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ABSTRACT 

Anti-inflammatory treatment options for cystic fibrosis (CF) patients are currently limited and 

as such, there is an imperative need to develop new anti-inflammatory agents to reduce the 

persistent inflammation present within CF lungs. This study explored the potential of 

Diclofenac (DICLO) as a novel inhaled anti-inflammatory drug for CF treatment. The anti-

inflammatory activity of DICLO on an air-liquid interface (ALI) cell culture model of healthy 

(NuLi-1) and CF (CuFi-1) airways showed a significant reduction in the secretion of pro-

inflammatory cytokines, IL-6 and IL-8. Therefore, pressurized metered dose inhaler (pMDI) 

DICLO formulations were developed to allow targeted DICLO delivery to CF airways. As 

such, two pMDI DICLO formulations with varying ethanol concentrations: 5% (w/w) equating 

to 150 µg of DICLO per dose (Low dose), and 15% (w/w) equating to 430 µg of DICLO per 

dose (High dose) were developed and characterized to determine the optimum formulation. 

The Low dose pMDI DICLO formulation showed a significantly smaller particle diameter with 

uniform distribution resulting in a greater aerosol performance when compared to High dose 

formulation. Consequently, the Low dose pMDI DICLO formulation was further evaluated in 

terms of in vitro transport characteristics and anti-inflammatory activity. Importantly, the 

DICLO pMDI displayed anti-inflammatory activity in both healthy and CF in vitro models, 

highlighting the potential of an aerosolized low-dose DICLO formulation as a promising 

inhaled anti-inflammatory therapy for CF treatment.   

 Keywords: Diclofenac, pMDI, inhaled, anti-inflammatory, transport, cystic fibrosis            
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1. INTRODUCTION 

Chronic airway inflammation, accompanied by recurrent bacterial infections, are the primary 

causes of lung failure in cystic fibrosis (CF) patients [1]. Consequently, current CF treatment 

is focused on anti-inflammatories and antibiotics aimed to reduce the excessive inflammation 

and control the bacterial infection within CF lungs [2, 3]. A wide range of antibiotics is 

available to CF patients to reduce the bacterial load, predominantly Pseudomonas aeruginosa 

(PAO) [4, 5], within the lung. The bacterial cell wall component known as lipopolysaccharide 

(LPS) is one of the key drivers leading to the hyper-inflammatory environment of a CF lung 

[6].  Ibuprofen and azithromycin (also a known antibiotic) are the only two anti-inflammatories 

currently approved for chronic use in pediatric CF patients owing to the adverse effects 

associated with the use of oral and inhaled corticosteroids [7, 8]. Ibuprofen is not widely 

prescribed due to the severe renal-side effects and narrow therapeutic window and hence, for 

azithromycin antibiotic-resistance is a growing concern among the CF community [9, 10]. 

Importantly, no new anti-inflammatory therapy has been approved for CF treatment in the past 

five years [6, 7], thus, there is a need to identify alternative anti-inflammatory drugs to treat 

CF lung disease. 

Diclofenac (DICLO) belongs to the group of non-steroidal anti-inflammatory drugs (NSAIDs) 

[11] and is a very effective and the most widely prescribed anti-inflammatory globally [12], 

but is yet to be explored as an anti-inflammatory therapy for CF patients. DICLO is currently 

only delivered in tablet form at high doses undergoing extensive hepatic first-pass metabolism 

resulting in a bioavailability of approximately 50-60% [13] and often resulting in severe and 

adverse gastrointestinal and renal side effects [14, 15]. Thus, for DICLO to be considered as 

an anti-inflammatory therapeutic option for CF patients, a novel drug delivery system that 

maximizes DICLO bioavailability and minimizes side effects must be developed. As such, 

delivering an aerosolized DICLO formulation via inhalation may prove promising for CF 
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patients as the targeted delivery of inhaled therapies enhances the therapeutic effect at low 

doses, and importantly reduces systemic exposure associated with higher oral doses [16, 17].  

Targeted delivery of a low-dose anti-inflammatory, including DICLO, can be achieved using 

a specialized drug delivery device such as pressurized metered dose inhalers (pMDIs). pMDIs 

are the most common inhalation devices used for the treatment of lung diseases, among the 

other inhaled drug delivery options [18]. CF patients are unable to generate sufficient 

inspiratory airflow required for aerosol dispersion that may result in a decreased amount of 

drug reaching the lungs. Therefore, pMDIs (with a spacer add-on) can be used to deliver a 

defined amount of low dose DICLO to the lungs to attain the desired anti-inflammatory effect 

[19]. In addition to dose consistency, pMDIs offers several other advantages such as shorter 

treatment times and greater portability, thus making it a more acceptable inhalation device for 

CF treatment [20, 21]. To date, DICLO has been not been formulated as a pMDI for CF 

treatment even though other inhaled anti-inflammatory therapies have been developed in recent 

studies [22, 23] as dry powder formulations. Thus, in this present study, we propose to explore 

the potential of a pMDI DICLO formulation as a novel inhaled anti-inflammatory therapy for 

CF patients.  

Air-liquid interface (ALI) cell culture models have been developed to mimic the in vivo airway 

lumen and recapitulate the biological parameters of an airway (such as epithelial tight junction 

formation and function). These biological parameters play an important role in determining the 

therapeutic efficacy of inhaled drug delivery, as they influence drug delivery to a specific lung 

region and uptake (known as transport) across the epithelial cell layers [24, 25]. The potential 

of DICLO pMDI as an anti-inflammatory therapy was assessed in vitro using the bronchial 

epithelial cell lines, NuLi-1 and CuFi-1 that are extensively used to generate ALI cultures of 

healthy and CF patients, respectively [26-29]. Importantly, our laboratory has previously 

optimised NuLi-1 and CuFi-1 ALI cultures to specifically study drug transport in a hyper-
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inflammatory environment that mimics a CF lung [26]. Furthermore, ALI cultures can help to 

identify the molecular mechanism that triggers drug transport to occur across the airway 

epithelium, namely by determining if a drug is transported via the transcellular pathway 

(through the cells via transporters and ion channels) or the paracellular pathway (in between 

the cells via tight junctions) [30]. Thus, in the present study, we utilize ALI culture models to 

determine the anti-inflammatory effect and transport mechanism of DICLO across epithelial 

cell layers and developed and optimized a pMDI DICLO formulation as a potential inhalation 

therapy for CF patients.  

2. MATERIALS AND METHODS  

2.1 Materials  

Diclofenac sodium (DICLO) was purchased from Hangzhou ICH Biofarm Co. Ltd (China). 

