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Summary 

We investigated the effect of L-leucine coating on particle integrity, aerosolization properties, cellular interaction, 
viability and drug permeation properties of combination drug powder particles for dry powder inhalation. The 
powder was prepared using an aerosol flow reactor method to combine a water-soluble β-agonist drug, 
salbutamol sulphate, and corticosteroid, beclomethasone dipropionate, into fine particles which were 
subsequently encapsulated and coated with L-leucine nanocrystals. Dissolution profiles showed a faster 
dissolution of beclomethasone dipropionate, while leaving the salbutamol dissolution unhampered when 
compared with their physical mixture. Permeation of beclomethasone dipropionate across a differentiated Calu-3 
cell monolayer was increased but also time-dependent recrystallization of the drug on top of the Calu-3 cell 
monolayer was observed. The particles were further investigated for cytocompatibility in three different pulmonary 
(Calu-3, A549 and BEAS-2B) and one human macrophage (THP-1) cell lines showing excellent tolerability. They 
also elicited low reactive oxygen species generation in pulmonary BEAS-2B and macrophage THP-1 cell lines. 
The inhalable drug powders coated with leucine offer thus an interesting alternative for the delivery of poorly 
soluble drugs to the lung. 
 
 
Introduction 

Combination therapy where the synergic action of combining drug molecules has been employed to enhance the 
clinical effect in terms of absorption and bioavailability of active pharmaceutical ingredients (API). In practice this 
therapy form has been used to treat lung diseases such as pulmonary arterial hypertension, asthma and chronic 
obstructive pulmonary disease (COPD). Broncodilating β-agonists, which relax airway muscles, are frequently 
used in combination with inhaled corticosteroids (ICS) for improved inhibition of inflammatory processes taking 
place in the respiratory tract. Here, using the aerosol method, where drug particles are encapsulated and coated 
in the gas phase by L-leucine [1,2], we were able to form a rough surface layer composed of nanosized crystals 
which not only reduced contacting points between particles and adjacent surfaces but also increased the 
separation distance of the bulk powder [1] and protected the particles’ core against humidity up to 65% relative 
humidity (RH) [2]. This work is a continuation of our previous work with budesonide and salbutamol [3]. Here we 
aim to study the effect of L-leucine coating on particle integrity, aerosolization properties, cellular interaction, 
viability and drug permeation properties of two drugs with opposing solubility. 
 
 
Materials and methods 

Beclomethasone dipropionate (B; a gift from Orion Pharma) suspensions with the surfactant Pluronic F68 (particle 
size 300-500 nm) were prepared using a wet-milling technique at 1100 rpm and 10 grinding/cooling cycles in a 
planetary milling machine (Pulverisette 7 Premium, Fritsch Co., Germany). The nanosuspension was added to a 
solution of salbutamol sulphate (S; Alfa Aesar) containing 0.8 g/l of bulking material D-mannitol (M; Alfa Aesar) 
and 20 g/l coating materials L-leucine (L; Alfa Aesar), of 10 g/l in deionized water to form precursor solutions used 
in the aerosol process. Solute droplets generated with an ultrasonic nebulizer were transferred with nitrogen gas 
(10 L/min) to the aerosol reactor set to 180 °C (± 2°C). At the reactor downstream, the aerosol was rapidly cooled 
with a large volume of nitrogen gas to initiate nucleation and deposition of amino acid vapor on the surface of 
drug particles to form BSL particles which were then collected using a cyclone. 
 
The aerosolization of the particles was studied with an inhalation simulator [4] using Easyhaler

®
 inhaler (multi-

dose reservoir-type inhaler) and Twister™ (single-dose capsule-based inhaler) (Vcaps size 3, Capsugel). 
Pressure drops over the inhalers were adjusted to 2 kPa (representing child's inhalation) and 4 kPa (representing 
adult's inhalation) corresponding to the inspiration flow rates of 40 L/min and 55 L/min for Easyhaler and 43 L/min 
and 55 L/min for Twister. Fine particle fractions, d ≤ 5.1 µm, were measured gravimetrically by a Berner-type low-
pressure impactor, BLPI.  Fine particle fractions were expressed with reference to the emitted dose (ED).  
 
