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Abstract: The impact of a polyunsaturated fatty acid, 

arachidonic acid (AA), on membrane fluidity of epithelial 

cells and subsequent modulation of the drug transport was 

investigated. Membrane fluidity was assessed using molecular 

force microscopy. Calu-3 human bronchial epithelial cells 

were cultured on Transwell® inserts and the cell stiffness was 

assessed in the absence of fatty acids or in the presence of 30-

µM AA. The morphology of the epithelial cells was distinctly 

different when AA was present, with the cell monolayer 

becoming more uniform. Furthermore the cell stiffness and 

variation in stiffness was lower in the presence of AA. In the 

fat-free medium, the median cell stiffness was 9.1kPa which 

dropped to 2.1kPa following exposure to AA. To further 

study this, transport of a common ββββ2-agonist, salbutamol 

sulphate (SS) was measured in the presence of AA and in a 

fat free medium. The transport of SS was significantly higher 

when AA was present (0.61±0.09µg versus 0.11±0.003µg with 

and without AA respectively). It was evidenced that AA play 

a vital role in cell membrane fluidity and drug transport. This 

finding highlights the significance of the dietary fatty acids in 

transport and consequentially effectiveness of medications 

used to treat pulmonary diseases such as asthma. 

1. Introduction 

In recent years there has been growing public awareness of the 
potential health effects of dietary fatty acids. Much attention has 
focused on the inflammatory effects of fatty acids and their 
contribution to the development of chronic inflammatory diseases. 
Another effect of fatty acid intake is modification of cell membrane 
composition, which consequently alters cell membrane properties. 

Polyunsaturated fatty acids (PUFA) are important structural 
components of cell membranes. When incorporated into 
phospholipids they affect cell membrane properties such as fluidity, 
flexibility, permeability and the activity of membrane bound 
enzymes (Diese et al., 1980; Jump, 2002). Recently, a study by 
Wood et al. (2011), has investigated the effect of a high fat mixed 
meal in asthma. In this study subjects that consumed a high fat meal, 
containing both saturated and PUFAs, experienced reduced 
bronchodilator response to salbutamol sulphate. While factors such 

as increased adrenalin production and subsequent β2-adrenoceptor 
desensitisation may play a potential role in this reduced response, it 
is also likely that large changes in systemic fatty acid concentrations 
may have effects on the cell membranes of the airway epithelium, 
which may affect bronchodilator transport. 

At the cellular level, the function of a cell is closely linked to its 
structure. The cell cytoskeleton, to a large extent, is responsible for 
the structural and mechanical integrity of cells and takes an active 
role in signalling pathways (i.e. mechanotransduction). Thus, any 
changes in the cell structure will result in changes to the mechanical 
properties of the cell and consequently its functionality. Hence, the 
ability to measure mechanical properties of cells at different levels, 
in particular the nano-level, can be considered a powerful method to 
assess cell and tissue functionality. Recently, there has been a 
significant increase in number of studies investigating mechanical 
properties of cell/tissue (Helenius et al., 2008; Cai et al., 2010; 
Kirmizis and Logothetidis, 2010; Li et al., 2012; Yang et al., 2013). 
Investigations of the impact of diverse physiological conditions on 
the mechanical properties of various cells, expressed mainly as 
stiffness, and quantified by the Young’s modulus has given us a new 
understanding of the cell; leading to discoveries of complex 
pathways that govern cell responses and functionality (Radmacher, 
2007; Xu et al., 2012). 
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Studies have shown that membrane fatty acids can be modified 
during short-term culture in lipid-restricted medium, enriched with 
particular fatty acids (Stubbs and Smith, 1984). AA is found in high 
concentrations in eggs and meat, and is highly prevalent in 
westernised fast foods (Sinclair and O’Dea, 1993), such as the foods 
consumed in the clinical study on which these in vitro experiments 
are based (Sinclair and O’Dea, 1993). AA is very important for 
membrane function, as mammalian cells and tissues contain 
substantial amounts of AA (up to 25%) (von Schacky et al., 1985). 
This fatty acid is an amphipathic molecule, its hydrophobic tail 
remains in the lipid bilayer while the hydrophilic end merges in the 
aqueous environment of the cell (Brash, 2001). The high prevalence 
of AA under physiological conditions explains the essentiality of this 
molecule in biochemical reactions; AA is a precursor to leukotrienes, 
prostaglandins, and thromboxane (Brash, 2001). 