The propellant 1,1,1,2-tetrafluoroethane (HFA-134a) was supplied from Solvay Chemicals 

(Germany). Ethanol and methanol (100%) were purchased from Chem-Supply Pty Ltd 

(Australia). Aluminum canisters, metering valves (50 µL) and actuators with orifice diameters 

of 0.33 mm were from Bespack Europe Limited (Norfolk, UK) and PTFE 0.45 µm filter was 

purchased from FilterBio®, China. Phosphoric acid, monosodium phosphate, phosphate 

buffered saline (PBS) were obtained from Sigma (Australia). Water was purified by reverse 

osmosis (MilliQ, Millipore, France). All solvents used were of analytical grade.  

2.2 Cell culture  

The NuLi-1 (healthy) and CuFi-1 (CF) cell lines were purchased from American Type Cell 

Culture Collection (ATCC). All cells were maintained in bronchial epithelial cell growth 

medium (BEGM; Lonza) and supplemented with the SingleQuots (Lonza), except for 

amphotericin B and gentamicin, and incubated at 37 °C with 5% CO2. Cells were cultured on 

human placenta collagen type IV-coated substrates (60 µg/mL; Sigma Aldrich) as previously 
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described [29, 31]. NuLi-1 cell experiments were conducted between passage numbers 22-32 

and 32-36 for the CuFi-1 cell line. For all experiments, cells were seeded at 6 × 104 cells/cm2. 

2.3 ALI culture of NuLi-1 and CuFi-1  

To create an ALI model of NuLi-1 and CuFi-1 cells, transwell cell culture inserts (0.33 cm2, 

polyester terephthalate (PET) membrane, 0.4 µm pore size) (Corning Costar) were used as 

previously described [26]. Briefly, NuLi-1 and CuFi-1 cells were seeded within the apical 

chamber in DMEM/F-12 media (Sigma Aldrich) supplemented with 5% v/v FBS (Sigma 

Aldrich) and the same media was added to the basolateral chamber. Cells were incubated at 37 

°C with 5% CO2 for 2 days. The media in the apical and basolateral chambers were then 

changed to DMEM/F-12 media + 2% Ultroser G (Pall BioSpera) (differentiation medium) and 

incubated for 5 days or until confluency was achieved. To initiate ALI conditions, media in the 

apical chamber was removed (Day 0) and the cells were maintained under ALI conditions for 

8 weeks. Differentiation media in the basolateral chamber replaced every 2 days. All 

experiments were performed 8 weeks post ALI induction. To induce an inflammatory response, 

basolateral media was replaced with media containing PAO LPS (10 µg/mL; Sigma-Aldrich) 

and incubated at 37 °C with 5% CO2 for 72 h. Untreated cells served as controls.  

2.4 Sodium fluorescein permeability assay 

Tight junction functionality and paracellular permeability of NuLi-1 and CuFi-1 ALI cultures 

were determined using the sodium fluorescein (flu-Na) permeability assay before each 

transport study. Sodium fluorescein (2.5 mg/mL; Sigma Aldrich) was added to the apical 

chamber and pre-warmed Hanks' Balanced Salt Solution (HBSS; Sigma Aldrich) was added to 

the basolateral chamber. To measure the rate of sodium fluorescein transport (flux) from the 

apical chamber to the basolateral chamber, ALI cultures were incubated for 4 hours at 37 °C 

with 5% CO2, with basolateral samples collected every 30 minutes for the first 2 h and then 

every hour for the final 2 h. For analysis, the collected basolateral samples were diluted (1:20) 
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and fluorescence was measured using the SpectraMax M2 plate reader (excitation: 485 nm; 

emission: 538 nm). The permeation coefficient (Papp) was calculated according to equation 1.  

Eq 1.  𝑃𝑎𝑝𝑝 =
𝑑𝑄

𝑑𝑇∙𝐶0∙𝐴
 

where dQ/dT represents the flux of sodium fluorescein (µg/s) across the membrane, C0 is the 

initial donor concentration (µg/mL) and A is the surface area (cm2). 

2.5 Transepithelial Electrical Resistance (TEER)  

Transepithelial electrical resistance (TEER) was measured as described previously [32]. 

Briefly, pre-warmed media was added to the apical chamber and allowed to equilibrate for 30 

mins at 37 °C under 5% CO2. TEER was measured using EVOM2® epithelial voltohmmeter 

(World Precision Instruments, USA) for the ALI cultures.  

2.6 DICLO solubility in ethanol 

To determine the solubility of DICLO in 100% ethanol, DICLO was added until saturation was 

reached and subjected to continuous shaking (100 rpm) for 24 hours at room temperature. The 

DICLO/ethanol solution was then filtered (0.45 µm, PTFE; FilterBio®, China) to remove 

undissolved DICLO and the concentration of DICLO remaining in the solution was quantified 

using HPLC. Thus, for all experiments, DICLO was first dissolved in ethanol (40 mg/mL) to 

produce the stock solution and further diluted in HBSS as indicated. 

2.7 HPLC Quantification of DICLO 

Quantification of DICLO was determined using an HPLC system equipped with SPD-20A UV-

Vis detector, an LC-20AT liquid chromatography, a SIL-20A HT autosampler (Shimadzu) and 

reverse phase C18 column (µBondapak C18 125 Å (3.9 × 300 mm), Waters). The mobile phase 

was a mixture of methanol: phosphate buffer (70:30 (v/v) adjusted to pH 3 using phosphoric 

acid. Samples were analysed at 284 nm, at a flow rate of 1.5 mL/minute and an injection volume 
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of 100 µL. Linearity was obtained between 0.1 and 100 µg/mL (R2 = 0.99) with a retention 

time of 3 min.  

2.8 Simulated inhaled and simulated oral transport of DICLO solution  

DICLO transport across ALI cultures was conducted to simulate inhaled drug (apical to 

basolateral (A-B transport)) and oral drug delivery (basolateral to apical (B-A transport)). 

DICLO solution was prepared by first dissolving DICLO in ethanol to produce the stock 

solution and then further diluted in HBSS to make 30 µg/mL DICLO (0.1% ethanol in final 

DICLO solution) to be used for the transport study.  For A-B transport, 30 µg/mL DICLO was 

added to the apical chamber (equivalent to 6 µg) and HBSS was added to the basolateral 

chamber. Samples were collected from the basolateral chamber and replaced with fresh HBSS 

at the following time points 30, 60, 90, 120, 180 and 240 mins. To assess the B-A transport, 

HBSS was added to the apical chamber and 30 µg/mL DICLO solution was added to the 

basolateral chamber (equivalent to 18 µg). Samples were collected from the apical chamber 

and replaced with fresh HBSS at the aforementioned time points.  

