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Summary 

Background: The prediction of pulmonary exposure after inhalation of a drug is one of the key objectives for the 
success of a novel inhalable drug candidate. This study focuses on the determination of an apparent solubility (Sapp) 
value that may be used to study the impact of solubility on the drug candidate lung mean retention time (MRT) in 
order to support lead candidate selection. Methods: An in vitro solubility test in simulated lung fluid (SLF) was 
developed to measure Sapp. The Sapp value was determined by the diffusion of the dissolved amount from a drug-
saturated solution through a membrane, which provides the separation between the donor and the receiver 
(sampling) compartments. In order to evaluate the validity of the test, different compounds with poor water solubility 
and different solid state were tested. Results: The test can provide different values of Sapp for the same compound, 
based on the different solid states of the powder. The values correlated well with the in vivo lung mean residence 
time (MRT) after intra-tracheal administration in rats. Conclusion: The Sapp value seems promising in predicting 
the impact of solubility on drug candidate lung MRT in the drug discovery phase. 

Key Message 

We developed an in vitro solubility test that provides a value of apparent solubility. This value correlated well with 
the lung mean residence time and, therefore, may be useful in predicting lung retention of inhaled compounds. 

Introduction 

Interest in the inhalation of drugs is increasing, but the knowledge about the involved processes and all the variables 
to be considered for the prediction of drug pharmacokinetics is still incomplete.The prediction of pulmonary 
exposure after inhalation of a drug is one of the key objectives for the success of a novel inhalable drug. One of the 
most difficult parameters to set up consists of the determination of the solubility of drug particles in the lung, 
especially for poorly soluble compounds. The aim of this study was to find a Sapp value that may be used to study 
the impact of solubility on drug candidate lung retention. This could play an important role in the prediction of 
pulmonary exposure of drugs. 

Materials and methods 

Materials 

Slide-A-Lyzer™ G2 Dialysis Cassettes, 10K MWCO, 15 mL (Fisher Scientific Italia, Milan, Italy) was used as 
cassette membrane. The natural porcine surfactant Curosurf® (Chiesi Farmaceutici S.p.A., Parma, Italy) was used 
as surfactant in simulated lung fluid (SLF). Saline buffer was purchased from Eurospital (Trieste, Italy). The reagents 
for the samples preparation, the mannitol and the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were 
purchased from Sigma-Aldrich (Milan, Italy). The filter vials 0.2µm PTFE were purchased from Thomson (Restek 
Italia, Milan, Italy). All the solvents used for the LC-MS/MS bioanalysis, suitable for UHPLC instrument, were 
HiPerSolv CHROMANORM® from VWR International Srl (Milan, Italy).  

Preparation of simulated lung fluid (SLF) 

The PBS tablets were dissolved in Milli-Q water to obtain a final concentration of 10mM and the pH was adjusted 
to 6.9 by adding few drops of 1M HCl. Curosurf®  was added to obtain final concentration of 0.02% w/v (namely 
2.5 mL of Curosurf® 80 mg/mL suspension to 1L PBS).  

Experimental setting 

The experimental setting consists of a glass container filled with 300 mL of SLF at 37 °C under slow stirring. The 
cassette with the membrane was put into the container for about 5 min to hydrate the membrane; then 10mL of test 
compound SLF solution at 5 μg/mL (diffusion with solution) or 5 mg of test compound powder (diffusion with powder) 
were added to 10 mL of SLF into the inner compartment. The cassette was closed and put again into the glass 
container, as shown in Figure 1.  
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Figure 1 – Experimental setting: the cassette was put into a glass container filled with SLF for 5 min to hydrate the 
membrane (a), the cassette was removed from buffer (b), the test compound solution was added into the inner 
compartment (c), the cassette was closed and immersed again into the glass container (d). 

Aliquots for analysis were withdrawn from the outside compartment before the immersion of the cassette and a 
series of time points up to 2h after the immersion.  

Sample preparation and analysis 

The sample preparation was performed by precipitation with acetonitrile using filter vials and analysed by LC-
MS/MS system (Agilent 1290 UHPLC system, Triple Quad 6500, AB Sciex S.r.l., Milan, Italy). Analyte quantitation 
was performed by applying the internal standard method. The area ratios between the analyte peak area and the 
internal standard peak area were used for the calculations. A calibration curve of at least 6 standard and 2 quality 
control samples for each 3 different concentration levels were used in each analytical session.  

Calculations 

The test consisted on the measurement of the diffusion of the dissolved drug through a membrane, which provided 
the separation between the donor and receiver (sampling) compartment, avoiding any issues due to separation of 
the solution from the undissolved powder and the biological matrix of the test, which was SLF at pH 6.9[1]. 

The rate of diffusion depends on the permeability across the membrane and the concentration gradient. The 
relationship that guides the diffusion rate under sink conditions is: 

𝑃 ∗ 𝐶 = 𝐾𝑑𝑖𝑓𝑓. 

where P is permeability and C the concentration in the donor compartment. 

