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Summary  

Pulmonary infectious diseases are difficult to treat as the incidence of drug resistance increases. Historically, 
therapies for Pseudomonas aeruginosa infection in Cystic Fibrosis have been treated with inhaled aerosols. 
Recently, non-tuberculous mycobacterial infections in a range of immunocompromised hosts, drug resistant 
tuberculosis and microbial infections following lung transplants have become the focus of inhaled therapy. 
Antimicrobial drugs are commonly low potency and require high doses to be effective. Local delivery of drug to the 
lungs targets local disease while minimizing systemic side effects. Dry powder inhaler (DPIs) technology has 
advanced significantly since the turn of the millennium making high dose delivery possible. DPIs offer the 
advantages of rapid bolus delivery, ease of use, storage stability and simplicity for the treatment of pulmonary 
infectious diseases, However, administration of high doses of dry powder presents unique challenges. At high doses 
efficient and reproducible delivery is a balance of mass of powder delivered on a single breath, number of breaths 
per dose, device, metering system and drug powder formulation. Optimization of these variables contributes to 
expectations of patient adherence as the daily dose escalates, especially over lengthy treatment times. To capitalize 
on the promise of high dose DPI therapy more research is required into the factors influencing delivery of large, 
tolerable drug doses and requirements of inhalers to promote patient adherence to the therapy. Recent advances 
in the delivery of high doses of dry powder in the context of pulmonary infectious diseases will be discussed.  

Key Message 

Effective high dose delivery of inhaled dry powders is a balance of the influence of product (drug formulation, 
metering and device) performance and the dose delivery (mass on a single breath, number of breaths per dose) 
with respect to patient adherence to therapy over potentially long periods of treatment. 

Introduction 

Inhaled drug therapy has focused largely on low doses required to relieve the symptoms or treat the underlying 
cause of asthma and chronic obstructive pulmonary disease.[1] Whenever large doses were required, such as to 
treat Pneumocystis carinii pneumonia with pentamidine, nebulizer therapy was employed.[2] The advantage of 
nebulizer delivery of drugs is the duration of delivery and steady state aerosol inhaled by the patient for extended 
periods of time allowing large quantities of drug to be delivered.[3] 

The incidence of drug resistance in pulmonary infectious diseases requires a rapid solution to avoid the increase in 
morbidity and mortality. Therapeutic aerosols have the advantage of targeting the affected organ system and 
minimizing systemic side effects. Some drugs may be repurposed for lung delivery and others, that cannot be 
delivered orally, may be suitable for consideration as an inhaled product. These may be a good interim measure 
while new and more effective drugs are being developed. 

Dry powder inhaler technology began to support large drug doses at the turn of the millennium when new 
formulations and devices were developed. The need to deliver high doses of mannitol as a diagnostic tool in Cystic 
Fibrosis was an early indicator of the need for high dose DPIs (Pharmaxis, Sydney, Australia). 

An interest in delivery of antimicrobial agents has risen to address local infectious disease most notably drug 
resistant disease. These infections are corollaries to Cystic Fibrosis, lung transplantation, immunosuppression or 
simply intransigent virulent infections.[4] Most antimicrobial agents have low potency and therefore require large 
doses to be effective. The challenge is to deliver a high dose in the minimum number of breaths while retaining the 
efficiency and reproducibility of dose delivery desired for effective therapy and to meet the quality requirements of 
regulatory agencies. 

A reasonable starting strategy is to adopt an inhaler that has proven effective for other purposes. In this context the 
RS01 (Plastiape, Italy) single dose re-usable device has been employed in a Phase I clinical study of capreomycin 
sulfate intended to treat tuberculosis.[5] A single dose escalation study in the range 75-300mg was conducted using 
3-12 capsules each containing 25mg of drug. The outcome of the study showed the drug formulation was well 
tolerated with occasional mild cough.  

To illustrate the considerations of delivering high doses a series of experiments were conducted to compare the 
emitted dose and fine particle fraction of the emitted dose (FPFED) between a multi-use standard inhaler (RS01, 
Plastiape, Italy) and prototype high dose inhalers (Manta, Cambridge, MA). 
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Experimental Materials and Methods 

Dry powders formulations of pyrazinoic acid plus excipients (POA, Sigma Aldrich) were spray dried using a Buchi 
B-290 (New Castle, DE, USA) based on previously published procedures.[6-8] Scanning electron microscopy (SEM) 
images were collected using a Quanta 200 (FEI, Hillsboro, OR). Powder samples were deposited on aluminium 
stages with copper tape and sputter coated with gold/palladium for two minutes (Hummer Sputtering System, 
Anatech Ltd., Unon City, CA). 