After the assay, the solutions remaining in both chambers were collected (denoted as 

‘Remainder’) and the amount of drug present inside the cells (denoted as ‘Cellular’) was 

assessed. To quantify the cellular content, cells were detached from the membrane in HBSS 

and centrifuged at 13,000 × g for 10 mins. The resulting supernatant was discarded, and the 

cell pellet was resuspended in cell-LyticTM (Invitrogen) buffer and passed through a 26 G 

needle 8-10 times to lyse the cells. Cell lysates were then diluted with methanol: phosphate 

buffer (70:30 (v/v) and all samples were quantified using High-Performance Liquid 

Chromatography (HPLC). The total amount of DICLO transported, intracellular and the 

remainder amount of DICLO at the end of 4h transport study were expressed as a percentage 

of DICLO delivered (6 µg for simulated inhaled delivery and 18 µg for simulated oral delivery).   
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2.9 Anti-inflammatory activity of DICLO 

 

To induce an inflammatory response in NuLi-1 and CuFi-1 ALI cultures, all ALI cultured cells 

were subjected to PAO LPS mediated inflammatory stimulation where the basolateral media 

was replaced with media containing PAO LPS (10 µg/mL) and incubated at 37 °C with 5% 

CO2 for 72 h. Basolateral samples were collected at 48 h (for CuFi-1) and 72 h (for NuLi-1) 

time points for subsequent enzyme-linked immunosorbent assay (ELISA) (Biosciences) 

analysis of IL-6 and IL-8 cytokine production. The anti-inflammatory activity of DICLO was 

assessed by adding DICLO (30 µg/mL) to the apical chamber of the LPS stimulated ALI cell 

cultures and incubated at 37 °C with 5% CO2 for a further 24 h to quantify basal IL-6 and IL-

8 cytokine production. 

2.10 pMDI DICLO formulation 

 

To prepare the DICLO pMDI formulations, two DICLO solutions of different ethanol 

concentrations were chosen: a 5% (w/w) and 15% (w/w) ethanol concentration. Thus, to 

achieve the 5% (w/w; i.e. 0.5 g) formulation, 0.63 mL of 40 mg/mL DICLO/ethanol was added 

to each 18ml brim metal canister,  while 1.90 mL of 40 mg/mL DICLO/ethanol was added to 

each canister to generate the 15% (w/w; i.e.1.5 g) formulation (Table 1). Each canister was 

crimped with a 50 µL metering valve (Bespack, UK) and then pressure-filled with HFA 134a 

(Pamasol Laboratory plant 02016; Pamasol Willi Mader, Switzerland) to achieve a 10 g 

formulation (Table 1).  

The theoretical concentration of DICLO present in each formulation was determined to be 2.99 

µg/µL and 8.52 µg/µL for the 5% and 15% (w/w) ethanol formulations, respectively (Table 1). 

Note, a single dose was determined as one-shot (actuation) from a canister. Thus, given the 50 

µL metering valve (each shot delivers 50 µL) the theoretical concentration of DICLO delivered 

per shot was determined to be: 150 µg/dose of the 5% (w/w) ethanol formulation (henceforth 
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referred to as Low dose formulation) and 430 µg/dose of the 15% (w/w) ethanol formulation 

(henceforth referred to as High dose formulation; Table 1). All pMDI formulations were stored 

in temperature-controlled cabinets at 25 °C before use. 

2.11 Amount of DICLO delivered per dose  

The delivered dose of each pMDI formulation was evaluated using a dose unit sampling 

apparatus (DUSA, Copley Scientific Limited). The flow rate was set to 30 L/min using a 

calibrated flow meter (Model 4040, TSI Precision Measurement Instruments) to mimic 

inhalation capacity and the pMDI was connected to the DUSA. Canisters were fired into the 

DUSA using a mouthpiece adaptor and the canister was weighed before and after each dose to 

calculate the weight of DICLO displaced from the canister. Upon completion of each dose, all 

DUSA components (adaptor, actuator, adapter, DUSA and filter) were rinsed with methanol: 

water solution (70:30 w/w), transferred to volumetric flasks and sonicated for 10 mins. Samples 

were then filtered (0.45 μm, PTFE) and DICLO quantified using HPLC. The total DICLO dose 

delivered per shot was calculated as the sum of DICLO mass deposited in all 4 pieces of the 

DUSA apparatus – actuator, adaptor, DUSA and filter divided by the number of shots. 

Delivered dose (DD) was calculated as the sum of mass deposited in DUSA and filter divided 

by the number of shots.  

2.12 The particle size distribution of pMDI DICLO formulations  

To determine the particle size distribution of both pMDI DICLO formulations (Low dose and 

High dose), the size of the droplets emitted by each pMDI formulation was determined by laser 

diffraction using the Spraytec (Malvern). The canisters were connected to the Spraytec system 

and the flow rate set to 30 L/min, measurements were performed in a closed configuration by 

coupling it with a rotary pump. The refractive index was set at 1.57. Particle size parameters 

corresponding to the 10th, 50th, 90th percentile of particles in the respective pMDI formulations 

expressed as D10, D50 and D90 respectively were recorded.  
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2.13 In vitro aerosol deposition of pMDI DICLO formulations 

Deposition profiles of the two pMDI DICLO formulations (Low dose and High dose) were 

determined using the European Pharmacopeia Apparatus E, Next Generation Impactor (NGI) 

(Copley Instruments Ltd) fitted with a stainless steel 90° induction port (IP) and operated as 

specified in European Pharmacopoeia (Ph. Eur. 8th Edition, monograph 2.9.18). Briefly, the 

NGI was connected to a high-capacity vacuum pump, and the flow rate was set to 30 L/min. 

The pMDI canister was attached to the impactor via an airtight adaptor with an actuation time 

of 4 seconds. Following the completion of the delivered dosage, all components of the NGI 

(actuator, adaptor, IP, stages 1-7 and micro-orifice collector (MOC)) were washed with 

methanol: water (70:30), transferred to volumetric flasks (100 mL) and sonicated for 10 mins. 

Samples were then filtered (0.45 μm, PTFE) and DICLO quantified using HPLC. Additional 

post-analysis of HPLC quantification data was conducted using the Copley Inhaler Testing 

Data Analysis Software (CITDAS) (Version 3.10 Wibu, Copley) to characterise the aerosol 

performance of each.  