One of the techniques used for assessment of membrane function in 
this study was atomic force microscopy (AFM). This is one of the 
scanning probe microscopy techniques, which allows for precise 3D 
imaging of samples, and probing of mechanical properties. AFM is 
equipped with a flexible cantilever with a sharp tip or spherical 
colloidal probe. When the tip/probe is brought in close proximity to 
the sample surface, forces between the tip/probe and the sample lead 
to deflection of the cantilever. The deflection is measured using a 
laser spot reflected from the top of the cantilever surface to a 
position sensitive photo diode detector. For cell biology applications, 
the probe is mounted on a piezoelectric scanner and as the probe is 
moved relative to the stationary sample, interactions between the 
tip/probe and the sample change the position of the laser reflection, 
which is the measure of the interactions (indentation, force, 
separation). The data obtained is then translated into a two 
dimensional map of e.g. stiffness that corresponds with three-
dimensional image of the surface topography (Butt et al., 2005; 
Kirmizis and Logothetidis, 2010; Webb et al., 2011). 

We hypothesised that epithelial cells incubated with AA, could 
incorporate AA into the cell membrane, modifying cell stiffness and 
thus permeability. Therefore, the aim of this study was to investigate 
the role of AA on membrane stiffness/ fluidity and transport of 

salbutamol sulphate, a commonly used β2-agonist asthma drug, 
across Calu-3 bronchial epithelial cells. 

2. Materials and Methods 

2.1 Calu-3 cell culture 

Calu-3 cell line (HTB-55) was purchased from the American Type 
Cell Culture Collection (ATCC, Rockville, USA). The cells (passage 
35-40) were grown in 75 cm2 flasks in Ham's F-12 with the 
following growth supplements: epidermal growth factor 0.5 ng/ml, 
bovine pituitary extract 50 µg/ml, hydrocortisone 0.5 µg/ml, 
epinephrine 0.5 µg/ml, transferrin 10 µg/ml, insulin 5 µg/ml, retinoic 
acid 0.1 ng/ml, triiodothyronine 6.5 ng/ml (Sigma, MO, USA). Cells 
were maintained in a humidified 95% air 5% CO2 atmosphere of at 
37°C and were propagated according to ATCC recommendations. 

Cells were seeded onto 24 well Transwell polyester inserts (0.33 
cm2 polyester, 0.4 µm pore size) (Corning Costar, MA, USA) at a 
density of 5×105 cells.cm-2 with 100 µL and 500 µL of the above-
mentioned fat-free medium in the apical and basolateral 
compartment, respectively. The culture was fed every alternate day 
with fresh medium. The monolayers were allowed to form over 12-
14 days as determined by Mamlouk et al. (2013). After this period 
the cells were used for transport study. 

 

 

2.2 Barrier integrity studies 

Barrier integrity of Calu-3 cells was before and after treatment with 
30 µM AA (in the basal chamber) was assessed by measuring the 
transepithelial electrical resistance (TEER) of the cells using an 
EVOM Voltohmmeter (World Precision Instruments, FL, USA) with 
STX-2 chopstick electrodes according to the method described by 
Haghi et al. (2010). Furthermore, the permeability to paracellular 
marker, fluorescein sodium (flu-Na) (Sigma-Aldrich, Sydney, 
Australia) (MW 0.367 kDa) was also measured after incubation with 
AA 30 µM. The method has been previously described by Haghi et 
al. (2010). 

2.3 Cell viability assay 

The toxicity of arachidonic acid (20:4, n-6; AA) (Cayman 
Chemicals, Michigan, USA) was assessed by measuring the viability 
of Calu-3 cells in a liquid covered culture, following 24 hours drug 
exposure to increasing concentrations of AA (1-100 µM). Calu-3 
cells were seeded into a 96 well plate and incubated overnight at 
37°C in 5% CO2 atmosphere. After 24 hours, increasing 
concentrations of AA was added to each well (final ethanol 
concentration ≤ 1% in each well). The plate was incubated for 24 
hours after which the cells were analysed for cell viability. Briefly, 
20 µL of CellTiter 96® Aqueous assay (MTS reagent) (Promega, 
Madison, USA) was added to each well and the plates incubated for 
3 hours at 37°C in humidified 5% CO2 atmosphere. Absorbance was 
measured at 490 nm using a spectrophotometer and associated 
software (Spectramax M2 and Soft Max pro 4.8, Molecular Devices, 
Sunnyvale, CA, USA) and the value was directly proportional to cell 
viability (%). The half maximal inhibitory concentration (IC50) 
values were defined as the drug concentration that produced a 
decrease of 50% in cell viability compared to the untreated control. 

