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Introduction 

Idiopathic pulmonary fibrosis is a chronic progressive lung disease, in which the functional gas exchanging tissue 
of the lungs is replaced with connective tissue, and is characterized by histopathological pattern of usual 
interstitial pneumonia.[1] The mortality ranges from 78.6 to 188.6 per 1000 patient/years depending on the disease 
severity.[2] Currently, the IPF patients have very few treatment options. In EU and US only two drugs, pirfenidone 
and nintedanib, have been approved for clinical use.[3–5] The available drugs are also associated with adverse 
effects which significantly decrease the quality of life of the patients. In the clinical trials on pirfenidone, the 
CAPACITY studies, 98% of patients on pirfenidone reported at least one adverse effect, of which most common 
were gastrointestinal symptoms, skin related adverse effects and dizziness.[6] In the clinical trials on nintedanib, 
the INPULISIS studies, over 90% of the patients on nintedanib reported diarrhea as treatment-emergent adverse 
effect.[7] 

Administration of drugs directly to the lungs could result in smaller systemic and total doses, and therefore 
decreased adverse effects and costs. For example, the doses of inhaled corticosteroids in modern asthma 
treatment are only fractions of the doses used in oral administration. Local administration and reduced doses 
have enabled long term use of a drug class that would have severe adverse effects in systemic dosing. Aerosol 
flow reactor method has been successfully used, for the formulation of water soluble and insoluble drugs, as 
inhalable dry powders.[8,9] It is a one-step continuous process to produce highly flowable and dispersible dry 
powder from precursor solution. Drug particles are coated with L-leucine by physical vapor deposition, which 
enables formation of two qualitatively different L-leucine layers. Firstly, particles are encapsulated by continuous 
L-leucine layer, which protects them from moisture.[10] Secondly, L-leucine nanocrystals are formed on the particle 
surface. These nanocrystals allow spatial separation of the particles, which is imperative for good dispersion 
properties of dry powders.[11] 

The aim of this work is to develop inhalable drug formulations for IPF. Our research group has discovered a 
potential antifibrotic drug, tilorone, and demonstrated its antifibrotic properties in vivo.[12] Our hypothesis is that 
tilorone, pirfenidone and nintedanib can be formulated as inhalable dry powders and local administration will allow 
decrease of used drug doses. 

Experimental methods 

Tilorone (T, Hangzhou Pharma & Chem Co., Ltd.), pirfenidone (Pi, Wuhan Benjamin Pharmaceutical Chemical 
Co.), leucine (L, Alfa Aesar), mannitol (Alfa Aesar), dipalmitoylphosphatidylcholine (DPPC, Avanti Polar Lipids), 
Luciferin (Promega), Quick cell proliferation assay kit II (BioVision), Minimum Essential Medium Eagle (MEM, 
Sigma-Aldrich), RPMI-1640 media (Sigma-Aldrich), Fetal Bovine Serum (FBS, Gibco) and 96-well plate (Thermo 
Scientific) were used as received. 

Preparation of precursor solutions 

For formulation of tilorone, L-leucine and D-mannitol were dissolved in to deionized water at concentrations of 
5 g/L, 10 g/L and 10 g/L respectively. For formulation of pirfenidone, the leucine nanosuspension was prepared by 
a wet-milling technique.[13] 1 g of DPPC was dissolved in 20 mL of ethanol. Then, 6 g of L-leucine was dispersed 
in the stabilizer solution. The drug suspension was then pipetted into the milling bowl containing 100 g of milling 
pearls of zirconium oxide. A planetary milling machine (Pulverisette 7 Premium, Fritsch Co.) was used for the 
wet-milling process. The grinding was conducted at 1100 rpm for 12 cycles of 3 minutes. After each milling cycle, 
there was a 15 minute pause to cool down the milling bowls and after every third cycle there was a 1 hour cooling 
pause. The suspension was separated from the milling pearls and collected after the grinding by sieving. After 
milling the resulting slurry was diluted and pirfenidone was added to final concentration of 5 g/L for L-leucine and 
20 g/L of pirfenidone. 

