INH
	Boehringer ingelheim pharmaceuticals Inc

	Beclomethasone dipropionate
	Qvar redihaler
	Aerosol, Metered
	0.04 Mg/Inh
	Norton Waterford ltd

	Beclomethasone dipropionate
	Qvar redihaler
	Aerosol, Metered
	0.08 Mg/Inh
	Norton Waterford ltd

	Budesonide
	Pulmicort flexhaler
	Powder, Metered
	0.08 Mg/Inh
	Cheplapharm arzneimittel gmbh

	Budesonide
	Pulmicort flexhaler
	Powder, Metered
	0.16 Mg/Inh
	Cheplapharm arzneimittel GMBH

	Budesonide; Formoterol fumarate
	Symbicort aerosphere
	Aerosol, Metered
	0.16 Mg/Inh; 0.0048 Mg/Inh
	AstraZeneca pharmaceuticals lp

	Budesonide; Formoterol fumarate dihydrate
	Symbicort
	Aerosol, Metered
	0.08 Mg/Inh; 0.0045 Mg/Inh
	AstraZeneca LP

	Budesonide; Formoterol fumarate dihydrate
	Symbicort
	Aerosol, Metered
	0.16 Mg/Inh; 0.0045 Mg/Inh
	AstraZeneca LP

	Budesonide; Formoterol fumarate; glycopyrrolate
	Breztri aerosphere
	Aerosol, Metered
	0.16 Mg/Inh; 0.0048 Mg/Inh; 0.009 Mg/Inh
	AstraZeneca AB

	Ciclesonide
	Alvesco
	Aerosol, Metered
	0.08 Mg/Inh
	Covis pharma GMBH

	Ciclesonide
	Alvesco
	Aerosol, Metered
	0.16 Mg/Inh
	Covis pharma GMBH

	Fluticasone propionate
	Flovent HFA
	Aerosol, Metered
	0.044 Mg/Inh
	Glaxo group ltd dba GlaxoSmithKline

	Fluticasone propionate
	Flovent HFA
	Aerosol, Metered
	0.11 Mg/Inh
	Glaxo group ltd dba GlaxoSmithKline

	Fluticasone propionate
	Flovent HFA
	Aerosol, Metered
	0.22 Mg/Inh
	Glaxo group ltd dba GlaxoSmithKline

	Fluticasone propionate; Salmeterol xinafoate
	Advair HFA
	Aerosol, Metered
	0.045 Mg/Inh; EQ 0.021 mg Base/ Inh
	Glaxo group ltd England dba GlaxoSmithKline

	Fluticasone propionate; Salmeterol xinafoate
	Advair HFA
	Aerosol, Metered
	0.115 Mg/Inh; EQ 0.021 mg Base/ Inh
	Glaxo group ltd England dba GlaxoSmithKline

	Fluticasone propionate; Salmeterol xinafoate
	Advair HFA
	Aerosol, Metered
	0.23 Mg/Inh; EQ 0.021MG BASE/INH
	Glaxo group ltd England dba GlaxoSmithKline

	Formoterol fumarate; glycopyrrolate
	Bevespi aerosphere
	Aerosol, Metered
	0.0048 Mg/Inh; 0.0090 Mg/Inh
	Astrazeneca pharmaceuticals LP

	Formoterol fumarate; Mometasone furoate
	Dulera
	Aerosol, Metered
	0.005 Mg/Inh; 0.05 Mg/Inh
	Organon llc

	Formoterol fumarate; Mometasone furoate
	Dulera
	Aerosol, Metered
	0.005 Mg/Inh; 0.1 Mg/Inh
	Organon llc

	Formoterol fumarate; Mometasone furoate
	Dulera
	Aerosol, Metered
	0.005 Mg/Inh; 0.2 Mg/Inh
	Organon llc

	Ipratropium bromide
	Atrovent HFA
	Aerosol, Metered
	0.021 Mg/Inh
	Boehringer ingelheim pharmaceuticals Inc

	Levalbuterol tartrate
	Xopenex HFA
	Aerosol, Metered
	EQ 0.045 mg Base/ Inh
	Lupin Inc

	Mometasone furoate
	Asmanex HFA
	Aerosol, Metered
	0.05 Mg/Inh
	Organon llc

	Mometasone furoate
	Asmanex HFA
	Aerosol, Metered
	0.10 Mg/Inh
	Organon llc

	Mometasone furoate
	Asmanex HFA
	Aerosol, Metered
	0.20 Mg/Inh
	Organon llc

	Olodaterol hydrochloride
	Striverdi respimat
	Spray, Metered
	EQ 0.0025 mg Base/ Inh
	Boehringer ingelheim pharmaceuticals Inc