2.4 Salbutamol sulphate transport study 

To study the effect of AA on transport of Salbutamol sulphate (SS) 
(S & D Chemicals, Sydney, Australia), after 12-14 days in culture, 
Calu-3 cells were treated with AA, which was dissolved in ethanol at 
6 mM and further, diluted in HBSS to give final experimental 
concentrations of 30 µM in the basolateral chamber only. Cells were 
equilibrated with AA for 60 minutes in a humidified atmosphere of 
95%air/5%CO2 at 37°C prior to addition of SS. Following fatty acid 
incubation period, SS (100 µM) in Hanks’s buffer salt solution 
(HBSS) (Invitrogen, Sydney, Australia) was added to the apical 
chamber. Samples of 100 µL were taken every 30 minutes from the 
basal chamber and the amount was replaced with fresh HBSS. 
Amount of SS transported over time for both control (fat-free) cells 
and cells exposed to AA was measured by high performance liquid 
chromatography (HPLC). 

2.5 High performance liquid chromatography 

Analysis of SS was conducted using a Shimadzu Prominence UFLC 
system equipped with an SPD-20A UV-Vis detector (operating at 
276 nm), LC-20AT solvent delivery unit, SIL-20A HT Autosampler 
(Shimadzu Corporation, Japan) and NovaPak C18 column (5 µm, 
150 × 3.9 mm) (Waters Corporation, Massachusetts, USA). The 
mobile phase was a mixture of methanol (60:40%, v/v): 0.1% w/v 
aqueous sodium dodecyl sulphate solution. The flow rate was 1 
mL.min-1 and injection volume was 100 µL. Standard linearity was 
obtained between 0.1 and 50 µg.mL-1 (R2=0.9999) with a retention 
time of approximately 5 minutes. 
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2.6 Cell morphology and stiffness measurements 

Calu-3 cells were seeded on Transwell cell culture inserts at density 
5×105 cells.cm-2 and cultured for 12-14 days. Following 1 hour 
incubation with 30 µM AA (basal chamber only), the Transwell 
membranes were cut off and attached to the bottom of the biocell 
(close fluid cell) and incubated in CO2 independent cell culture 
media. To investigate the influence of lipid on the cell stiffness, 
which is related to the cell membrane structure and permeability, 
cells were probed/indented using (MFP-3D-Bio, AssylumResearch, 
Santa Barbara, CA, USA).  

Stiffness of cells was measured by determining the elastic modulus 
(E) (Young’s modulus). The cells were located using light 
microscope and then imaged in contact mode using silicon nitride 
lever TR400PSA (Olympus, Tokyo, Japan); probes spring constant 
was measure using thermal method and it was between 0.064 and 
0.072 N/m. Next the probe was lowered at the speed of 10 nm/sec 
onto the cell and pressed/probed until threshold cantilever deflection 
(20 nm) was obtained. The deflection of the cantilever was plotted 
against the movement of piezo in the z- direction, which gave the 
force curves. Force curves were obtained at various locations and fit 
to the Hertz model (Hertz, 1881). To extract the Young’s modulus 
(Webb et al., 2011) following equation was used (Collinsworth et al., 
2002; Lieber et al., 2004; Rensburg et al., 2009; Kirmizis and 
Logothetidis, 2010; Li et al., 2012): 

����� � 2
�

	

1 � �� tan
���� 

where, (α) is the semi included angle of the cone tip, (R) is the 
sphere radius, and (v) is the poisson’s ratio which usually assumes a 
value of � = 0.5 for cells.  