For RS01 (Plastiape, Italy) experiments, hydroxypropyl methylcellulose (HPMC) #3 capsules were loaded with 10 
mg of total POA powder. It should be noted that all analytical characterization is in terms of POA content 
which is 40 % of the formulation thus 40 % of the nominal dose. Impaction data (using a next generation 
impactor, NGI, MSI Corp., USA) were generated by a) actuating the inhaler with one capsule and b) actuating 5 × 
capsules sequentially by performing the impaction and reloading the inhaler. The latter method attempted to 
simulate multi-dose reloading by a patient. The NGI was operated at 60 L/min for 4 sec. in every case and stages 
were coated with 1 % w/w silicone oil in hexanes. Powder was collected with 4:1 water:ethanol (by volume) and 
quantified via UV spectroscopy at 268 nm (SynergyMX, Biotech, Winooski, VT, USA; excipients did not interfere 
with quantification). Mass median aerodynamic diameters (MMAD) were calculated by determining the median of 
the cumulative percentage of mass of drug on each stage (on a probit scale) plotted against the logarithm of its 
corresponding aerodynamic diameter. Geometric standard deviation (GSD) was calculated by the square root of 
the ratio of particle size at the 84th percentile and 16th percentile of the particle size distribution. Here emitted dose 
is the powder collected outside of the capsule and inhaler. Fine particle fraction was expressed as a function of the 
nominal (FPFN) and emitted dose (FPFED) and was defined as particle size below 4.46 µm. 

Identical powder was used in a proprietary Manta device (labelled Manta; Cambridge, MA, USA). A nominal mass 
of 50 mg POA powder was loaded into the device and impaction was performed using a Fast-Screening Impactor 
(FSI, MSI Corp. USA) operated at a single 60 L/min for 4 sec. actuation. Data were collected using gravimetric 
analysis. FPFN and FPFED were defined as above. 

Results 

Figure 1 shows SEM images of POA particles with spherical morphologies. Dry powders of these particles were 
characterized for APSD at 10 mg and 50 mg doses (shown in Figure 2). As a single capsule, MMAD and GSD were 
2.63 ± 0.07 µm and 2.07 ± 0.18 respectively. After 5 capsules in succession, MMAD and GSD were 2.84 ± 0.33 µm 
and 1.92 ± 0.12 respectively.  

 

Figure 1 - SEM images of POA spray dried particles at two different magnifications. 
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Figure 2 – APSD of POA powders when collected as single (blue bars) and multi (red bars) doses via NGI. 

Table 1 summarizes the emitted dose, FPFN, and FPFED data collected from the two RS01 experiments as well as 
the high dose Manta device. Emitted doses for the RS01 (1 × 10 mg), RS01 (5 × 10 mg) and Manta (1 x 50 mg) 
were 82 %, 81 %, and 92 % respectively. The RS01 (1 × 10 mg), RS01 (5 × 10 mg) and Manta (1 x 50 mg) 
experiments, respectively, resulted in FPFN;FPFED of 51 %; 65 %, 37 %; 57 %, and 62 %; 68 %. 

Table 1 – Summary of emitted dose data from RS01 and Manta High Dose devices 

 Emitted Dose FPF
N
 FPF

ED
 

RS01 (1 × 10 mg) 82 % 51 % 65 % 
RS01 (5 × 10 mg) 81 % 37 % 57 % 
Manta (1 x 50 mg) 92 % 62 % 68 % 

 

Discussion and Conclusion 

We have recently prepared formulations of POA and evaluated the efficiency and reproducibility of delivery when 
collected as an individual dose (10 mg) or at high sequential deliveries to achieve a high dose (50mg). APSD data 
show similar results between the 1 × 10 mg delivery as well as the 5 × 10 mg delivery and suggest powders with 
MMADs in the respirable range. Efficient delivery was observed at both doses as can be seen in Table 1. This can 
be compared with high dose delivery device performance at a single 50 mg dose. A slightly higher efficiency of 
delivery is achieved with the latter system. This may be due to the Manta device having a slightly higher resistance 
than the RS01.  

While the FPFED varied across all 3 experiment sets, the efficiency of delivery has to be weighed against the impact 
on patient compliance of the requirement for 1-3 breaths/dose versus 5-15 breaths/dose. These data are shown as 
background to the challenges that illustrate the achievement of the inhaled tobramycin product (Pulmocaps and 
Podhaler, Novartis) which employ 4 capsules to deliver 112mg of drug.[9] 

Further advances have been made towards disposable devices as illustrated by the inhaled colistin product 
(Twincer, University of Groningen, The Netherlands).[10] The Cyclops extends the capacity for high dose delivery 
and has been employed to deliver tobramycin, kanamycin, and amikacin.[11] Others are developing DPI products 
for antimicrobial agents, such as the Orbital (Pharmaxis, Sydney, Australia).[12] 

Non-tuberculous mycobacteria present a unique opportunity for inhaled therapy and the approach so far has been 
to use nebulizers to deliver the dose. In one instance, Amikacin has been employed clinically to treat Mycobacterium 
avium complex[13] while clofazimine has been employed in the laboratory to treat Mycobacterium abscessus.[14] 
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Interest in using DPIs for this purpose is also increasing.[4] Presumably this may lead to a DPI strategy in the near 
future. 