The dissolution experiments were made using the Ph. Eur. paddle dissolution method (Sotax AT7) at 50 rpm with 
500 mL of phosphate buffer pH 7.4 (0.2 M KH2PO4, 0.1 M NaOH) at 37 °C. The powders were weighed in an 
analytical scale and immediately transferred to the dissolution vessel, after which, the phosphate buffer was 
added. Then, 1 mL aliquots were collected at certain intervals during the dissolution experiment for quantification 
of the released beclomethasone dipropionate and salbutamol sulphate from the particles and their respective 
physical mixtures. The aliquot volume was replaced with fresh buffer to keep the volume constant. The collected 
aliquots were then frozen and subsequently analyzed by HPLC (Agilent 1100 Series, Agilent Technologies) in 
order to quantify the amount of drug released from the powders over time. All the experiments were made in 
triplicate over 180 min under sink conditions for both drugs. 
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Drug permeability across differentiated Calu-3 cell monolayers was performed in the apical–to–basolateral 
direction. The Calu-3 cells from passages 30-40 were plated at a density of 5×10

5
 cells/cm

2
 in on the apical side 

of Snapwell™ inserts with 0.45-μm pore size, 1.12-cm
2
 surface area (Costar) and 3 mL of medium were added to 

the basolateral side. In order to establish the air-liquid interface, the apical medium was removed after 24h after 
seeding and the cells were fed by changing the medium from the basolateral side alone every alternate day. After 
the apical medium was removed, the monolayers were allowed to differentiate over 11-14 days in line what is 
commonly used for this cell line. Afterwards, 1 mg of the powder or its physical mixture was placed on top of the 
cell monolayer and 500 µL of sample were collected from the basolateral compartment and replaced by 500 µL of 
fresh HBSS at established intervals over a 180 min period.  
The sample concentrations were quantified by HPLC (Agilent 1100 series) and the amount of beclomethasone 
and salbutamol released from the particles was calculated related from the original drug amount present in the dry 
powder particles. 
 
 
The in vitro studies with the powder were carried out on the human lung adenocarcinoma epithelial cell lines 
A549, Calu-3 and BEAS-2B and on the human monocytic cell line THP-1, differentiated to macrophage (all from 
American Type Culture Collection). All the cells were cultured in 75 cm

2
 culture flasks (Corning Inc. Life Sciences) 

using Dulbecco’s modified Eagle’s medium (DMEM, HyClone) except for the THP-1, which were cultivated in 
RPMI-1640 (Hyclone). All media were supplemented with 10% heat inactivated fetal bovine serum (HIFBS, Gibco, 
Invitrogen), 1% sodium pyruvate (HyClone), 1% nonessential aminoacids,1% L-glutamine, penicillin (100 IU/mL), 
and streptomycin (100 mg/mL) (all from EuroCloneS.p.A). The THP-1 cell medium was further supplemented with 
0.05 mM of mercaptoethanol (Sigma Aldrich). The cultures were maintained in a BB 16 gas incubator at 37 °C 
(Heraeus Instruments GmbH) in an atmosphere of 5% CO2 and 95% relative humidity. The THP-1 were 
differentiated to macrophages by using a protocol described elsewhere [5].Prior to each test, the cells (except for 
the THP-1) were harvested using 0.25% (v/v) trypsin-EDTA-PBS and seeded in the desired density. For the 
toxicity assessment, 100 µL of a 2 × 10

5
 cells/mL solution in DMEM or RPMI 1640 were seeded in 96-well plates 

(PerkinElmer Inc.) and allowed to attach overnight (except the THP-1 which were differentiated over a 48 h 
period). The medium was then aspirated and washed once with 100µL of HBSS. Then, 100 µL of a solution 
prepared with the powder in HBSS with concentrations of 200, 100, 50 and 15 µg/mL, HBSS as negative control 
and Triton X-100 as a positive control were added to the wells. After 1, 3 and 6 h of incubation, the wells were 
washed once with HBSS and 50 µL of fresh HBSS was then added to the wells along with 50 µL of the CellTiter-
Glo® reagent assay (Promega Corporation) according to the manufacturer’s instructions. In this assay the 
number of viable cells in culture is quantified based on the amount of ATP produced by metabolically active cells. 
Thus, the amount of ATP produced is directly proportional to the number of living cells presented in the culture. 
The plate was then measured for luminescence using a Varioskan Flash fluorometer (Thermo Fisher Scientific). 
All the assays were carried out at least in triplicate. 
 
