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Summary 

This study evaluated the effect of using different bio-relevant formulations as the dissolution medium in the 
DissolvIt

®
 system. The fluids investigated were polyethylene oxide with lipids (PEO), Survanta

®
 and an in-house 

developed simulated lung lining fluid (sLLF). A Flixotide 50 µg Evohaler
®
 was used to generate an aerosol, which 

was deposited on cover slips using PreciseInhale
®
. The fluticasone propionate (FP) particles dissolved into the 

bio-relevant medium and drug was transferred into a flow-though perfusate within the DissolvIt
 
system.  FP as 

quantified by LC-MS/MS following solid phase extraction (SPE) of the samples. Excellent linearity (R
2
 = 0.999) 

was observed. The inter-day and intra-day precision data complied with the validation guidance for bioanalytical 
methodologies. Differences in FP concentration in the perfusate when using PEO and sLLF were observed at 20 
min; 0.29 ± 0.09 and 0.12 ± 0.02 %/mL respectively (p≤0.05). The FP concentration in the perfusate was similar 
when using PEO and Survanta. It was concluded that the LC-MS/MS assay was validated successfully and 
provides a sensitive method to quantify FP in dissolution studies. The hypothesis that dissolution of FP in the 
perfusate would be enhanced in sLLF was not supported by this study.  These findings may be attributable to FP 
residing preferentially in lipid structures in sLLF, limiting FP availability for transfer into the perfusate. Further 
studies are required to assess whether using a more bio-relevant media provides a more predictive measure of 
inhaled particle dissolution. 

Introduction 

In vitro dissolution testing is well established for solid oral dosage forms, both for quality control (QC) purposes 

and to seek in vitro to in vivo correlation (IVIVC) for drug pharmacokinetics 
[1,2]

. As with solid oral dosage forms, 

the therapeutic effect of an inhaled particulate aerosol is only realised after its dissolution, thus investigating the 

dissolution of orally inhaled products (OIPs) as a potential determinant of drug bioavailability is currently attracting 

interest 
[3-6]

. In order to develop IVIVC, a simple in vitro system should reproduce the critical features of the 

complex in vivo environment in which drug solubilises. Of the various methods for in vitro dissolution developed 

for OIPs, most systems tend to require large volumes of dissolution medium. Consequently, in dissolution studies 

to date, the media have been simple aqueous fluids, sometimes with the addition of various surfactants 
[7]

. 

Therefore, the development of a physiologically representative methodology including a bio-relevant medium is 

required to address the current unmet need for a system that is more characteristic of the in vivo environment. 

The DissolvIt
®
 system from Inhalation Sciences was developed as an in vitro dissolution tool for OIPs that utilises 

a low volume of dissolution medium and simultaneously allows particle disintegration to be studied visually while 

drug dissolution is quantified chemically in a dynamic flow-past model 
[8]

. It has been used to characterise the 

dissolution of fluticasone propionate (FP), generating profiles which closely resemble those of FP in the rat 

isolated perfused lung 
[9]

.  

FP is a poorly soluble inhaled drug 
[10]

 and represents a challenge in dissolution tests since it is difficult to 

maintain sink conditions and it is not easy to assay FP in low concentrations. In order to quantify sub-microgram 

concentrations, a highly sensitive assay is required with an efficient extraction method 
[11, 12]

. Therefore, the aim of 

the present study was to validate a new rapid and sensitive LC-MS/MS method to quantify FP in samples from an 

investigation into the use of bio-relevant media in the DissolvIt system.  The effect of dissolution medium on FP 

aerosol particle dissolution was investigated using three different media: (i) 1.5% polyethylene oxide including 

0.4% L-alphaphosphatidyl choline, (ii) Survanta
®
, and (iii) an in-house developed simulated lung lining fluid (sLLF) 

[13]
, synthesised based on accurate measurements of human lung fluid composition. 