Preparation of aerosol particles 

These precursor solutions were subjected to the aerosol flow reactor method described in detail elsewhere. [14–16] 
Briefly, the solute droplets were generated by an ultrasonic nebulizer (RBI Pyrosol 7901) and transferred with 
nitrogen gas (20 L/min) to a stainless steel aerosol reactor where temperature was set to 180°C (±1°C). After the 
heated zone at the reactor downstream, the aerosol was rapidly diluted and cooled with a large volume of 
nitrogen gas (20°C, 80 L/min; Reynolds number >3000) in a porous stainless steel tube to avoid the wall 
deposition of particles and to initiate the nucleation and deposition of amino acid vapor on drug particle surfaces. 
The solid aerosol particles were then collected by a small-scale cyclone.[17] Particle size distribution was 
monitored with an electrical low-pressure impactor (ELPI; Dekati Ltd.) where the particles were collected on oiled 
porous collection stages (Dekati Ltd.) with aerodynamic cut-off diameters from 0.03 to 7.88 µm. 
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Fine powder aerosolization 

All the fine powders were stored over silica in a desiccator (at 0-1% of relative humidity) prior to the inhalation 
experiments. The aerosolization of the powders was studied using a computer-assisted inhalation simulator 
developed in-house. Its detailed operating principles have been discussed elsewhere [18,19] and its applicability for 
the aerosolization of powders has also been demonstrated previously [11,18]. Briefly, the inhalation profile is 
created through the interplay between vacuum and pressurized air gas, controlled by a valve system. 
Two commercially available inhalers; the multi-dose reservoir-type Easyhaler® inhaler (Orion Pharma) and 
single-dose capsule Twister™ inhaler (Aptar Pharma); were used to assess the aerosolization profiles of the 
combination dry powders. The Easyhaler reservoir was filled with ~ 0.5 g of fine drug powder, and for Twister 
HPMC capsules (Vcaps size 3, Capsugel) were filled with 5.0 ± 0.1 mg/capsule of fine drug powder. The doses 
from the inhalers were administered as instructed by the providers. Powder emission (10 repetitions) was 
determined gravimetrically by weighing the inhaler before and after each inhalation. 5 repetitions were discarded 
before the actual measurements. Pressure drops across the inhalers were adjusted to 2 and 4 kPa, which 
corresponded to inspiratory flowrates of 40 L/min and 55 L/min for Easyhaler and 43 L/min and 55 L/min for 
Twister, respectively. The inhalation profiles were fast, i.e. the maximum pressure drops (acceleration 16-18 kPa 

s−1) and flow rates (acceleration 132.3 L min-1 s−1) were achieved within two seconds, while maintaining these 
sets for 8 s and then stopped. The dispersed fine particles were collected isokinetically on greased aluminium 
collection stages of a Berner-type low pressure impactor, BLPI, (a stage aerodynamic cut-off diameters ranging 
from 0.03 to 15.61 µm) where mass distributions were measured gravimetrically [20]. Mass median aerodynamic 
diameters (MMAD) and geometric standard deviations (GSD) of the deposited powders were determined 
according to the formulae: 
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where mi is the mass fraction of particles on the collection stage and M is the sum of mass fractions and is, by 
definition, unity. Fine particle fractions (FPF, geometric mean diameter Dg ≤ 5.5 µm) were expressed with 
reference to the emitted dose (ED). 
 
Powder composition 
Particle composition were analyzed by 1H-NMR spectroscopy (Bruker 400 MHz UltraShield NMR) in deuterated 
water (tilorone sample) and deuterated ethanol (pirfenidone sample). 
 
Activity Assays 
Biological activity of tilorone after aerosol processing was assessed using A549 cell lines with transfected 
luciferase reporter for TGF-β (CAGA-luc construct) and BMP (BRE-luc construct) signaling routes described 
elsewhere.[12] 96-well plate was seeded with 20000 cells/well and 15000 cells/well for BRE-luc and CAGA-luc 
constructs respectively in MEM with 10% FBS, 1% L-glutamine, 1% streptomycin, 1% penicillin and 0.4 mg/ml 
G418 added and were allowed to attach for 5 hours. Tilorone stock was prepared by dissolving tilorone in sterile 
milli-Q water. For the final stimulation media 2% tilorone stock was added to media with 5% FBS for final tilorone 
concentrations of 20 µM, 10 µM, 5 µM or 1 µM. The cells were stimulated for 18 hours before the luciferase 
activity was measured. TGF-β and BMP-4 were used as positive controls for CAGA-luc and BRE-luc cells 
respectively. Three independent assays were performed. 
Biological activity of pirfenidone formulation was assessed by measuring dose dependent inhibition of JL-1 cell 
proliferation. 96-well plate was seeded with 5000 cells/well in RPMI with 10% FBS and allowed to attach for 
24 hours. Stimulation media was prepared by dissolving pirfenidone in milli-Q water and mixing the solution to 
RPMI with 1% FBS for final pirfenidone concentrations of 750 µg/ml, 500 µg/ml and 250 µg/ml. Cells were 
incubated for 48 hours after which Quick cell proliferation assay kit II WST reagent was added. The cells were 
further incubated for 2 hours and shaked for 1 minute before measuring absorbance. Absorbance was measured 
at 540 nm and 690 nm was used as a reference. Two independent assays were performed. 
 