2.14 Transport pMDI DICLO formulations across ALI culture models 

Aerosolized DICLO from each of the pMDI DICLO formulations were deposited on the ALI 

cell cultures using a modified glass twin stage impinger (TSI, Copley Scientific) as previously 

described [33]. Each ALI culture was treated with 5 doses (shots) of each pMDI DICLO 

formulation with a pMDI actuator (0.33 mm), a flow rate of 30 L/min (controlled by a GAST 

rotary vein pump) and solenoid valve timer that was set for 4 s (Westech Scientific Instruments) 

[24]. The ALI cell cultures were then incubated at 37 °C with 5% CO2 and samples were 

collected from the basolateral chamber and replaced with fresh HBSS at specified time points: 

0, 30, 60, 90, 120, 180 and 240 mins (referred to as Transported). The amount of DICLO 

remaining within the cells (Cellular) and on the apical layer (Remainder) after the assay were 

performed as described above. All samples were subjected to HPLC quantification. 
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2.15 Anti-inflammatory activity of pMDI DICLO formulations 

The anti-inflammatory activity of the Low dose pMDI DICLO formulation was tested on LPS-

stimulated NuLi-1 and CuFi-1 ALI cell cultures. Five shots of the Low dose formulation were 

deposited on the LPS-stimulated ALI cell cultures using the modified TSI as described 

previously and incubated at 37°C with 5% CO2 for 24 h with basolateral samples collected 

post-treatment for subsequent ELISA (Biosciences) analysis of IL-6 and IL-8 cytokine 

production.  

2.16 Statistical Analysis 

 

All results are expressed as mean ± standard error of the mean of at least 3 independent 

replicates. The statistical software, GraphPad Prism (version 8.2.1) was used to test for 

significance by performing unpaired t-test, One-Way or Two-Way ANOVA for each 

experiment. Significance was determined as p < 0.05.  

3. RESULTS AND DISCUSSION  

3.1 ALI culture models mimic the hyper-inflammatory lung environment  

Epithelial barrier integrity of the NuLi-1 (healthy) and CuFi-1 (CF) ALI cultures was assessed 

to ensure the validity of the model. To first determine if epithelial tight-junctions had formed 

during the 8-week ALI culture period, the transepithelial electrical resistance (TEER) was 

measured. While a significant difference in the TEER values for NuLi-1 (344.9 ± 14.1 Ω.cm2) 

and CuFi-1 (216.9 ± 10.9 Ω.cm2) ALI cultures were found (p < 0.01; Student’s T-test; Figure 

1A), TEER is known to be cell line dependent. Thus, as these TEER results are consistent with 

our previous findings, the presence and formation of tight junctions are confirmed in these 

cultures. To ensure that the tight junctions were functional to facilitate paracellular transport, 

ALI cultures were treated with the paracellular marker, sodium fluorescein (flu-Na). A 

significant difference in the apparent permeability (Papp) of flu-Na for the NuLi-1 (5.85 × 10-
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6 ± 2.8 × 10-7 cm/s) and CuFi-1 (CuFi-1: 8.89 × 10-6 ± 7.43 × 10-7 cm/s) ALI cultures was 

observed (p < 0.05; Student’s T-test; Figure 1B), suggesting that functional tight junctions had 

formed throughout the 8-weeks. Importantly, these flu-Na Papp values were also found to be 

similar to our previous study [26], confirming the epithelial barrier integrity in these ALI 

cultures. 

An important phenotypic characteristic of a CF lung is the hyper-inflammatory environment 

thus, we next sort to determine the in vitro parameters required to recapitulate this environment. 

Previously, we have shown that NuLi-1 ALI cultures do not respond to PAO LPS (10 µg/mL) 

following 48 h of stimulation [26] and similarly, we find the same results in this study (Figure 

1C). However, following 72 h of LPS stimulation, a significant increase in IL-6 production 

compared to control (p < 0.05; two-way ANOVA, Figure 1C) was observed, suggesting that 

NuLi-1 ALI culture require 72 h of LPS stimulation to produce an inflammatory response. 

Similarly, the LPS-mediated secretion of IL-8 in the NuLi-1 ALI culture was significantly 

increased following 72 h of LPS stimulation (p < 0.05; two-way ANOVA, Figure 1C). In 

comparison, the CuFi-1 ALI culture model displayed a significant increase in IL-6 production 

at both 48 and 72 h post LPS-stimulation (p < 0.01 and p < 0.05 respectively, two-way 

ANOVA, Figure 1D) but no significant changes in IL-8 production (p > 0.05; two-way 

ANOVA, Figure 1E). Our findings suggest that the CF cell line CuFi-1 were more susceptible 

to LPS stimulation compared to the healthy cell line NuLi-1, thus reflecting the differential 

response of CF patients and healthy individuals to the presence of bacteria in the lungs. 

Therefore, the ALI models of NuLi-1 (post 72 h LPS stimulation) and CuFi-1 cell lines (post 

48 h of LPS stimulation) simulating the inflammatory environment were used to determine the 

anti-inflammatory activity of DICLO in subsequent experiments. 
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3.2 Route of drug delivery route does not alter DICLO transport characteristics 

across epithelial cell layers  

To determine if the administration route of DICLO delivered to the body alters DICLO 

transport across epithelial cell layers and therefore therapeutic efficacy, simulated inhaled and 

oral delivery transport assays were conducted on ALI cultures of NuLi-1 and CuFi-1. 

Currently, the oral delivery of DICLO (12.5 mg tablet) gives a peak plasma concentration of 

300 µg/mL after a single dose [34]. However, when developing a targeted delivery approach 

such as inhaled therapies, a significantly lower drug concentration is required to obtain 

therapeutic efficacy. Therefore, in this preliminary study, DICLO was used at a concentration 

of 30 µg/mL that is ten-fold lower than the therapeutic concentration achieved using oral 

delivery of DICLO. To mimic inhaled drug delivery, DICLO transport was measured from the 

apical-to-basolateral direction, and to mimic oral drug delivery, DICLO transport was 

measured from the basolateral-to-apical direction [35]. The cumulative mass of DICLO 

transported across the epithelial layers of both Nuli-1 and CuFi-1 ALI cultures increased with 

time for both the simulated inhaled delivery (Figure 2A) and oral delivery (Figure 2B), 

suggesting that DICLO was transported in both directions across the epithelial cell layers. 