	Olodaterol hydrochloride; tiotropium bromide
	STIOLTO RESPIMAT
	Spray, Metered
	EQ 0.0025 mg Base/ Inh; EQ 0.0025 mg Base/ Inh
	Boehringer ingelheim pharmaceuticals Inc

	Tiotropium bromide
	SPIRIVA RESPIMAT
	Spray, Metered
	EQ 0.00125 mg Base/ Inh
	Boehringer ingelheim pharmaceuticals Inc

	Tiotropium bromide
	SPIRIVA RESPIMAT
	Spray, Metered
	EQ 0.0025 mg Base/ Inh
	Boehringer ingelheim pharmaceuticals Inc

	Albuterol Sulfate
	Albuterol Sulfate
	Aerosol, Metered
	Eq 0.09 mg Base/ Inh
	Cipla LTD

	Albuterol Sulfate
	Albuterol Sulfate
	Aerosol, Metered
	Eq 0.09 mg Base/ Inh
	Sandoz INC

	Albuterol Sulfate
	Albuterol Sulfate
	Aerosol, Metered
	Eq 0.09 mg Base/ Inh
	Armstrong Pharmaceuticals INC

	Albuterol Sulfate
	Albuterol Sulfate
	Aerosol, Metered
	Eq 0.09 mg Base/ Inh
	Lupin INC

	Albuterol Sulfate
	Albuterol Sulfate
	Aerosol, Metered
	Eq 0.09 mg Base/ Inh
	Padagis US LLC

	Budesonide; Formoterol fumarate Dihydrate
	Breyna
	Aerosol, Metered
	0.08 Mg/Inh; 0.0045 Mg/Inh
	Mylan pharmaceuticals Inc

	Budesonide; Formoterol fumarate dihydrate
	Breyna
	Aerosol, Metered
	0.16 Mg/Inh; 0.0045 Mg/Inh
	Mylan pharmaceuticals Inc



7. CURRENT CHALLENGES AND FUTURE DIRECTIONS

7.1. Barriers to Optimal MDI Performance and Patient Adherence

Despite decades of clinical use, MDIs continue to face persistent barriers that limit therapeutic efficiency and patient outcomes. From a technical standpoint, the precision of dose delivery in MDIs depends on multiple interrelated factors, including formulation stability, valve design, actuation force, and coordination between actuation and inhalation. Small deviations in device use can lead to significant variability in the emitted dose and lung deposition efficiency. Patient-related challenges remain among the most critical obstacles. Studies indicate that up to 70–80% of patients use MDIs incorrectly, primarily due to poor hand-breath coordination, inadequate inspiratory flow, or failure to shake suspension-based formulations prior to use. Inconsistent training, cognitive decline in elderly populations, and lack of feedback on inhalation technique further compromise adherence and disease control. Moreover, the absence of real-time monitoring tools and feedback mechanisms prevents healthcare professionals from effectively tracking usage patterns or ensuring correct inhaler handling (Chandel, A et al., 2019). To overcome these adherence barriers, both device engineering and patient education must evolve synergistically. Strategies such as breath-actuated MDIs, integrated dose counters, ergonomic designs, and simplified instructions have shown potential to reduce user errors (Soojin Cho-Reyes et al., 2019). However, large-scale implementation remains inconsistent across healthcare systems and product lines.

7.2. Technological and Formulation Gaps

The development of MDI technology has historically focused on mechanical reliability and propellant performance. Yet, formulation science and device formulation compatibility continue to present major technical gaps. The transition from chlorofluorocarbon (CFC) to hydro fluoroalkane (HFA) propellants necessitated substantial reformulation efforts, revealing limitations in suspension stability, valve-material compatibility, and drug solubility in propellant media. Current efforts to replace HFA-134a and HFA-227ea with low global warming potential propellants such as HFO-1234ze(E) or HFA-152a have reintroduced formulation challenges particularly regarding suspension homogeneity, dose reproducibility, and chemical stability under varying temperature and pressure conditions. Another technological limitation lies in aerosol performance optimization. Achieving consistent APSD across actuations and over product life is technically demanding. Variability in actuator geometry, canister pressure decay, and plume velocity influences fine particle fraction and, consequently, lung deposition efficiency. Additionally, in vitro performance testing methods (e.g., cascade impaction, delivered dose uniformity) may not fully represent the in vivo aerosol dynamics of modern formulations. There is also a lack of integrated design frameworks linking formulation attributes, device geometry, and patient inhalation mechanics. Advanced computational fluid dynamics and aerosol modelling can provide insights into particle behaviour, yet their application in regulatory and industrial settings remains limited by complexity and standardization challenges (Daniel J Duke et al., 2025).