The diffusion rate (Kdiff) is represented by the slope of the linear portion of the curve, resulting from the plot of the 
concentration found in the receiver compartment versus time, after the diffusion with solution. 

The same process is involved when the drug powder, instead of a solution, is tested in the same condition. The 
dissolved compound generates a concentration in the donor compartment, that is, Sapp, which drives the diffusion 
in the receiving compartment.  

The occurrence of a linear increase of the drug amount in the receiver compartment supports the hypothesis that a 
constant Sapp is obtained in the donor compartment.  

The relationship that described this process is: 

𝑃 =  
𝐾𝑑𝑖𝑓𝑓_𝑠𝑜𝑙

𝐶 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
 = 

𝑘 𝑑𝑖𝑓𝑓_𝑝𝑜𝑤𝑑𝑒𝑟

𝐶 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 (Sapp)
 

Where kdiff_sol is the rate of diffusion measured when a solution of the drug is placed in the donor compartment, 
Cdiffusion is the concentration of the solution and kdiff_powder is the rate of diffusion measured when the drug powder is 
placed in the donor compartment. 

 

Therefore: 

𝐶 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 (Sapp) = 
𝑘 𝑑𝑖𝑓𝑓_𝑝𝑜𝑤𝑑𝑒𝑟 ∗ 𝐶 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝐾𝑑𝑖𝑓𝑓_𝑠𝑜𝑙
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Results 

In order to support the validity of the test, the following aspects were investigated: 

1. The permeability is constant in the concentrations that include the Sapp for each powder tested.  

Three diffusion experiments were performed with Compound 1, using solutions at different concentrations 
in the donor compartment. The rate of diffusion was proportional with the concentration, which indicates 
the constancy of the permeability, as shown in Figure 2. 

 

Figure 2 - Three diffusion experiments with three different concentrations of the solution in the donor compartment were 
performed; the rate of diffusion resulted proportional with the concentration. 

2. The system was at sink conditions. 

The concentration in the receiving compartment was always <10% of the donor one for the whole 
experiment. 

3. The Sapp is the same when different amounts of powder are put in the donor compartment. 

The same value of Sapp was obtained for Compound 2 when two different experiments were performed 
using 1 mg and 5 mg of powder, as described in Table 1. 

Table 1 - The Sapp of Compound 2 was obtained using two different amounts of powder, resulting the same value of 
rate of diffusion and Sapp. 

Compound 2  
Kdiff_powder  

(ng/min) 
Sapp (ug/mL) 

1 mg 33.2 (n = 2) 1.86 

5 mg 34.6 ± 5.63 (n = 3) 1.94 ± 0.32 

 

4. The test provides reproducible values of Sapp when determinations are made in different days: 

The Sapp of the anhydrous form of Compound 3 was calculated on three different days: the values obtained, 
the mean value and the SD are shown in Table 2. 

Table 2 - The Sapp of Compound 3 resulted reproducible on experiments conducted on different days. 

Compound 3  Day Sapp (µg/mL) 

Anhydrous form Day 1 48.1 

Anhydrous form Day 2 47.4 

Anhydrous form Day 3 49.2 

Mean 48.2 

SD 0.907 

%CV 1.88 
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5. The test provides different values of Sapp for the same compound, based on the different solid states or 
formulation of the powder considered. 

The Sapp of Compound 4 was calculated for its crystalline form, its amorphous form and for a spray-dried 
formulation with mannitol and DPPC (Compound 4:mannitol:DPPC 35:62:3 w/w)[2, 3]  

The resulted values of Sapp were 2.56, 14.3 and 54.1 ug/mL for the crystalline form, the amorphous form 
and the formulation, respectively. 

Discussion 

The test was performed in a concentrations range assuring constant permeability through the membrane. The 
system was in sink conditions and the Sapp value did not change when different amounts of powder were used. 
Moreover, the test provided different values of Sapp for the same compound, based on the different solid states or 
formulation of the powder considered. 

A preliminary evaluation of the utility of the Sapp values obtained from this test was conducted by comparing the 
values with the lung MRT obtained after intra-tracheal administration in rats[3]. The different characteristics of the 
three different formulations of Compound 4 affected the lung retention after inhalation and the Figure 3 strongly 
suggest a trend of correlation between the values of Sapp and the value of lung MRT. Further investigations will be 
performed to confirm this correlation. 

 

Figure 3 – Correlation between the values of Sapp in SLF and the lung MRT found after intra-tracheal administration of 
Compound 4. 

Conclusion 

The test described in this study can provide different values of Sapp for the same compound, based on different solid 
states/formulations. The good correlation obtained with the lung MRT determined in vivo in rats suggests that the 
Sapp could be used in a rat lung PBPK model to predict the lung disposition of low soluble inhaled drugs. 
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