 
The experiments for reactive oxygen species (ROS) determination were performed as described elsewhere [6]. 
Briefly, in 96-well plates, 2 × 10

4 
BEAS-2B and differentiated THP-1 cells/well were seeded and allowed to attach 

overnight or for 48 h, respectively. The medium was then aspirated, and afterward, 100 µL of 10 µM 2’7’–
dichlorofluorescindiacetate (DCF-DA, Sigma Aldrich) solution was added to the wells and allowed to incubate 1 h 
at 37 °C. The solution was subsequently removed and the wells were washed with 100 µL of fresh HBSS. Then, 
BSL powder suspensions of concentrations of 200, 100, 50, and 15 µg/mL were then added to the wells, with 
hydrogen peroxide treated cells (H2O2, 0.09%) used as positive control and HBSS treated as a negative control. 
After incubating for 1 h, 3 h and 6 h, the plate wells were washed with fresh HBSS and DCF fluorescence was 
measured in a Varioskan Flash (Thermo Fisher Scientific) with excitation and emission wavelengths of 498 and 
522 nm, respectively. All the assays were conducted at least in triplicate. 
 
 
Results and discussion  

Leucine is amphiphilic and tend to accumulate to the gas-water interface of solute droplets prior to drying. Here, 
the partial sublimation of leucine resulted two assembly layers: the inner encapsulating layer formed by molecular 
diffusion to the droplet surface where the hydrophobic tails of amino acids face towards the gas phase; and the 
outer coating layer was formed via the physical vapor deposition upon cooling (Fig 1A and 1B). 
 
The emitted doses from Twister were higher and FPF lower than the ones from Easyhaler (Fig 1C). Also, the 
emission from Twister showed to be more dependent on the flow rate than from Easyhaler. Variation coefficients 
of the emitted doses were low. 
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Fig. 1. A) SEM image, B) schematic view of particle structure and C) the aerosolization results of the BSL 

particles. 
 
Apart from deposition, the efficacy of an inhalation product depends heavily on the drug dissolution and release 
behavior into the biological fluids lining the lung. The dissolution profiles showed an increase in dissolution of the 
poorly water-soluble beclomethasone when compared with their respective physical mixtures (Fig. 2A). 
Furthermore, there was also an increase in the dissolution profiles at the initial stages of dissolution which 
decreased afterwards, which can most likely be due to the recrystallization of the beclomethasone in solution. The 
salbutamol dissolution profile on the other hand is very similar between the combination powders and their 
respective physical mixtures, as one would expect from a freely water-soluble drug. 
 
Even if the dissolution profile is favorable, the drug compounds still need to transverse the pulmonary epithelia or 
at least become freely available for absorption in lung parenchyma in order to achieve improved therapeutic 
effect. Beclomethasone dipropionate is a poorly water-soluble drug, and thus dissolution is the main bottleneck for 
attaining therapeutic levels of the drug at its primary site of action. Its low water-solubility has also prevented large 
dose depositions in transport studies, which can be more informative of an in vivo situation. The BSL formulation 

used in this study was able to increase the permeation of beclomethasone across a differentiated pulmonary 
Calu-3 cell monolayer to around 1% of deposited dose, with its physical mixture below the detection limit (Fig. 
2B). In the case of salbutamol sulphate, both the BSL formulation and the physical mixture permeated around 
40% of the deposited dose with no statistically significant differences between the two (Fig. 2C). 
 