7.3. Industrial and Environmental Innovation Drivers

The global inhalation industry is undergoing a paradigm shift driven by environmental sustainability, supply chain resilience, and regulatory evolution. Conventional propellants such as HFA-134a possess high global warming potential, prompting regulatory mandates and corporate sustainability goals to phase in eco-friendly alternatives. Low-GWP propellants, recyclable components, and biodegradable packaging are now key innovation frontiers. Industrial innovation also centres on reducing manufacturing variability, enhancing valve precision, and ensuring component compatibility with new propellants. Integration of advanced manufacturing technologies such as precision micro-valves, additive manufacturing for actuator prototyping, and automated fill-control systems is improving batch-to-batch consistency and reducing waste. From an environmental and economic perspective, companies are pursuing life cycle assessment (LCA) approaches to evaluate carbon footprints across product lifespans. The implementation of sustainable propellants like HFA-152a or HFO-1234ze(E) may reduce emissions by over 90% compared to legacy systems (Daniel J Duke et al., 2025). Nonetheless, these transitions require substantial requalification of devices, stability testing, and regulatory approval posing both cost and technical barriers. Industrial partnerships between pharmaceutical companies, device manufacturers, and material suppliers are increasingly essential to align innovation, environmental compliance, and patient usability goals in the next generation of MDIs.

7.4. Integration of Digital Health Technologies

The convergence of inhaler technology with digital health represents one of the most transformative opportunities in respiratory care. The incorporation of sensors, Bluetooth connectivity, and data analytics enables real-time monitoring of inhaler usage, adherence, and inhalation technique. These “smart inhalers” provide feedback to patients and healthcare providers, facilitating personalized therapy adjustments and improved disease management. Digital add-ons, such as removable electronic dose counters and mobile health (mHealth) platforms, have demonstrated potential to improve adherence rates and clinical outcomes in asthma and chronic obstructive pulmonary disease (COPD). Data integration into electronic health records (EHRs) and telemedicine platforms further enhances continuity of care. However, challenges persist in data standardization, cybersecurity, battery lifespan, and user acceptance particularly among elderly or technology-averse populations. Regulatory frameworks for connected drug–device products are also evolving, requiring manufacturers to comply with medical device software standards (e.g., ISO 82304, IEC 62304) alongside traditional pharmaceutical regulations (Caroline Zabczyk et al., 2021). Despite these hurdles, the fusion of digital functionality with inhaler systems marks a critical step toward patient-centric and outcome-driven respiratory therapy.

7.5. Vision for Next-Generation MDIs: Sustainable, Intelligent, and Patient-Centric Systems

The future of metered-dose inhalers lies in the creation of sustainable, intelligent, and patient-centric platforms that harmonize pharmaceutical performance with environmental stewardship and digital innovation. Next-generation MDIs are envisioned to integrate several key attributes such as Sustainability, transition to ultra-low-GWP propellants, recyclable materials, and carbon-neutral manufacturing processes. Intelligence, incorporation of smart sensors, adaptive feedback systems, and AI-enabled adherence monitoring to optimize individual patient outcomes. Patient-Centricity, ergonomically optimized devices designed to accommodate diverse user needs, supported by integrated training tools, and simplified operation. Emerging technologies such as electronic actuation, breath-adaptive dosing, and machine-learning based inhalation analytics could revolutionize inhaler design and clinical management. Furthermore, the integration of formulation–device digital ecosystems will enable continuous performance monitoring, predictive maintenance, and real-world evidence generation (Susanne J van de Hei, et al., 2023). In the long term, a holistic vision combining green chemistry, digital therapeutics, and precision engineering will redefine the role of MDIs not merely as drug delivery tools, but as intelligent, sustainable, and patient-empowering healthcare systems.

CONCLUSION

MDIs continue to represent a cornerstone of inhalation therapy, embodying the convergence of pharmaceutical formulation science, precision engineering, and patient-centered design. Despite their long-standing clinical success, the modern era of MDIs demands renewed focus on overcoming challenges related to user adherence, formulation stability, and environmental sustainability. Advances in propellant systems, particularly the transition toward low global warming potential (GWP) alternatives, alongside innovations in device engineering, digital integration, and QbD driven manufacturing, are reshaping the landscape of inhalation therapy. Harmonized global regulatory frameworks, emphasizing aerodynamic particle size control, dose uniformity, and in vitro in vivo correlation, will remain vital in ensuring both therapeutic efficacy and environmental responsibility. Ultimately, the future of MDIs lies in the development of intelligent, sustainable, and patient-adaptive inhalation systems that not only optimize drug delivery but also align with broader goals of healthcare efficiency, climate stewardship, and personalized medicine.
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