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Summary 

The purpose of this study was to characterise a simulated lung lining fluid (SLF) and develop a quality specification 
for the simulant, which has applications in inhalation biopharmaceutics research. Changes in pH, viscosity, 
conductivity, surface tension and osmolality were used to assess the stability of SLF when stored at 4, 20 and 37°C 
for 0, 7, 14 and 28 days. The results supported the hypothesis that thermal degradation (e.g. hydrolysis and lipid 
perioxidation) occurs at higher temperatures over this time period and can be detected by a change in these 
parameters. From day 7, the pH of SLF was significantly lower at 20 and 37°C compared to SLF stored at 4°C (one-
way ANOVA, p ≤ 0.05). The viscosity also decreased at the higher temperatures progressively over time. The 
surface tension reduced, from 54.9 ± 0.4 mN/m for SLF stored at 4°C to 53.5 ± 0.5 and 53.8 ± 0.2 mN/m for SLF 
stored at 20 and 37°C, respectively. Osmolality was higher at all time points for the SLF stored at 20 and 37°C 
compared to SLF stored at 4°C; at day 7 osmolality was 1096.8 ± 10.8, 1193.6 ± 26.9 and 1331.5 ± 8.2 mOsmol/Kg 
for SLF stored at 4, 20 and 37°C, respectively. The change in osmolality was attributed to evaporation of water from 
HBSS causing an increase in ion concentration.  In conclusion, a quality specification for SLF was developed and 
showed that SLF stored at 4°C was stable for 14 days.  

Introduction  

From a biopharmaceutical perspective, it is widely accepted that in vitro experiments designed to gain an 
understanding of the fate of pharmaceutical aerosols once they enter the lungs must represent the in vivo 

environment [1].  In this context, drug solubility and particle dissolution studies would benefit from a physiologically-
relevant simulated lung fluid that can be utilised readily for in vitro investigations [1,2].  To enable this, the human 
respiratory tract lining fluids (RTLF) must be fully characterised and the appropriate composition and critical 
attributes identified so that a standardised lung fluid simulant can be developed and manufactured [2]. Although the 
development of suitable simulants is at an early stage, a study conducted by Bicer identified key components of a 
healthy human RTLF, leading to the design of a ‘base model’ simulated lung fluid (SLF) [1].  Following on from this, 
recent studies have characterised the SLF it in terms of its structure, particle size distribution and surface pressure 
and assessed its biocompatibility with A549 alveolar epithelial cells, so that the simulant can potentially be utilised 
in biological studies into lung-particle interactions in vitro [3].  The SLF will be useful for solubility and dissolution 
studies, which are key contributors to developing a potential biopharmaceutics classification system model for 
inhaled drugs or for the development of a mechanistic predictive model to establish in vitro-in vivo correlations [4].  
However, there remains a need to standardise the SLF and develop a quality specification for the simulant. 
Therefore, the aims of this study were to provide a detailed method for SLF manufacture and identify some 
specifications for freshly prepared SLF that allow its stability to be assessed. 

Materials 

The 25 mg/mL stock solutions of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1’-rac-glycerol) sodium salt (DPPG), both >99% purity, were obtained from Avanti Polar 
Lipids, Inc. (Alabama, USA). Reagent-grade purified human immunoglobulin(IgG), lyophilized human serum 
albumin, Bioreagent-grade transferrin, cholesterol, ascorbate, urate, certified reference material-grade 
glutathione, and Hank’s Balanced Salt Solution (HBSS) were supplied by Sigma-Aldrich Company Limited 
(Dorset, UK). HPLC-grade chloroform was supplied by Fischer Chemicals (Loughborough, UK).  
 

Experimental methods 

 

Preparation of SLF 

SLF consisted of the key components found in healthy human RTLF, the major soluble proteins, abundant lipids 
and antioxidants that were identified in a study by Bicer [1]. To prepare the liposomal component, 1.92 mL DPPC 
and 0.2 mL DPPG, from 25 mg/mL stock solutions in chloroform were combined in a bijou bottle and 5 µL of 
cholesterol from a 200 mg/mL stock solution in chloroform was added.  The mixture was stirred gently and the 
chloroform evaporated under a stream of nitrogen gas, to produce a thin film of lipids at the base of the bottle. The 
proteins were added on top of the lipid layer in aliquots of aqueous stock solutions: 4 mL of albumin (88 mg/mL), 4 
mL of IgG (26 mg/mL) and 1 mL of transferrin (15 mg/mL). To represent lung antioxidant levels, 88.5 µL of the 
following antioxidant stock solutions were added: 10 mM ascorbate, 10 mM glutathione, and 5 mM urate in the 
HPLC-grade water. The mixture was vortexed for 5 min, then gently mixed using an ultrasonicator/ probe for 10 min 
at a pulse of 10 amplitude to dissolve the lipids into the solution. Finally, 10 µL of gentamicin was added, followed 
by 775 µL of HBSS. 
 