Moreover, no significant difference in the total cumulative mass of DICLO transported through 

NuLi-1 and CuFi-1 ALI cultures were found for either the simulated inhaled delivery (NuLi-

1: 2.65 ± 0.27 µg, CuFi-1: 2.78 ± 0.31 µg, Figure 2A) or oral delivery (NuLi-1: 3.19 ± 0.07 µg, 

CuFi-1: 3.04 ± 0.07 µg, Figure 2B). Furthermore, no significant difference in DICLO Papp 

was determined between the NuLi-1 and CuFi-1 ALI cultures for either simulated delivery 

route, showing similar rates of transport (Figure 2C). Of note, % of DICLO transported for 

simulated inhaled delivery (NuLi-1: 42.1 ± 4.03 %; CuFi-1: 43.9 ± 2.7 %, shown as 

Transported, Figure 2D) was greater than that observed for simulated oral delivery (NuLi-1: 

17.7 ± 0.37 %; CuFi-1: 16.9 ± 0.39, Figure 2E) even though the dose delivered for simulated 
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inhaled was three times lower than simulated oral delivery. Therefore, our findings suggest the 

potential of using the inhaled route to deliver a low dose of DICLO to the lungs.  

The mechanism that drives DICLO transport through the epithelial layers is thought to be 

regulated by organic anion transporters and ATP-binding cassette transporters [36, 37], 

suggesting that DICLO may be actively transported through a cell via the transcellular pathway 

and not in between the cells via tight junctions (paracellular pathway). Thus, the amount of 

DICLO present in the cells after the transport study was assessed, as if the transcellular pathway 

was used to transport DICLO, high concentrations of DICLO should be found inside the cell. 

For both the simulated inhaled and oral delivery of DICLO across the NuLi-1 and CuFi-1 ALI 

cultures, negligible amounts of DICLO was found inside cells (shown as Cellular, Figure 2D-

E), suggesting that DICLO may be transported via the paracellular pathway. Interestingly, this 

result was similar to our previous report that identified the paracellular transport of ibuprofen 

(also a member of the NSAID family) through NuLi-1 and CuFi-1 ALI cultures [26], indicating 

that the NSAID family may be transported via the paracellular pathway. Collectively, these 

results suggest that the targeted delivery of an aerosolised DICLO formulation to the lungs of 

CF patients may prove a promising alternative administration route that minimises the adverse 

side effects associated with the oral delivery of DICLO while maximising the therapeutic 

efficacy. 

3.3 DICLO shows anti-inflammatory activity in ALI models  

The anti-inflammatory properties of DICLO were next investigated using the NuLi-1 and 

CuFI-1 ALI culture models to investigate the potential of DICLO to be used as an anti-

inflammatory inhaled therapy for CF. All ALI cultures were first stimulated with LPS (10 

µg/mL) and then treated with DICLO (30 µg/mL). A significant reduction in the secretion of 

pro-inflammatory cytokines, IL-6 and IL-8 were observed in the LPS-stimulated NuLi-1 cells 

(p < 0.05 respectively; unpaired Student’s T-test, Figure 3A-B) when compared to untreated 
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LPS-stimulated cells (control). Furthermore, DICLO significantly decreased the production of 

IL-6 in LPS-stimulated CuFi-1 cells when compared to control (p < 0.05 respectively; unpaired 

Student’s T-test, Figure 3C), altogether highlighting the anti-inflammatory properties of 

DICLO in both NuLi-1 and CuFi-1 ALI cultures. Importantly, no significant change in TEER 

was determined to post DICLO treatment (Figure 3D), suggesting that DICLO had not altered 

the epithelial barrier integrity. Therefore, the anti-inflammatory activity of DICLO in these 

ALI cultures highlights DICLO as a potential novel, anti-inflammatory drug candidate for 

inhaled therapy in CF patients. 

3.4 Generation of two pMDI DICLO formulation for aerosolised delivery 

To develop a solution-based DICLO pMDI formulation, DICLO must be dissolved in a suitable 

co-solvent, commonly ethanol, to increase the drug solubility in the HFA propellant used in 

pMDI formulations [38, 39]. Our solubility results showed that DICLO is highly soluble in 

ethanol (40 mg/mL) and therefore ethanol was chosen as the co-solvent in the formulation of 

pMDI DICLO solutions. However, the concentration of ethanol used in a pMDI formulation is 

a critical factor that needs to be considered, as ethanol concentration above 20% (w/w) is known 

to have an impact on the HFA vapour pressure and consequently on the droplets deposition 

within the lungs [21, 40] [40-42], with larger particles (> 5µm) depositing in the upper 

respiratory tract (the mouth, throat and oropharyngeal region), and smaller particles (< 5µm) 

in the lower respiratory tract [16]. As such, two DICLO formulations were generated, each 

with a different concentration of ethanol, and therefore DICLO amount.  

The amount of DICLO delivered per dose (DD) from each pMDI DICLO formulation was first 

assessed. The total DICLO dose (TD) delivered per shot (sum of DICLO mass deposited in all 

4 parts of DUSA) from either the Low dose or the High dose pMDI DICLO formulations were 

found to be 156.3 ± 8.4 µg and 436 ± 14.2 µg respectively (Table 2). Importantly, delivered 
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dose (DD) per shot (defined as the sum of DICLO mass deposited only in DUSA and filter) for 

Low dose (127.7 ± 8.2 µg) and the High dose (373.3 ± 12.6 µg, Table 2) pMDI DICLO 

formulations falls within the acceptable ± 15% of the total dose per shot according to the 

European Pharmacopeia specifications, together with confirming the suitability of both 

formulations for inhaled delivery and thus were further characterized.  

3.5 The optimum particle size of the Low dose DICLO pMDI formulations for inhaled 

delivery 

To evaluate DICLO particle size distribution aerosolized from the two pMDI formulations, the 

geometric diameter of each DICLO particle generated from a given shot was determined using 

the Spraytec laser diffraction. The diameter of DICLO particles that represent the diameter of 

50% of all aerosolized particles (D50) was found to be significantly different between the two 

pMDI DICLO formulations (p < 0.01; unpaired Student’s T-test; Table 3). The Low dose pMDI 

DICLO formulation generated 50% of aerosolized particles with a diameter of 3.2 ± 0.1 µm, 

while the High dose formulation displayed a D50 value of 5.1 ± 0.2 µm (Table 3). The diameter 

of 90% (D90) of the particles for the Low dose DICLO formulation was also found to be 

significantly lower when compared to the High dose DICLO formulation (p < 0.01; unpaired 

Student’s T-test; Table 3). Thus, the lower ethanol concentration of the Low dose DICLO 

formulation may have generated smaller particle size, suggesting efficient delivery of DICLO 

particles to the lungs.  