Materials 

Flixotide 50 µg Evohalers were obtained from GSK. Polyethylene oxide and L-alphaphosphatidyl choline required 

for preparation of PEO solvent, and all components necessary for the preparation of sLLF were provided by 

Sigma-Aldrich Company Limited (Dorset, UK). Survanta was obtained from Abbvie Ltd (Berkshire,UK). All 

chemicals and equipment necessary for the dissolution experiments were provided by Inhalation Sciences 

(Stockholm, Sweden). Chemicals required for SPE validation included micronized FP (USP grade, purity 98%), 

supplied by LGM Pharma Inc (Boca Raton, USA), FP-d5 (USP grade, purity 97%) supplied by Insight 

Biotechnology Limited (Wembley, UK) and rabbit serum, purchased from Sigma-Aldrich Company Limited 

(Dorset, UK). The chemicals needed for solid phase extraction were zinc sulphate powder, supplied by VWR 
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International Limited (Lutterworth, UK) and HPLC-gradient grade acetonitrile, 35% v/v ammonium hydroxide 

solution and Analytical-Reagent grade dichloromethane, all purchased form Fischer Chemical (Loughborough, 

UK).  

 

Experimental methods 

 

Validation of the LC-MS/MS assay  

Primary stock solutions of FP and FP-d5 (internal standard) were prepared, 100 µg/mL in acetonitrile, and stored 

at 20°C. A 1 µg/mL FP working solution was prepared and calibration standards (156, 313, 625, 1250, 2500, 5000 

and 10,000 pg/mL) were prepared by serial dilution of the working solution with acetonitrile. Method validation 

was conducted in terms of linearity, intra-day and inter-day precision (%CV), accuracy, limit of detection (LOD) 

and limit of quantification (LOQ), based on FDA guidance 
[11]

. 

 

Deposition and dissolution of FP aerosol in the DissolvIt
®
 system 

The Flixotide pMDI canister was connected to the US Pharmacopeia Induction Port No 1 (standardised simulation 

of the throat) of the PreciseInhale® aerosol system (Figure 1). The inhaler was dosed by 16 actuations (90 s 

exposure time) into an air flow of 15 L/min. The aerosol particles were deposited on 9 circular microscope glass 

cover slips (13 mm in diameter) placed in the bottom of the glass coating holding chamber, as described by Borjel 

et al 
[8, 9]

. The biorelevant medium for dissolution, 5.7 µL, was applied to one side of the polycarbonate membrane 

of a single-use DissolvIt
®
 cell. The simulant, together with the polycarbonate membrane provide a diffusion barrier 

(Figure 1). On the other side of the membrane, the perfusate (consisting of phosphate buffer with 4% albumin) 

was streamed past at a flow rate of 0.4 mL/min. Particle disintegration was studied from the ‘luminal’ side using 

optical microscopy and from the ‘vascular’ side by chemical analysis of FP dissolved in the flow-past perfusion 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

Figure 1 - A schematic diagram of the PreciseInhale
®
 and 

DissolvIt
®
 

 

FP quantification 

Samples were prepared for analysis using SPE. Briefly, 325 µL of sample was loaded into a deep-well plate 

followed by 50 µL of working internal standard solution (FP-d5), 300 µL of 0.1 M zinc sulphate and 75 µL of 10% 

ammonium hydroxide then mixed using an orbital shaker for 30 min. The samples were centrifuged at 3700 rpm 

and transferred to a pre-conditioned Evolute
®
 Express SPE 96-well plate (Biotage, Sweden) and washed using 

200 µL of water, then 200 µL of 25% v/v methanol in water. The analytes were eluted twice with 200 µL of pure 

acetonitrile followed by 100 µL dichloromethane and vacuum centrifuged to dryness. Samples were reconstituted 

with 30 µL of 55% v/v acetonitrile in water and injected into the LC-MS/MS system. Chromatographic separations 

were carried out on a 100A Acquity BEH (2.1 x 50 mm) analytical HPLC column, packed with 1.7 µm C-18 

(Waters, Eltree, UK). 

 

Data analysis 

Peak integration was performed using MassLynx 4.1 computer software. The relationship between peak area 

ratio (y) and analyte concentration (x, pg/mL) was calculated using the LINEST function in Microsoft Excel. Data 

was expressed as the mean ± standard deviation (SD) of replicate determinations, where n ≥ 3. For the FP 

dissolution, the %FP in the perfusate was expressed as a percent of the amount deposited on the glass slide. 