Maps of stiffness (force maps) were recorded for the samples before 
and after incubation in fatty acid solution. For each sample at least 
six different locations were probed and maps were recorded at 
resolution 64×64 points. Data was processed to produce lognormal 
cumulative-stiffness plots where percentile stiffness values could be 
calculated.  

2.7 Statistical analysis 

Data were subjected to statistical analysis using the SPSS Statistics 
17.0 software package (SPSS Inc, Chicago, Illinois, USA). Student’s 
paired T test was utilised to test for significance. Difference was 
considered significant when p <0.05.  

3. Results 

3.1 Cell viability assay 

The dose response cytotoxicity profile of AA on Calu-3 cells was 
investigated as described in a previous study by Scalia et al. (2013). 
Calu-3 cell cultures were exposed to a range of AA concentrations 
(from a minimum of 1 µM to a maximum of 100 µM) over a 24 
hours treatment period. Cells viability was calculated with reference 
to the untreated cells, where average absorbance was normalised to 
100% viability. The viability assay demonstrated that cells treated 
with AA had 50% cell viability at a concentration of 68.75 ± 4.72 
µM (IC50: 69 µM). Furthermore, viability of Calu-3 cells following 
incubation with 30 µM AA, was shown to be 85 ± 12 %. 

3.2 TEER and flu-Na permeability assessment 

TEER values before and after incubation with AA were measured 
844 ± 79 Ω.cm2 and 511 ± 63 Ω.cm2, respectively. The apparent 
permeability value (papp) of Calu-3 cells grown in the fat-free 

culture media increased from 9.70×10-8 ± 4.70×10-8 to 2.42×10-7 ± 
6.46×10-8 cm.s-1) using a paracellular flu-Na permeability assay. 
The findings indicate a significant decrease in the barrier integrity 
values measured following incubation with the fat. However, despite 
the significant decrease, the results indicated suitable barrier 
integrity for the transport studies. 

3.3 Calu-3 epithelial transport study 

After addition of SS to the apical chamber, the concentration of SS 
transported to the basal chamber was measured at set time points and 
the cumulative mass transport was calculated. The cumulative 
amount of SS transported over 4 hours across cells in the fat-free 
transport buffer and following the incubation of the cells with 30 µM 
of AA for one hour was measured. Analysis of data suggested that 
bronchodilator transport was significantly higher in the presence of 
AA in comparison to the transport rate of the cells incubated in the 
fat-free transport buffer (0.61 ± 0.09 µg versus 0.11 ± 0.003 µg, 
Student’s paired T test, P< 0.05, with and without AA respectively) 
– Figure 1. This result suggests the essentiality of the AA PUFA for 
membrane fluidity has been further confirmed by the decreased 
apparent permeability (papp) in the fat-free culture media (papp 
changed from 9.70×10-8 ± 4.70×10-8 in the fat-free medium to 
2.42×10-7 ± 6.46×10-8 cm.s-1) using the paracellular flu-Na 
permeability assay. 

 

Figure 1. The cumulative amount of SS transported over 4 hours 
across cells in the fat-free transport buffer and following the 
incubation of the cells with 30 µM of AA for one hour. 

3.4 Calu-3 cell morphology and stiffness measurements 

The analysis of cell surface morphology by MFP revealed 
differences when cells were incubated with AA (see Figure 2 for 
representative topographical images). For each type of sample, 
control and incubated with lipid solution, a minimum of three 
different samples were scanned and on each sample minimum of 
three regions (50×50 um) was scanned and probed. In addition 
multiple samples were produced in different days and 
scanned/probed to reduce the possibility of day dependent results 
(e.g. due to cell cycle). Cells before incubation in AA showed 
‘dense’ morphology with distinct borders between the cells and 
several clusters of cells. Cells after incubation in lipid solution 
showed flattened morphology. Clusters were not distinguishable and 
the cells’ surface appeared as a more uniform monolayer. 