Drug Delivery to the Lungs (DDL2017), 2017- Development of a synthetic human lung fluid simulant for 
applications in inhalation biopharmaceutics 

Assessment of stability of SLF 

The stability of SLF study was carried out by preparing three 10 mL samples and storing them under different 

conditions; in the fridge (at 4°C), at room temperature (at 20°C) and under heat (at 37°C).  The stability was 

assessed by analysing the changes in pH, appearance, viscosity, conductivity, surface tension and osmolality after 

their storage for 0, 7, 14 and 28 days. All data were recorded as the mean of three measurements ± SD. One-Way 

ANOVA was applied, using the IBM SPSS version 22 software and data was statistically significant when p ≤ 0.05. 

 

Characterisation of and identifying the specifications of SLF 

The SLF was characterised in terms of its pH, viscosity, conductivity, surface tension, osmolality and density, all 

measured at ambient temperature. The pH was measured using a probe (pH level 2 InoLab, WTW, Germany).  The 

viscosity was measured using an Automated Micro Viscometer (AMVn 320, Anton Paar, UK). Approximately 400 

µL of the sample was withdrawn into a 1.6 mm capillary, containing a 1.5 mm ball.  The capillary was sealed using 

a leur cap and placed into the instrument.  The conductivity of SLF was obtained using a conductivity probe and 

meter (Jenway A520, Cole-Parmer, UK), calibrated using a conductance standard 0.1 M potassium chloride 

solution.  The surface tension was measured using a torsion balance (Model OS, TBS, UK), using distilled water as 

the reference sample.  The reference bar and the measuring arrow was set to zero prior to allowing a 4 cm 

circumference platinum ring immerse approximately 0.5 cm into the sample. The glass dish on the platform was 

adjusted away from the platinum ring and each time the reference bar fell below zero, the balance scale was 

adjusted to push it back to the zero mark.  This was done until the platinum ring bounced off from the surface of the 

fluid and at that point, the value on the scale was recorded as the surface tension.  The osmolality of SLF was 

determined using a heat flux calorimeter (Modulated DSC 2920, TA Instruments, UK), calibrated with indium.  To 

prepare the sample for DSC, approximately 10 µL of SLF was placed into the central ring of the pan base, followed 

by a tight seal of the lid, using a crimper. The method used was: equilibrate at 25°C, isothermal for 5 min, a 

temperature ramp of 5°C/min to -35°C then isothermal for 15 min followed by a temperature ramp of 5°C/min.  The 

melting onset temperature was calculated using the TA Universal Analysis and the freezing point depression was 

determined by subtracting the melting peak of SLF from the melting peak of water and the osmolality was 

determined using the equation: ξm = (ΔT / Kf) x 1000 mOsmol/kg, where ΔT is the depression of the freezing point 

and Kf is the cryoscopic constant equal to 1.86 Kg/mol [5].  The density measurement of SLF was obtained using 

the density meter (DMA 35, Anton Paar, UK). Approximately 5 mL of SLF was injected into the inverted capillary 

cell using a syringe, until it was entirely filled with no bubbles and the density value recorded.  All data were recorded 

as the mean of three measurements ± SD.  The assessment of SLF particle morphology by cryo-TEM, the 

measurements of the hydrodynamic diameter of the structures in SLF by dynamic light scattering and the surface 

pressure of the fluid were carried out as per the methods described in our previous study [3]. 

 

Results and Discussion 

 

The physical changes that occur in SLF after its storage at 4, 20 and 37°C for 0, 7, 14 and 28 days is shown in 

Figure 1. These tests were selected for stability analysis and for pharmacopoieal purposes, because they are simple 

approaches, the apparatus used are relatively cheap to purchase, are easily accessible and can be carried out in 

all labs.  Consequently, these methods are sensitive in identifying the physical changes that occur in solutions. In 

superheated conditions and over prolonged periods of time, the lipids present in SLF can undergo thermal 

degradation or chemical changes such as lipid peroxidation [6-8]. Although antioxidants were present in SLF, they 

were in small quantities therefore, influences on the characteristics of SLF and on its physical properties can yet 

occur and ascorbate may even catalyse the oxidation of phospholipids in solvent systems [9].  It was hypothesised 

that degradation of the phospholipids would cause a reduction in pH and in viscosity because lipids tend to 

dissociate into their constituent fatty acids and ions, which decrease the pH of the aqueous phase [10]. The presence 

of metal cations, such as the sodium ion present in DPPG, and the quaternary ammonium ion in DPPC can 

participate in reactions that produce a sharp decrease in viscosity [10]. The results appeared to support this 

hypothesis as the pH values from day 7, were significantly lower for the SLF stored at the higher temperatures of 

20 and 37°C than at 4°C (one-way ANOVA, p ≤ 0.05). The viscosity values were also lower for SLF stored at 20 

and 37°C than at 4°C, and decreased progressively from day 7 to day 28. 