3.6 Superior aerosol performance of Low dose DICLO pMDI in a simulated lung 

environment 

The deposition profile and aerosol performance of the Low and High dose DICLO pMDI 

formulations were next assessed using a simulated respiratory environment (NGI). Firstly, the 

mass of DICLO deposited in the different parts of the NGI was determined after actuation from 
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each pMDI formulation. Both pMDI formulations showed a higher DICLO deposition in the 

mouthpiece and throat when compared to the NGI stages 1-7 (simulating the different lung 

regions; Figure 4), suggesting that a considerable amount of DICLO was deposited at the initial 

stages of inhalation. The Low dose DICLO formulation showed a significantly lower DICLO 

mass deposition only in the mouthpiece, throat and stage 1 of the NGI when compared to High 

dose DICLO formulation (Mouthpiece: p < 0.0001; Throat: p < 0.0001; Stage 1 

(oropharyngeal): p < 0.001; two-way ANOVA; Figure 4). The observed difference could be 

due to the higher percentage of ethanol (15%) present in the High dose formulation that 

increases the evaporation time for the droplets, therefore increasing the probability of throat 

deposition as evidenced in recent studies [38, 43]. Furthermore, no significant differences were 

observed in the mass deposited between the two formulations for the lower respiratory tract 

(Stages 2-7 and MOC; Figure 4) with an overall recovery value of 98.2 ± 5.9 % for Low dose 

formulation and 100.1 ± 2.8 % for High dose formulation respectively.  

The specific aerodynamic characteristics of each DICLO formulation was next assessed to 

compare the in vitro aerosol performance of the two DICLO pMDI formulations. The amount 

of DICLO particles smaller than 5 µm (known as the fine particle dose, FPD) was found to be 

statistically similar (Table 4) suggesting that similar amounts of DICLO particles would be 

able to reach the lower regions of the lung, regardless of formulation composition. However, 

when FPD was expressed as a percentage of the delivered dose defined as the fine particle 

fraction (FPF), the Low dose pMDI DICLO formulation showed a significantly higher FPF 

(FPF = 23.1 ± 1.8%, Table 4) when compared to the High dose pMDI formulation (FPF= 7.1 

± 0.4%; p < 0.001; unpaired Student’s T-test; Table 4). Although FPF of High dose pMDI 

formulation is low considering the current standard of inhalation devices, FPF of Low dose 

DICLO pMDI can be correlated with the FPF values of commercially available inhalation 

products such as Aerobid, Atrovent and Ventolin as cited in recent studies [44, 45]. 
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Importantly, the significant increase in FPF displayed by the Low dose DICLO formulation 

suggests that a greater percentage of DICLO delivered per dose will penetrate the lower 

airways and will reduce wastage of drug as same amount of FPD was delivered. The significant 

differences in FPF may be attributed to the lower ethanol concentration of the Low dose 

formulation, as lower ethanol concentration leads to faster evaporation, resulting in the 

generation of homogeneously distributed, smaller particles [38, 40, 42, 43] that will allow 

greater airway deposition of DICLO particles per dose. 

To further characterize the aerodynamic properties of the DICLO particles, the mass median 

aerodynamic diameter (MMAD) and geometric standard deviation (GSD) was next 

determined. MMAD denotes the median aerodynamic particle diameter where particles with 

an aerodynamic diameter of 2.5 to 5 μm have the highest probability of depositing in the lung 

region with smaller particles having a greater probability of penetrating the deep lungs [16, 

21]. A significant difference in MMAD values was observed between the two pMDI 

formulations (p < 0.05, unpaired Student’s T-test, Table 4), the Low dose DICLO formulation 

displayed a smaller aerodynamic particle diameter of 2.43 ± 0.1 µm, highlighting the deep lung 

penetrative potential of this formulation. Further to this, the GSD factor refers to the 

homogeneity or heterogeneity of particle diameter per shot of a given formulation, with a larger 

GSD factor indicating greater heterogeneity. The Low dose DICLO formulation produced a 

significantly smaller GSD factor when compared to the High dose DICLO formulation (Table 

4), further highlighting the particle size homogeneity of the Low dose DICLO formulation. 

Taken together, the DICLO deposition profile (Figure 4) coupled with aerodynamic parameters 

data (Table 4) suggests that the Low dose DICLO formulation may be the optimal formulation 

for inhaled delivery of DICLO to the lower respiratory tract with minimal amounts of DICLO 

lost in the upper respiratory tract. 
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3.7 Low dose DICLO pMDI formulation exhibits anti-inflammatory activity 

Given that the in vitro aerosol performance of Low dose DICLO pMDI formulation was 

superior to the High dose DICLO formulation, DICLO transport and anti-inflammatory activity 

of the Low dose DICLO pMDI formulation were next studied. The transport study was 

performed following aerosol deposition of the pMDI formulation on the apical surface of NuLi-

1 (healthy) and CuFi-1 (CF) ALI cultures. The cumulative mass of DICLO transported across 

the NuLi-1 and CuFi-1 ALI cultures was shown to increase over time (Figure 5A). No 

significant difference was observed between the NuLi-1 (11.1 ± 1.8 µg) and CuFi-1 (9.8 ± 2.8 

µg) ALI cultures (Figure 5A). Approximately 46% of delivered DICLO (representing the total 

amount of aerosolized DICLO deposited on the apical layer of ALI culture: NuLi-1: 23.9 ± 3.4 

µg; CuFi-1: 21.1 ± 3.1 µg) was transported across the ALI cultures (shown as Transported, 

Figure 5B) with no significant differences observed when compared to percentage of delivered 

DICLO transported for DICLO solution (Figure 2D). Additionally, a negligible amount of 

DICLO was present inside the NuLi-1 and CuFi-1 ALI cultures (shown as Cellular, Figure 5B), 

correlating with the simulated inhaled delivery of DICLO (Figure 2D), indicating the 

possibility of DICLO transport via tight junctions (paracellular transport). As a result, tight 

junction integrity was next assessed to determine if aerosol deposition and subsequent transport 

of DICLO particles altered the epithelial integrity of the ALI cultures. No significant difference 

in TEER of the NuLi-1 and CuFi-1 ALI cultures before or after DICLO transport was observed 

(Figure 5C), confirming that aerosol deposition, localised concentrations and DICLO transport 

did not influence the tight junction integrity of the ALI cultures. 