 
Fig. 2. A) Dissolution profiles of beclomethasone dipropionate (grey) and salbutamol sulphate (black) from the 

BSL powder (circles) and its physical mixture (squares) in phosphate buffer pH 7.4 and 37 °C. Dissolution 
medium was 0.2 M KH2PO4, 0.1 M NaOH. Error bars represent SD (n ≥ 3). B) Permeation profiles of 
beclomethasone dipropionate (grey) and C) salbutamol sulphate (black) from the BSL powder (circles) and its 
physical mixture (squares) across a differentiated Calu-3 cell monolayer at apical pH of 7.4. Error bars represent 
SD (n ≥ 3). 
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The interaction of dry powders for inhalation with different tissues is a crucial parameter to establish their 
biological fate and to validate the formulations for in vivo studies. It has been reported that beclomethasone 
formulations with large particle size are removed from its main site of action, the lower airways, by mucociliary 
clearance prior to its dissolution and absorption, and can eventually reach the gastrointestinal tract. Thus, uniform 
particles with adequate size (~ 5 µm) have a higher chance of reaching the deep lung and having an increased 
residence time. The BSL particles, deposited at the top of differentiated Calu-3 cell monolayers, display a very 
uniform spherical morphology and size (Fig. 3A). After 30 min, the BSL particles were found to erode and fuse 
with the cell monolayer giving rise to a layer of fused particles (Fig. 3B). Interestingly, at the end of the permeation 
experiment (180 min), it was noticeable that the particles completely fused with the cell monolayer and crystals 
were visible on top of the cell layer (Fig. 3C). As the crystals were found to be larger than the pristine BSL 
particles, it is very likely that the crystals observed are from recrystallized belomethasone. This recrystallization 
behavior can also help to explain the dissolution behavior of the BSL (Fig. 2), which display a peak in the early 
stages of the dissolution, with a subsequent drop in drug dissolution most likely due to the aforementioned 
recrystallization phenomenon. 
 

 
 
Fig. 3. SEM images of the BSL powders in top of a differentiated Calu-3 monolayer at (A) 0 min, (B) 30 min and 

(C) 180 min. Scale bars are 10 µm. 
 
The BSL particles were found not to elicit any statistically significant toxicity in either of the cells lines tested 
across a range of concentrations at 1 h, 3 h and 6 h. Furthermore, since the structures were found to erode over a 
period of 3 hours (Fig. 3C), the two latest time points in our viability assay (3 h and 6 h) can also provide 
information over the cytocompatibility of the degradation products of the constructs in the different cell lines. No 
toxicity was found at the later time points in any of the cell lines studied. 
 
ROS causes oxidation of proteins, DNA and lipids, which may cause direct lung injury or induce a variety of 
cellular responses, through the generation of secondary metabolic reactive species. Oxidative stress is thus a 
hallmark of chronic inflammatory diseases such as asthma and COPD and should be thoroughly assessed when 
novel materials or formulation are to be designed for pulmonary delivery. The extent of oxidative stress, evaluated 
in terms of the intracellular ROS, elicited by the BSL particles was shown to be concentration dependent but low 
in BEAS-2B (Fig. 4A). In addition, it is also shown that the BSL elicited greater oxidative response in the THP-1 
macrophage cells (Fig. 4B) than in the BEAS-2B due to the more sensitive nature of these cells. All the particles 
however displayed a significantly lower oxidative response (below 10%) than the positive control (0.09% H2O2) in 
both cell lines studied (Fig.4A and 4B).  
 

 
Fig.4. Intracellular ROS assessment of (A) BEAS-2B and (B) THP-1 macrophage cells after 1 h incubation with 

different concentrations (µg/ml) of the BSL particles determined with a fluorescent DCF-DA assay. Error bars 
represent SD (n ≥ 3). 
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Conclusions 

We have shown how to employ methods to embed two different drug compounds, beclomethasone dipropionate 
and salbutamol sulphate, with opposing solubilities into the same inhalable particles which were simultaneously 
surface modified with leucine in the gas phase. The dissolution of beclomethasone dipropionate was found to be 
increased when compared with the physical mixture and the dissolution of salbutamol was similar for both the 
leucine-coated formulation and its physical mixture. The beclomethasone permeation across a differentiated Calu-
3 cell monolayer from the BSL particles was shown to be increased when compared with the physical mixture of 
the powders and drug recrystallization was observed on top of the cell monolayers. Both the cellular viability and 
ROS induction assessment provided an excellent tolerability profile for the BSL formulation in several pulmonary 
cell lines. Overall, the biodegradable amino acid-coated combination drug powders offer an interesting alternative 
for the delivery of poorly soluble drugs to the lung with high biocompatibility.  
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