Results and Discussion 

Tilorone powder contained 29.4% of tilorone, 61.0% of mannitol and 9.6% of L-Leucine measured by NMR. 
Emissions from Easyhaler were very similar and independent of the pressure over the inhaler. Results are 
presented in Table 1A. ED was 2.95 mg and 2.99 mg with coefficient of variations of emissions (CVs) of 9.2% and 
7.8% for 2 kPa and 4 kPa pressure drops respectively. FPF was 27.7% and 30.4% for 2 kPa and 4 kPa pressure 
drops respectively. For Twister, ED was 4.76 mg and 4.06 mg with CV of 6.72% and 10.8% respectively and FPF 
was 21.9% and 33.1% with 2 kPa and 4 kPa pressure drops respectively. The results of the activity studies are 
presented in Figure 1 and 2. The dose-response curves are very similar between the pure drug and the 
formulation, indicating that no relevant decomposition took place during the aerosol processing. 

According to NMR studies, the pirfenidone powder contained 91.8% of pirfenidone, 0.9% of L-leucine and 7.3% of 
DPPC. Table 1B shows the results of dispersion studies for pirfenidone. When using Easyhaler, ED was 2.34 mg 
and 2.09 mg with CV of 10.0% and 16.8% for 2 kPa and 4 kPa pressure drops respectively. FPF was 30.7% and 
28.8% for 2 kPa and 4 kPa pressure drops respectively. With Twister, ED was 3.11 mg and 4.86 mg with CV of 
66.0% and 49.0% for 2 kPa and 4 kPa pressure drops respectively. FPF was 31.5% and 32.4% for 2 kPa and 
4 kPa pressure drops respectively. 
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Table 1: The results of the dispersion studies for tilorone (A) and pirfenidone (B) powders. ED is the average 

emitted dose, FPF is the fine particle fraction (particle size <5 µm) and CV is coefficient of variance of the emitted 
dose 

 

A Tilorone ED (mg) FPF (%) CV (%) 

EH 2 kPa 2.95 27.7 9.18 

EH 4 kPa 2.99 30.4 7.78 

Tw 2 kPa 4.76 21.9 6.72 

Tw 4 kPa 4.06 33.1 10.8 
 

Tilorone powder showed good aerosolization performance. Especially from Easyhaler, aerosolization behaviour is 
very similar despite the difference in pressure drop over the inhaler. While pirfenidone powder showed more 
dependence on the pressure drop and worse dose repeatability, the parameters are still well within the acceptable 
range. With Twister, in general more variation is seen in ED, FPF and CV. With tilorone powder the differences in 
ED and FPF are opposite between the pressure drops, which helps to balance out the actual delivered dose. 
However, with pirfenidone powder the dose repeatability was abysmal. Different performance between the 
inhalers is likely to result from difference in used materials and flow geometry and the results highlight the 
importance of selecting the optimal inhaler for each dry powder individually. 

 

 

Figure 1: TGF-β (CAGA) and BMP (BRE) reporter activity for pure tilorone and the dry powder formulation 

 

Figure 2: Cell viability in the proliferation assay for pure pirfenidone and dry powder formulation 

Conclusion 

We have successfully formulated tilorone and pirfenidone, and showed that they are active after the aerosol 
processing. Both of the formulations are performing well with a multidose reservoir type inhaler Easyhaler, but 
have problems in dose repeatability and pressure drop independency with the single dose capsule type inhaler 
Twister. We are also working on formulating and conducting activity assays for nintedanib. After all three drugs 
have been formulated and the formulations have been shown to be biologically active, we will move to in vivo –
phase, where their antifibrotic activity is assessed in an experimental model of silica-induced pulmonary fibrosis in 
mice. 

B Pirfenidone ED (mg) FPF (%) CV (%) 

EH 2 kPa 2.34 30.7 10 

EH 4 kPa 2.09 28.8 16.8 

Tw 2 kPa 3.11 31.5 66 

Tw 4 kPa 4.86 32.4 49 
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