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Summary
Although the science and technology of inhaled products has advanced markedly over the past 20 years, our increased knowledge has also allowed us to uncover critical gaps. For many years, it seemed much of the scientists in this area were on a quest for improved efficiency and performance from inhaled devices and formulations. This focus on aerosol dispersion was addressed from many angles and led to the discovery of several technologies that have advanced our understanding of drug delivery to the lung. These discoveries have also now revealed new avenues for research that need to address important issues in the field. Importantly these include (1) understanding how small changes in formulations and delivery lead to significant changes in pharmacokinetics, thus potentially revealing the most critical parameters for aerosol dispersion (2) how new therapeutic modalities can fit in with the understanding built from the traditional inhaled potent small molecules widely studied, (3) and the development of technologies that minimize patient to patient and breath to breath variability. In this paper a synopsis of this work will be presented and the authors provide their vision on the future directions of this exciting field.  
Key Message
In the quest for higher fine particle fractions, research efforts led to the use of many new techniques, development of new delivery technologies, and significant improvements in aerosol dispersion efficiencies. These advances in turn have revealed important barriers to drug delivery to the lung that remain to be overcome.  
Introduction
Twenty years ago, it was commonly reported that typical marketed inhalers had fine particle fractions on the order of 10-20% [1, 2]. Many patents and research articles would state the low fine particle fraction of current inhaler systems to be a major limitation to current technologies and was viewed as a major barrier to drug delivery to the lung. Even today, this issue continues to attract attention. Has this issue been solved? It depends. In some specific circumstances and using certain systems high fine particle fractions are certain capable and reproducible. Using certain formulation approaches, specific processing methods, and/or with unique devices specific active pharmaceutical ingredients at certain doses have been demonstrated to be delivered at efficiencies greater than 60-70% across different inspiratory conditions. Importantly, the fundamental knowledge gained in pursuit of this quest for better efficiency has impacted the field more broadly than efficiency gains. The objectives of this paper is to delineate important advances in the past few decades across the field of drug delivery to the lung and to propose and predict future directions based on where we are now.
Drivers of Innovation: the triumvirate of patient, device, and drug formulation
The key categories driving innovation in drug delivery to the lung include the drug formulation, the delivery device, and the patient. We have previously described this as the triumvirate for inhaled therapies [3] and is summarized in Figure 1 below. Drug formulations are obviously divided further into aqueous, propellant, and powder-based systems. All three of these types of systems have witnessed significant advances in the fundamental understanding and technologies available. Alongside these types of formulations are the devices designed to deliver them. As with a decade ago, new device technologies are still an active area of research and development. Today however, the type of device improvements include features beyond the “air path” such as electronic connectivity and digital patient interfaces. The patient has more recently taken center stage. Advances in the patient interface include usability, broadening disease focus into new therapeutic categories and modalities, and biological barriers aside from the aerodynamic barriers posed by the airways. 
The timeline for innovations in drug delivery to the lung is also influenced by multiple factors. In contrast to the first modern inhalers which took on the order of months for development and approval, modern systems typically require 7-10 years for technology to be realized in marketed products. For example the first soft mist inhaler took approximately 9 years while Diskus DPI device was in development for 7 years [3]. However, with the successes of these technologies and the catalogue of learnings from pioneering research and development efforts such as inhaled insulin, spray dried formulations, fixed dose combination inhaled products, among others has led to the realization that drug delivery to the lung is feasible and practical. This has drawn in many into the field both scientifically and commercially. Despite the longer regulatory timelines, the resources available for those wishing to bring new therapies to patients have greatly expanded. 
What have we learned?
Obviously, the list of learnings we have made over the past twenty years or so is much larger than can be accommodated in this brief paper. Here the purpose is to provide some examples of key learnings. 
Firstly, it was recognized that available inhaler devices ranged from “woefully inadequate” to “unfriendly”, and often discouraged patients from taking their medication as intended and as prescribed [4]. Despite the development of more efficient delivery technologies, patients won’t benefit from them if they don’t use the systems correctly. This recognition lead to the focused development of more friendly inhaler systems such as the “open-inhale-close” devices. Patient centric development was also facilitated by “recombinant innovation” where by sub-optimal historical technologies were reinvented with modern capabilities. For example the breath actuated pMDI was reborn in an easier to use form. In the search for efficiency we have learned that flow rate independent dose delivery doesn’t have to be at the expense of dispersion efficiency. It was previously frequently described that high efficiency inhalers often had greater dependency on inhalation effort and greater variability within and between patients. However, with advances in efficiency through either formulation or device technologies, flow rate independency could also be realized. How these flow rate independent efficiencies could be achieved was through formulation and device advances. These were driven by improved understanding of the mechanisms of dispersion.  
We learned that existing technologies sometimes aren’t the best solution for new therapeutics. A range of newer devices for high dose delivery were developed. New excipients and new processing technologies were employed to enable a different range of active ingredients with properties diverging from the physicochemical properties typically seen with beta-agonists and corticosteroids. 
We learned that even advanced manufacturing can create variable products. Numerous marketed products have been scrutinized, mainly due to efforts to bring generic inhalers to market. These in vitro and clinical studies on already marketed products revealed that batch to batch variability was a major issue. Discovery of this variability also led to unique opportunities to understand sources of variability in these complex products. 
Where are we going?  
It is clear that inhaled drug delivery will be utilized for diseases not currently addressed by therapeutic aerosols. In addition, new types of molecules will be used for in drug delivery to the lung. Development pipelines are rich with protein and peptides, nucleic acids, gene therapies and gene editing systems. After the skepticism that followed the exuberance of early inhaled insulin programs, preclinical and clinical development of proteins appears to be growing rapidly. mRNA, vaccines, and gene editing are also receiving significant attention. 
New modes of manufacturing inhaled products will also be a focus of the field. Overcoming batch to batch variability, improving manufacturing quality and efficiency, and addressing regulatory pressures will necessitate new processing approaches. 
New therapies will go beyond targeting peripheral or central regions of the lung and instead take advantage of our improved understanding of biology and disease. Advances in targeting specific cell types will be important. Likewise, overcoming extracellular barriers within the lung will be facilitated by over a decade of research that has focused on mucus and biofilms. 
These are a few examples of the exciting advances that will in drug delivery to the lung that will positively influence patients. 
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