One-Way ANOVA was applied to the data, using the IBM SPSS version 22 software and statistically significant 

when p ≤ 0.05. 
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Results 

 

Excellent linearity between the mean peak area ratio of FP/FP-d5 and the concentration of FP in the samples was 

observed (R
2 

value = 0.999). The inter-day and intra-day precision data complied with the validation guidance, 

with all CV being < 20%, except for 156 pg/mL and 313 pg/mL. The accuracy data for all FP standard 

concentrations passed the accepted criteria of 85-115% (Figure 2). The LOD and LOQ were 106 pg/mL and 312 

pg/mL, respectively. FP concentration in the perfusate was highest at all time points when FP dissolved in PEO 

and lowest in sLLF (Figure 3a). The FP concentration profile in perfusate was very similar between PEO and 

Survanta, both reaching a Cmax at 20 min. Differences in the FP concentration values in all three lung fluids at 

most time points however, were not statistically significant (One-Way ANOVA, p<0.05), except the difference in 

FP concentration in PEO and sLLF at 20 min. The cumulative percent of FP transferred into the perfusate over 

time is shown in Figure 3b, with similar profiles in each medium reflecting the ranking observed in the perfusate 

concentrations.  

 

 
 
 
 
 
 
Figure 2 - Validation of the solid phase 
extraction and LC-MS/MS assay of 
fluticasone propionate (FP): a) Linearity 
of the mean peak area ratio vs 
concentration; b) FP concentration, 
precision and accuracy. Data expressed 
as mean ± SD (n=9). 
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b) 
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Figure 3 - Dissolution of FP. a) Concentration 
of FP in the perfusate over time following 
dissolution in PEO, sLLF and Survanta

®
 

normalised to mass deposited on glass cover 
slips. **Difference in FP concentration in PEO 
and sLLF is statistically significant (One-Way 
ANOVA, p<0.05). b) Cumulative % of FP 
transferred into the perfusate over time, 
following its dissolution in PEO, sLLF and 
Survanta

®
. Data expressed as mean ± SD 

(n=3). 

 

 

Discussion 

SPE offers an improved extraction method over liquid phase extraction since it is less time-consuming and 

requires minimal sample preparation and solvent use 
[12]

. The published methods for FP analysis are difficult to 

replicate with adequate reproducibility and sensitivity, hence this study developed and validated a new SPE, LC-

MS/MS quantification assay for FP. The 156 pg/mL FP standard fell outside the accepted CV (<20%), which was 

attributed to the concentration being close to the LOD (106 pg/mL). However, the FP concentrations in the 

dissolution experiments fell within the upper range of the assay, which was fit for purpose.  

The PEO medium used as standard in the DissolvIt
®
 system possessed a lipid content  of 4 mg/mL, which was 

lower than the lipid content in sLLF, 5.4 mg/mL. Thus, it was hypothesised that dissolution of FP in sLLF would be 

enhanced as the greater lipid content may facilitate drug solubilisation. However, the results showed less FP 

transfer to the perfusate when SLLF was used compared to PEO, and it is speculated that FP may preferentially 

reside or become trapped within lipid/lamellar structures in sLLF. sLLF contains cholesterol, unlike other lung fluid 

simulants, and studies have shown that cholesterol can form tight nanodomain complexes with DPPC, stabilising 

the DPPC in lipid structures such that once the FP is solubilised within, it is less likely to leave such structures 
[14]

. 

Conclusion 

A SPE / LC-MS/MS assay for FP was established successfully and able to quantify low concentrations (pg/mL) of 
the FP in lung fluids. The hypothesis that the dissolution and transfer of FP in the perfusate would be enhanced 
by using sLLF was not supported by this study. FP may reside preferably in the lipid structures, limiting the 
transfer into the perfusate. Limited differences in perfusate FP concentration and the overall dissolution profiles 
were observed, although the difference in Cmax at 20 min was significant for PEO vs sLLF. Further studies are 
required to evaluate more fully the impact of the medium composition on dissolution profile and whether more bio-
relevant media can provide data more predictive of inhaled particle dissolution. 

  

** 

a) 

b) 
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