The need for high dose inhalers is urgent. The ability to formulate, meter and generate aerosols effectively and 
safely needs exploration in diseased as well as healthy lungs. The market is likely to be small initially but as the 
benefits of inhaled antimicrobial therapy are elucidated the opportunity to minimize transmission and protect 
individuals at risk of infection may increase demand for these systems. 

Consideration of the influence of product design in terms of drug formulation, metering system and device, re-
usability or disposability, number of actuations/dose and dosing regimen will dictate the effectiveness of the therapy. 
If the product assembly, patient use or dosing regimen are complicated it is unlikely that adherence will meet 
requirements for the durations of therapy often required to treat infectious diseases. 

______________________________ 

1 Hickey A J. Back to the future: Inhaled drug products, J Pharm Sci 2013; 102: pp1165-1172. 

2 Montgomery B. Aerosolized Pentamidine for the Treatment and Prophylaxis of Pneumocystis carinii Pneumonia in Patients 
with acquired Immunodeficiency Syndrome. In: Hickey A J (ed.): Pharmaceutical Inhalation Aerosol Technology. Marcel 
Dekker, New York; pp307-320, 1992. 

3 John N P, Dirk v, Ross H.M. H. Nebulizers. In: Hickey A J and da Rocha S R.P. (eds.): Pharmaceutical Inhalation Aerosol 
Technology. CRC Press, Boca Raton; pp473-492, 2019. 

4 Banaschewski B, Hofmann T. Inhaled Antibiotics for Mycobacterial Lung Disease, Pharmaceutics 2019; 11: pp352. 

5 Dharmadhkari A S, Kabadi M, Gerety B, Hickey A J, Fourie P B Nardell E. Phase I, single-dose, dose-escalating study of 
inhaled dry powder capreomycin: a new approach to therapy of drug-resistant tuberculosis, Antimicrob Agents Chemother 
2013; 57: pp2613-2619. 

6 Durham P G, Young E F, Braunstein M S, Welch J T, Hickey A J. A dry powder combination of pyrazinoic acid and its n-
propyl ester for aerosol administration to animals, Int J Pharm 2016; 514: pp384-391. 

7 Montgomery S A, Young E F, Durham P G, Zulauf K E, Rank L, Miller B K, Hayden J D, Lin F-C, Welch J T, Hickey A J, 
Braunstein S B. Efficacy of pyrazinoic acid dry powder aerosols in resolving necrotic and non-necrotic granulomas in a 
guinea pig model tuberculosis, PLoS ONE 2018; 13: e0204495. 

8 Stewart I E, Braunstein S B, Hickey A J. Formulation and Characterization of Spray Dried Pyrazinoic Acid Dry Powder 
Toward Inhaled Therapies of Tuberculosis. (Abstract). Poster Presented at: American Association of Pharmeceutical 
Sciences Pharm Sci 360, Washington DC, November 4-7, 2018. 

9 Geller D E, Pitlick W H, Nardella P A, Tracewell W G, Ramsey B W. Pharmacokinetics and bioavailability of aerosolized 
tobramycin in cystic fibrosis, Chest 2002; 122: pp219-226.  

10 Hagedoorn P, Grasmeijer F, Hoppentocht M, Akkerman O W, Frijlink H W, de Boer A H. In vitro evaluation of the PureIMS 
Twincer colistin dry powder inhaler as a non-cough-inducing alternative to Forest’s Colobreathe, Eur Respir J 2016; 48: 
ppPA2561.  

11 Hoppentocht M, Akkermon O W, Hagedoorn P, Frijlink H W, de Boer A H. The Cyclpos for pulmonary delivery of 
aminoglycosides; a new member of the Twincer family, Eur J Pharm Biopharm 2015; 90: pp8-15. 

12 Zhu B, Padroni M, Colombo G, Phillips G, Crapper J, Young P M, Daniela T. The development of a single-use, capsule-free 
multi-breath tobramycin dry powder inhaler for the treatment of cystic fibrosis. Int J Pharm 2016; 514: pp392-398. 

13 Olivier K N, Griffith D E, Eagle G, McGinnis J P, Micioni L, Liu K, Daley C L, Winthrop K L, Ruoss S, Addrizzo-Harris DJ, 
Flume P A, Dorgan D, Salathe M, Brown-Elliot B A, Gupta R, Wallace R J. Randomized Trial of Liposomal Amikacin for 
Inhalation in Nontuberculous Mycobacterial Lung Disease, Am J Respir Crit Care Med 2017; pp814-823. 

14 Banaschewski B, Verma D, Pennings LJ, Zimmerman M, Ye Q, Gadawa J, Dartois V, Ordway D, can Ingen J, Ufer S, 
Stapleton K, Hofmann T. Clofazimine inhalation suspension for the aerosol treatment of pulmonary nontuberculous 
mycobacterial infections, J Cyst Fibros 2019; 18: pp714-720. 