Cells produce morphological diverse monolayer with several 
underling structural components (e.g. cell membrane, cytoskeletal 
components, actin fibers, nuclei, tight junction), which is the main 
reason for spread of the stiffness. These effects (distribution of 
stiffness) are expected because cell is composite structure. By 
detecting changes to its stiffness it is possible to evaluate changes to 
its make-up and function. Here, by scanning and analysis many 
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samples statistical analysis was possible and presented data 
demonstrated clearly effects of the incubation on stiffness of the 
cells. Side-by-side topographical and stiffness maps of the cells 
before and after exposure to AA are shown in Figure 3. It can be 
seen from the scale bars that both the height distribution and cells 
stiffness was lower in the case of the AA treated cells. These images 
allow easy, visual identification of uniformity of stiffness 
distribution and enable visualizing correlation between topographical 
features and stiffness (e.g. tight junction that showed greater 
stiffness Figure 3 B). 

 

 

Figure 2. Effect of arachidonic acid on the morphology of Calu-3 
cells. Cell morphology before (A) and after (B) incubation in 
solution of arachidonic acid (AA). Cells before incubation in AA 
showed ‘dense’ morphology with distinct borders between the cells 
and several clusters of cells. Cells after incubation in AA showed 
flattened morphology. Clusters were not distinguishable and the 
cells’ surface appeared as a more uniform monolayer. 

 

 

 

Figure 3. Atomic force microscopy of Calu-3 cells. Morphology and 
distribution of the cell stiffness obtained using molecular force 
microscopy before (A and B) and after (C and D) incubation in 
arachidonic acid solution: (A) morphology of the samples – height 
map that represents 3D structure of the cells and (B) distribution of 
the stiffness – Young’s modulus map that demonstrates regions of 
high and low stiffness of the cells before incubation in the lipid 
solution; (C) morphology of the cells and (D) the distribution of the 
cell stiffness following incubation in arachidonic acid solution. 

To further study this, stiffness values across the surface of the 
epithelia from samples before and after exposure to AA were 
exported as an array and processed to form histograms as shown in 
Figure 4 A and B, respectively. Presented histograms show 
frequency and distribution of stiffness (how often specific stiffness 
value was encountered on the sample) across entire scanned surface 
and inserted figures present exact location of specific stiffness on the 
samples when overexposed on the topography. 

The analysis of cell stiffness showed that the incubation with AA 
resulted in significant decrease in stiffness. The maximum values of 
Young’s modules for cells before incubation were ~50 kPa. The 
stiffness varied across the cells and ranged from 5-50 kPa. After 
incubation with AA solution the maximum values of Young’s 
modules distinctly decreased to ~3.5 kPa. The majority of the 
stiffness values across the cells ranged from 0.5 and 3.5 kPa with 
some higher values observed. The distribution of stiffness across the 
samples was expected and was associated with cell make-up and 
presence of underlying cellular structures such as cytoskeleton and 
nuclei, which influence the stiffness.  

To quantify the stiffness of the cells in the fat free medium and AA 
treated cells, the data was subjected to a lognormal regression 
analysis as a plot of cumulative count vs. stiffness. In order to 
generate this plot, the matrix of 4096 stiffness values measured 
across the cells were converted into a histogram (percent stiffness 
values within defined bins) which could then be plotted (Figure 5). 

Regression analysis between 15-85% cumulative values had a good 
fit with R2 values of 0.97 and 0.99 for fat-free and AA treated cells, 
respectively. Regression across 5-95% of the data range resulted in 
slightly lower regression coefficients (0.93 and 0.98 for the fat-free 
and AA treated samples), specifically due to the high stiffness value 
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tailing in the samples of the fat-free medium (presumably due to 
increased irregularity in the structure on the surface). 

 

Figure 4. Effect of arachidonic acid on Calu-3 map of stiffness. Map 
of the stiffness for (A) no fat and (B) arachidonic acid incubated 
cells with corresponding histograms of stiffness distribution. 

Regression analysis of the 15-85% cumulative data gave median 
stiffness values (S0.5) of 9.1 kPa for the cells before exposure to fat 
and 2.1 kPa after incubation with AA. Additionally the 16th and 
84th percentile values were calculated and used to calculate the 
geometric standard deviation (GSD) using the following equation: 

��� � 	 ���.��
��.��

 
� �!

 

In general the GSD decreased from 1.9 to 1.5 with addition of AA to 
the media. Such observations suggest that the cell surface not only 
becomes less stiff but more uniform in-terms of its stiffness. Such 
observations were in good agreement with the morphological 
changes observed using MFP microscopy. 