 

Hydrolysis of phospholipids occurs at the higher temperatures and forms two main lysoforms, with the 1-acyl 

lysoform being predominant [11].  The presence of a higher fat content is likely to reduce the surface tension of a 

protein-containing solution [12]. The data (Figure 1D) seem to support this hypothesis as the surface tension 

decreased significantly from 54.9 ± 0.4 mN/m for SLF stored at 4°C to 53.5 ± 0.5 and 53.8 ± 0.3 mN/m for SLF 

stored at 20 and 37°C, respectively (one-way ANOVA, p ≤ 0.05). In terms of conductivity, the electrical conductivity 

of lipids is much lower than that of aqueous substances [13]. Therefore, it was expected that as the lipid concentration 

increases over time due to hydrolysis, the conductivity of SLF will decrease as seen in Figure 1C. However, the 

osmolality appeared to be higher at all time points for the SLF stored at 20 and 37°C compared to SLF stored at 

4°C, giving osmolality measurements of 1096.8 ± 10.8, 1193.6 ± 26.9 and 1331.5 ± 8.2 mOsmol/Kg for SLF stored 

at 4, 20 and 37°C, respectively. This may be due to the evaporation of water, which is the main component of 
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HBSS.  The constituents of HBSS allows it to act as a buffer system and to maintain the osmotic balance.  However, 

the evaporation of water increases the concentration of the ions in the SLF and therefore increases the osmolality.  

However, after an initial increase, the osmolality at 20 and 37°C remained relatively constant, indicating that no 

further significant increases in water evaporation occurred over time. It was clear that at 4°C, the pH, viscosity, 

conductivity, surface tension and osmolality remained constant for up to 14 days. 

 

The specification for the simulated lung fluid is listed in Table 1. The pH of SLF was neutral, due to HBSS which 

buffers the solution to a neutral pH. The structures within the fluid appear to be multi-lamellar vesicles. However, 

due to the presence of multi-molecular protein agglomerates causing background scattering, further interpretation 

was not possible so this technique was not used to monitor changes in the SLF over time.  The specific tension of 

SLF was lower than that of water, which typically measures 62.0 ± 0.5 mN/m. This was due to the presence of 

surfactants in SLF, particularly DPPC, the strongest surfactant molecule in the pulmonary surfactant mix, which 

significantly reduces the surface tension [14]. The density of SLF was very close to that of water, which approximates 

to 1 g/cm3.  This is because the HBSS is essentially a mix of electrolytes that dissociates in water into a mix of large 

and small ions. The larger ions tend to act as chaotropes and cause the solution to have a higher density then pure 

water, whereas the smaller ions or macromolecules compensates for the high chaotrope content and have a 

counter-acting effect [15]. Therefore, the density of SLF was similar to water. In terms of the surface pressure, SLF 

appeared to form a stable monolayer and an overall stable colloidal system after multiple compression-expansion 

cycles, which was attributed to the presence of albumin in the solution [3].  

 

Figure 1. Stability assessment of simulated lung fluid (SLF) after its storage at 4, 20 and 37°C for 0, 7, 14 and 28 
days: A) pH, B) viscosity, C) conductivity, D) surface tension, E) osmolality. Data expressed as mean ± SD (n=3). 
* Difference in result at 4°C compared to 20 and 37°C is statistically significant (one-way ANOVA, p ≤ 0.05). ** 
Difference in result at all 3 conditions is statistically significant (one-way ANOVA, p ≤ 0.05). 
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Table 1. Simulated lung fluid (SLF) specifications.  

Conclusion 

The aim of this study was successfully met and a quality specification for SLF was identified.  It can be concluded 

that the simulated lung fluid remained stable when stored at 4°C and utilised for in vitro investigations within 14 

days of manufacture.  Future work should include assessment or monitoring of the chemical oxidative degradation 

of the lipids within the system via thin layer chromatography.  This work provides a readily available, biorelevant 

SLF for use for investigations in the field of inhalation biopharmaceutics, e.g. assessing the solubility of inhaled 

compounds and study of the dissolution of inhaled medicines. 
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