The anti-inflammatory activity of the aerosolized pMDI DICLO formulation was next assessed 

to evaluate changes in the production of the pro-inflammatory cytokines, IL-6 and IL-8, in 

LPS-stimulated NuLi-1 and CuFi-1 ALI cultures. Aerosolized DICLO particles significantly 

reduced the secretion of IL-6 and IL-8 in LPS-stimulated NuLi-1 cells when compared to 
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control (IL-6 and IL-8: p < 0.01 respectively, unpaired Student’s T-test. Figure 5D), suggesting 

that aerosolized DICLO retains the anti-inflammatory activity observed previously (Figure 3A-

B). Furthermore, DICLO particles resulted in a significant decrease in IL-6 production in LPS-

stimulated CuFi-1 cells when compared to control (p < 0.01; unpaired Student’s T-test, Figure 

5E), highlighting the anti-inflammatory activity of an aerosolized DICLO formulation in a CF 

model. To attain the desired clinical outcome in CF patients, DICLO should be transported 

across the epithelium and enter the cells to elicit an anti-inflammatory effect.  Our study showed 

that the DICLO aerosol was efficiently transported across the epithelium and the inhaled route 

showed more DICLO inside the cells in comparison to the oral route (Figure 2D-E) with the 

Low dose pMDI showing a greater percentage of intracellular DICLO (shown as Cellular, 

Figure 5B) when compared to DICLO solution (Figure 2D). Importantly, our findings suggest 

that an inhalable form of low dose DICLO is a conceivable anti-inflammatory alternative 

treatment option for CF patients.  

4. CONCLUSION 

 

The data presented in this study has explored the potential of aerosolized DICLO to be used as 

an inhaled anti-inflammatory drug for CF treatment. As anti-inflammatory options for CF 

treatment are currently limited, repurposing DICLO as an inhaled anti-inflammatory therapy is 

a promising alternative to orally delivered ibuprofen and azithromycin. The targeted delivery 

of inhaled DICLO increases the bioavailability of active drug at low doses, thus reducing 

systemic toxic effects. Consequently, a low dose DICLO pMDI formulation with 150 µg/dose 

was developed for inhaled delivery that displayed superior aerosol performance in comparison 

to the high dose DICLO pMDI formulation. As aerosolized DICLO particles demonstrated 

anti-inflammatory activity similar to oral delivery, there lies the possibility that additional anti-

inflammatory drugs belonging to the NSAIDs class (such as ibuprofen, indomethacin) could 
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be developed as inhalation formulations. Importantly, our findings showed the anti-

inflammatory activity of low dose DICLO pMDI formulation in both healthy and CF in vitro 

models, suggesting that the transport and anti-inflammatory activity of aerosolized DICLO is 

not dependent on pathophysiology, but is conserved among both healthy and diseased epithelia. 

A limitation is that our in vitro model only represents the bronchial epithelium and therefore 

does not take into the account the immune responses that takes place in the alveolar region. As 

immune responses (e.g. from alveolar macrophages) may affect the safety of inhaled 

diclofenac, therefore the influence of alveolar macrophages on the anti-inflammatory activity 

of the Low dose DICLO pMDI should be further explored in an in vitro model representing the 

alveolar region of the lungs to optimise the Low dose DICLO inhaled formulation. 

Furthermore, these data suggest that the low dose DICLO pMDI formulation can be used not 

only to treat CF inflammation but for other inflammatory-mediated lung diseases. To further 

correlate these in vitro findings, preclinical models should be used to further determine the 

therapeutic efficacy of the low dose pMDI DICLO formulation as a novel inhaled anti-

inflammatory alternative for CF treatment.   
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FIGURE LEGENDS 

 

Figure 1. Air-liquid interface (ALI) culture model of NuLi-1 (healthy) and CuFi-1 (CF) cell 

lines. A. Transepithelial electrical resistance measurements (TEER) and B. Apparent 

permeability (Papp) of sodium fluorescein (Flu-Na) across NuLi-1 (white bar) and CuFi-1 

(black bar) air-liquid interface cultures. Pro-inflammatory cytokine expression following PAO 

LPS stimulation (10 µg/mL) for 48 h and 72 h C. IL-6 and D. IL-8 expression in NuLi-1 cells 

and E. IL-6 and F. IL-8 expression in CuFi-1 cells. All data is normalised to respective 

unstimulated cultures (control). Data represents mean ± SEM; n = 3; * p < 0.05, ** p < 0.01; 

unpaired T-test, two-way ANOVA with Tukeys multiple comparison post-test.  
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Figure 2. Simulated inhaled (apical-basolateral) and simulated oral (basolateral-apical) 

transport of DICLO solution across NuLi-1 and CuFi-1 air-liquid interface (ALI) cultures. 

Cumulative mass of DICLO transported across NuLi-1 (white circles) and CuFi-1 (black 

circles) ALI cultures in either the A simulated inhaled or B simulated oral delivery. C Papp 

comparison of DICLO solution between simulated inhaled and simulated oral transport across 

NuLi-1 (white bars) and CuFi-1 (black bars) ALI cultures. Percentage of total DICLO mass 

present either inside the cells (Cellular), transported (Transported) or remained at the chamber 

where DICLO was added (Remainder) at conclusion of the 4 h transport study for both the D 

simulated inhaled and E simulated oral delivery. Data represents mean ± SEM; n = 3; **** p 

< 0.0001; Two-way ANOVA with Tukeys multiple comparison post-test.  

Figure 3. Anti-inflammatory activity of 30 µg/mL DICLO in LPS PAO (10 µg/mL) stimulated 

NuLi-1 (white) and CuFi-1 (black) ALI cultures. Pro-inflammatory cytokine expression A. IL-

6 and B. IL-8 expression in NuLi-1 cells following treatment with DICLO. C. IL-6 expression 

following DICLO in CuFi-1 cells. D TEER measurements of NuLi-1 and CuFi-1 cells post 

DICLO treatment. Pro-inflammatory cytokines (IL-6 and IL-8) expression data is normalised 

to respective LPS stimulated cells (control). Data represents mean ± SEM; n = 3; * p < 0.05, 

unpaired Student’s T-test. 

Figure 4. DICLO mass deposition in a simulated respiratory tract (Next Generation Impactor 

(NGI)) of the two DICLO pMDI formulations: Low dose (white bars) and High dose (black 

bars) pMDI DICLO formulations were delivered at 30 L/min to simulate inhalation and DICLO 

deposition determined throughout the mouthpiece, throat, NGI stages 1-7 and micro-orifice 

collector (MOC). Data represents mean ± SEM; n = 3; *** p < 0.001, **** p < 0.0001; Two-

way ANOVA with Tukeys multiple comparison post-test. 