4. Discussion and Conclusions 

The findings of this study suggest that the presence of AA, an n-
6PUFA, is an essential component for membrane fluidity and 
therefore transport of SS. This finding has been further confirmed by 
the decreased permeability in the fat-free culture media. Fatty acid 

composition has an important role in cellular structure and function. 
Short-term exposure to elevated levels of unsaturated exogenous 
fatty acids mediates membrane perturbations while saturated fatty 
acids are relatively inert. This has generally been related to the 
differential effect of these fatty acids on cell membrane structure. 
The incorporation of PUFAs in membrane phospholipids modulates 
membrane structure, fluidity and function (Brenner, 1984; Jump, 
2002; Stillwell and Wassall, 2003; Yang et al., 2011), due to the 
presence of cis-double bonds. These cis double bonds induce 
molecular conformations in the molecule that increase with the 
number of double bonds and prevent the chain from adopting a rigid 
extended configuration (Brenner, 1984), leading to coiling of the 
structure (Jong, 1980). PUFAs possess a great variety of 
conformations and, due to the coiling, cause a bigger separation of 
the bilayer. This can decrease the packing of the membrane and 
makes it more fluid (Dowhan and Bogdanov, 2011). In this study, it 
was observed that cell membranes and hence the transport of SS, is 
sensitive to alterations in the fatty acid environment.  

 

 

Figure 5. Cumulative log-stiffness of Calu-3 cells. Cumulative log-
stiffness distributions for cell surfaces with no fat media and 
arachidonic acid media. N=4096 data points over 50 ×50 area. 

PUFA are those fatty acids, which contain 2 or more double bonds in 
their carbon chain. They can be further classified as n-3 or n-
6PUFA, depending on the position of the double bonds. Previous 
studies have examined the role of both n-3 and n-6PUFA in cell 
membranes (Diese et al., 1980; Jump, 2002). However, our 
experiments have focused on AA, an n-6PUFA. We chose this fatty 
acid, because in the clinical study on which this work was based, 
there were significant concentrations of AA present and an absence 
of n-3PUFA, which is typical of fast food diets (Wood et al., 2011). 
The results presented in the current study suggest that impaired 
bronchodilator efficacy that occurs following consumption of a high 
fat meal (Wood et al., 2011) is not due to n-6PUFA inhibition of 
bronchodilator transport into the epithelium. Furthermore, while 
some studies report that salbutamol is transported by the paracellular 
pathway (Unwalla et al., 2012).Some studies have indicated that 
organic cationic transporters (OCTs) are also involved in the process 
(Haghi et al., 2012; Mukherjee et al.2012). In the present study 
transport of SS following incubation with 20 µM TEA (a 
competitive substrate of OCT family transporters) was reduced to 65 
± 12 % of the transported concentration without TEA for both fat-
free and AA treated cells (data not shown) and no significant 
difference was observed in the transport reduction between fat-free 
and AA treated cells, thus indicating that the changes in membrane 
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fluidity only concern the tight junctions and do not impact on drug 
transporter function. The effect of saturated fatty acids on 
bronchodilator transport requires further investigation. Importantly, 
the concentration of AA that was used in this study is 
physiologically relevant. In humans, levels of total free fatty acids in 
blood plasma are approximately 500 µM. AA accounts for around 
10% of these total circulating free fatty acids, i.e. free AA 
concentrations in plasma are approximately 50 µM (Steinberg et al., 
1997; de Almedia et al., 2002; Yuki et al., 2010). 

In conclusion very distinct changes in the surface morphology and 
stiffness of Calu-3 bronchial epithelial cells were seen after the 
addition of AA. In general, an increase in homology was observed 
with a concurrent decrease in cell wall stiffness. Such observations 
were associated with an increase in the transport of salbutamol 
sulphate across this cell line. Whether this is due to an increase in 
cell membrane fluidity resulting in modification of either/or 
transcellular/paracelluar transport or through modification of 
membrane-bound transport proteins via conformation changes in the 
bilayer requires further investigation.  

Although in the present study only the transport of SS was 
investigated, it is possible to assume that similar effects would be 
observed with other drugs with similar physicochemical 
characteristics as that of SS. However, since there are differences in 

the lipophilicity of the β2-agonist family, we do not expect to see the 

same results in transport of other β2-agonists following exposure to 
AA. 
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