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The management of respiratory diseases has been 
revolutionized by inhaled therapies as they offer targeted drug 
delivery to the lungs. From early nebulizer innovations to 
newer dry powder inhalers (DPIs), these advancements have 
transformed care for millions of patients. This article explores 
the history, benefits, and future potential of inhaled therapies, 
with a special focus on emerging technologies.

A Brief History of Inhaled Therapies
Inhaled therapies date back nearly 4,000 years. Early 
medicinal practices such as Ayurveda emerged in India 
around 2000 BCE, where herbal compounds like Datura were 
inhaled for their bronchodilatory properties (Patwardhan et 
al., 2005). By 1500 BCE, Egyptians inhaled vapors of black 
henbane (Hyoscyamus), a plant containing hyoscyamine, 
for respiratory relief (Nunn, 2002). Ancient Greeks, under 
Hippocrates, developed one of the earliest inhalation 
devices: a simple pot with a reed for inhaling medicinal 
vapors (Nutton, 2004). These early practices, also seen in 
the use of pipes in Central and South America, formed the 
foundation for modern inhalation therapies (Anderson, 
2005; Parameswaran et al., 2018). The evolution of inhaled 
therapies reflects ongoing innovation in medication delivery. 
Some common inhalation mechanisms are delineated below.

Nebulizers: The first modern inhalation devices, nebulizers 
emerged in the 19th century, delivering medication via 
aerosolized liquid droplets (Anderson, 2005). While effective, 
traditional nebulizers can be cumbersome due to size and 
required assembly, along with being time-consuming, and 
often impractical for daily use.

Metered-Dose Inhalers (MDIs): Introduced in the 1950s, MDIs 
offered a portable alternative to nebulizers (Dolovich et al., 
2005). However, they require precise coordination between 
actuation and inhalation, presenting challenges for some 
patients.

Dry Powder Inhalers (DPIs): With the emergence of DPIs 
in the 1990s, many limitations of earlier devices were 
addressed. DPIs simplify drug delivery by relying on the 
patient’s inhalation effort to disperse the medication (breath-
actuation), enhancing usability and adherence (Lavorini et 
al., 2008).

The Benefits of Direct Lung Delivery
Direct lung delivery has proven to be a cornerstone of 
effective treatment for respiratory diseases. By administering 
medication to the lungs, therapeutic agents reach their 
intended site of action directly, avoiding untoward side 
effects that result from systemic delivery methods such as 
oral or IV administration. This localized drug delivery can 
enable lower therapeutic dosing thereby minimizing toxicity, 
while providing rapid, targeted relief for symptoms like 
bronchoconstriction, vasoconstriction, inflammation, and 
airway obstruction (Parameswaran et al., 2018).

The Advantages and Limitations of Dry Powder 
Inhalers
Dry powder inhalers (DPIs) have become a preferred choice 
for many respiratory diseases due to their portability, 
ease of use, and patient adherence. Unlike MDIs, DPIs do 
not require precise timing, propellants, or spacers, and 
their compact design makes them ideal for on-the-go use 
(Usmani et al., 2021). From a functional perspective, DPIs 
are breath-actuated and utilize the energy of inhalation to 
overcome the cohesive forces within the powder, breaking 
up the particles in a process known as deagglomeration. The 
resistance within the inhalation device provides mechanical 
assistance with deagglomeration and distribution of drug 
particles to the lungs (Newman and Busse, 2020). Despite 
these technological advancements, inhaled drug delivery 
efficiency remains poor (Kleinstreuer et al., 2008). For 
instance, in the case of DPI’s, patients with restrictive lung 
diseases may have limited ability to use higher resistance 
inhalers, inhibiting complete particle deagglomeration. 
Inadequate deagglomeration of dry powder increases 
variability in particle sizes, causing larger particle 
aggregates to deposit in the oropharynx and upper airways, 
leading to cough (Grob et al., 2022). Apart from increasing 
potential upper airway irritation, the resulting insufficient 
delivery of medication to the lower airways may result 
in increased systemic absorption, creating additional 
tolerability challenges for patients. A critical advancement 
in the inhalation delivery space would be in the development 
of particles with physical and chemical flow properties 
that resist aggregation, as this would directly improve the 
mixture’s aerosol distribution (Telko and Hickey, 2005). 
Such an advancement would enable the use of lower 
resistance inhalers that require less inspiratory effort for 
a patient, reducing treatment burden and improving drug 
delivery efficiency.  
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Figure 2. PRINT® torus-shaped particles.

Note: Particle size provides preferential delivery to alveolar region and less upper airway 
deposition as seen in a canine model using Tc99 scintigraphy with PRINT® particles.

The Future of Inhaled Therapies
The evolution of device technology in concert with 
advancements in drug formulations holds great promise in 
improving pulmonary drug delivery. Emerging liposomal 
formulations may mark a significant milestone in this ongoing 
effort. Liposomes are nanoscale lipid vesicles that can 
encapsulate drugs to extend their release profiles, enhance 
stability, and reduce dosing frequency (Sercombe et al., 
2015). These innovations could potentially provide sustained 
therapeutic benefits for a variety of respiratory illnesses, 
reducing the burden of frequent dosing, and possibly improving 
patient adherence.

Conclusion
The development of inhaled therapies demonstrates 
the relentless pursuit of more tolerable, patient-friendly 
respiratory treatment options. Innovations such as PRINT® 
technology and liposomal formulations underscore the 
commitment to optimizing drug delivery for challenging 
lung conditions. As research continues, the future of inhaled 
therapies holds immense potential to address unmet needs 
and improve quality of life for patients worldwide.
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A Novel Formulation Approach: PRINT® Technology by 
Liquidia
PRINT® (Particle Replication in Non-Wetting Templates) 
technology has the potential to significantly advance the 
manufacturing of dry powder inhaled DPI formulations 
(Liquidia, 2025). This next-generation technology offers the 
unique ability to control inhaled particle sizes and shapes, 
giving users a higher degree of confidence that the drug 
reaches the targeted lung region. The geometric precision 
or shape of these particles can significantly enhance 
aerosolization, potentially allowing PRINT® engineered 
formulations to be compatible with a diverse array of DPI 
devices — ranging from low to high resistance and tailored 
to the specific pathophysiology of various respiratory 
conditions. Furthermore, PRINT® technology is designed to 
ensure homogeneity in particle concentration, a critical factor 
in maintaining consistent dosing and therapeutic efficacy. 
This uniformity (Figure 1) potentially mitigates variability in 
drug delivery, which could result in better patient outcomes 
(Garcia et al, 2012).

Jet Milled Powder PRINT® Cylinder Particles

Additional PRINT® Particles

Figure 1. PRINT® particle size and shape uniformity.

Note: Many inhalation powders are made by micronization (jet milling) or spray drying 
resulting in large particle size distributions. PRINT® technology provides control over 

particle size and shape for uniformity.

PRINT® particles, which can be as small as 1 micron, also 
exhibit uniform aerodynamic properties, and are engineered 
to minimize inter-particle cohesion and provide uniform drug 
delivery as seen in Figure 2 (Garcia et al, 2012). Consequently, 
the administration process does not necessitate higher 
resistance (high patient effort) devices for deagglomeration, 
enabling the use of user-friendly, low-effort inhalation DPI 
devices. This novel approach facilitates the production of 
highly specialized inhaled particles, potentially enhancing 
therapeutic delivery.
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