Figure 5. Low dose DICLO pMDI formulation reduces production of pro-inflammatory 

cytokines in NuLi-1 and CuFi-1 air-liquid interface (ALI) cultures. A. Cumulative mass 

transport of aerosolized DICLO formulation across NuLi-1 (white circles) CuFi-1 (black 

circles) ALI cell cultures. B. Percentage of DICLO mass present either inside the cells 

(Cellular), transported (Transported) or remained (Remainder) at conclusion of the 4 h 

transport study expressed as a percentage of total aerosolized DICLO mass deposited on the 

ALI cultures (shown as % of Delivered DICLO) C. TEER measurements of untreated NuLi-1 

and CuFi-1 cells (control) and pMDI treated culture, Pro-inflammatory cytokine expression D 

IL-6 and IL-8 expression in NuLi-1 and E IL-6 expression in CuFi-1 following pMDI DICLO 

treatment (pMDI) compared to LPS stimulated control. Data represents mean ± SEM; n = 3; 

** p < 0.01, **** p < 0.0001; T-test or two-way ANOVA with Tukeys multiple comparison 

post-test. Pro-inflammatory cytokines (IL-6 and IL-8) expression data is normalised to 

respective LPS stimulated cells (control). 
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TABLES LIST 

Table 1. Composition of the two pMDI DICLO formulations (Low Dose and High Dose pMDI 

formulations) with different ethanol concentrations: 5% and 15% (w/w). All concentrations are 

based on generating a 10 g formulation. ☨ Volume corresponds to weight of the DICLO/ethanol 

solution required to achieve the 5% (w/w) and 15% (w/w) solutions. ☨☨Dose refers to amount 

of DICLO generated per shot from the pMDI DICLO canister with each shot delivering 50 µL 

volume. 

Table 2. Delivered dose of DICLO pMDI formulations (Low dose and High dose pMDI 

formulations) following the indicated number of shots. Data represents mean ± SEM; n = 3; 

**** p < 0.0001; unpaired Student’s T-test. 

Table 3. Particle Size Distribution of DICLO pMDI Formulations (Low dose and High dose 

pMDI formulations) by laser diffraction using the Spraytec (Malvern) instrument following 

D10 , D50 , D90 values representing particle size of 10%, 50% and 90% of the particles within 

each formulation. Data represents mean ± SEM; n = 3; ** p < 0.01; unpaired Student’s T-test  

Table 4: Aerodynamic parameters of DICLO pMDI formulations (Low dose and High dose 

pMDI formulations) using Next Generation Impactor (NGI) (Copley Instruments Ltd) 

following European Pharmacopoeia specifications (Ph. Eur. 8th Edition). Data represents mean 

± SEM; n = 3; ns not significant, * p < 0.05, *** p < 0.001 **** p < 0.0001; unpaired Student’s 

T-test 

 

 

 

 

 

 



Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

*Conflict of Interest



Manuscript Number: IJP-D-20-03191   

 

Credit Author Statement 

Zara Sheikh: Conceptualization, Methodology, Investigation, Data Curation and Formal 

Analysis, Writing – Original draft and Review and Editing of revised draft, Visualization. 

Larissa Gomes Dos Reis: Methodology, Visualization, Review and Editing of the original 

draft 

Peta Bradbury: Visualization, Review and Editing of the original draft 

Giulio Meneguzzo: Visualization and Formal Analysis 

Santo Scalia: Conceptualization, Methodology 

Paul M Young: Conceptualization, Resources 

Hui Xin Ong: Conceptualization, Methodology, Validation, Review and Editing the original 

and revised draft, Resources, Supervision  

Daniela Traini: Conceptualization, Methodology, Validation, Review and Editing the original 

and revised draft, Resources, Supervision  

 

Credit Author Statement



Table 1. Composition of the two pMDI DICLO formulations (Low Dose and High Dose pMDI formulations) with different ethanol 

concentrations: 5% and 15% (w/w). All concentrations are based on generating a 10 g formulation. ☨ Volume corresponds to weight 

of the DICLO/ethanol solution required to achieve the 5% (w/w) and 15% (w/w) solutions. ☨☨Dose refers to amount of DICLO 

generated per shot from the pMDI DICLO canister with each shot delivering 50 µL volume 

 

  
Low Dose formulation   

(5% Ethanol (w/w) pMDI) 
High Dose formulation 

(15% Ethanol (w/w) pMDI) 

pMDI Formulation  
Composition 

40 mg/mL DICLO/ethanol (mL, (g)) 
☨
 0.63 (0.5) 1.90 (1.5) 

HFA 134a (mL, (g)) 7.85 (9.5) 7.02 (8.5)  

Total Volume (mL, (g)) 8.48 (10) 8.93 (10) 

Theoretical DICLO 
Concentrations in each 

pMDI Formulation  

DICLO concentration per canister (µg/µL) 2.99 8.52 

DICLO µg/dose 
☨☨

 (50 µL spray)  150 430 

 

 

 

Table(s)



Table 2. Delivered dose of DICLO pMDI formulations (Low dose and High dose pMDI formulations) following the indicated number 

of shots. Data represents mean ± SEM; n = 3; **** p < 0.0001; unpaired Students T-test 

 

 

  Low Dose pMDI High Dose pMDI Statistical Analysis 

Total Dose Delivered per shot (TD, µg) 156.3 ± 8.4 436 ± 14.2 **** 

Delivered Dose per shot (DD, µg) 127.7 ± 8.2 373.3 ± 12.6 **** 

 

 

 

 

 

 

 



Table 3. Particle Size Distribution of DICLO pMDI Formulations (Low dose and High dose pMDI formulations) by laser diffraction 

using the Spraytec (Malvern) instrument following D10 , D50 , D90 values representing particle size of 10%, 50% and 90% of the particles 

within each formulation. Data represents mean ± SEM; n = 3; ** p < 0.01; unpaired Students T-test  

 

Diameter (µm) Low Dose pMDI High Dose pMDI Statistical Analysis 

D
10

 1.2 ± 0.0 1.5 ± 0.0 ** 

D
50

 3.2 ± 0.1 5.1 ± 0.2 ** 

D
90

 8.8 ± 0.5 14.3 ± 0.5 ** 

 

 

 

 

 

 



Table 4: Aerodynamic parameters of DICLO pMDI formulations (Low dose and High dose pMDI formulations) using Next Generation 

Impactor (NGI) (Copley Instruments Ltd) following European Pharmacopoeia specifications (Ph. Eur. 8th Edition). Data represents 

mean ± SEM; n = 3; ns not significant, * p < 0.05, *** p < 0.001 **** p < 0.0001; unpaired Students T-test 

 

  
Low Dose 

pMDI 

High Dose 

pMDI 

Statistical 

Analysis 

Delivered dose per shot (DD, µg) 121.8 ± 7.2 405.04 ± 0.5 **** 

Fine particle dose per shot (FPD, µg) 28.1 ± 3.9 28.6 ± 1.7 ns 

Fine particle fraction per shot (FPF, %) 23.1 ± 1.8 7.1 ± 0.4 *** 

Mass median aerodynamic diameter per shot (MMAD, µm) 2.43 ± 0.1 4.94 ± 1.1 * 

Geometric Standard Deviation (GSD) 3.41 ± 0.1 5.02 ± 0.0 **** 
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