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Introduction
Drug delivery via the lung is an interesting route of delivery due to the large absorptive surface area, thin alveolar barrier and high level of blood circulation of the lung [1]. Thus, with such direct access to the local and systemic circulation, and with such large absorptive area the amount of administered drug can be highly reduced and absorbed faster [2].  However, the efficiency of this route is still low and some pharmacologically active compounds, like peptides and macromolecules, cannot be administered through inhalation due to inadequate absorption for sub-epithelia targeting, limiting their usefulness. The lack of uptake across the epithelia can be due to many reasons; these include; poor aqueous solubility, degradation of active compound by local enzymes and poor membrane permeability [3]. 
Poor membrane permeation can occur due to the low lipophilicity or zwitterionic character of a drug at physiological pH (as with many hydrophilic, low-molecular weight compounds). Alternatively, it can be related to the drug being effluxed from the cells via membrane-bound efflux protiens such as p-glycoprotein. Lastly,  high molecular weight such as peptides and proteins may have poor permeability due to their molecular size prohibiting them from transepithelial translocation  [4] . Subsequently, many attempts have been made to enhance the penetration of drugs delivered by inhalation by overcoming the epithelial barrier of the lung [5]. 
The epithelial barrier consist of tight junctions, adherens junctions, gap junctions and desmosomes, each serving a distinct function [6]. Tight junctions (TJ) are the most critical determinant of epithelial barrier function, although evidence suggests that other junctions, particularly adherens junctions, contribute to barrier function by regulating TJ assembly [6]. Essential elements of the TJ are four-transmembrane proteins located at the apical side of cell membrane. The two extracellular loops of these proteins link to the extracellular loops from neighbouring cells, stiffening the paracellular pathway. These proteins are occludins and the family of claudins [7].  Epithelial barrier via TJs acts as a gate to restrict passage of small molecules in a charge specific manner and completely seals diffusion of molecules with molecular size larger than 0.1 nm [8]. Many different strategies have been applied to increase the permeability of drugs via the paracellular route [9-11], one of which is to modulate the TJ of epithelial cells. Various types of tight junction modulators (TJMs) have been listed in the literature, for example non-specific TJM such as calcium chelators [12] and surfactants [13] and specific TJMs that target TJs-related mechanisms. These later targeting TJMs include protein kinase C activators [14], bradykinin B2 agonists [15], cytochalasins B or D [16] and clostridium difficile toxin [17] along with some targeting TJs proteins such as claudin [8] and ocludin [18]. 
There is currently limited literature regarding airway epithelium TJMs when compared with the much better characterized TJMs used for intestinal epithelium. Although non-specific epithelial models such as intestinal epithelia cells have shown reasonable correlation with various types of epithelial cells [19], the use of organ-specific epithelia cell remains desirable for targeted routes of delivery. In this study, non-specific TJMs (sodium decanoate [20], oleic acid [21] and ethyleneglycol-bis-(β-aminoethyl ether)-N,N'-tetraacetic acid (EGTA) [12]) which have been reported to modulate intestinal TJs and thereby increase para-cellular drug transport have been selected to investigate their potential effect on airway epithelia and drug transport. 
Sodium decanoate (Na decanoate), a medium chain fatty acid salt, is a natural compound with wide distribution in food sources, and is a compound already approved as a food additive [22]. Because of its non-toxic property even at high concentrations and its potential to enhance the absorption of poorly permeable drugs, it has been studied as TJM in many in vitro and preclinical studies [23-25]. It was demonstrated that Na decanoate can dilate the TJs in intestinal epithelial cells, resulting in an increase in the transport of a fluorescent marker [26]. Also, it has been shown on Caco-2- cells that Na decanoate may act on the TJs by cytoskeletal contraction triggered by myosin light-chain kinase interaction [27]. Na decanoate demonstrates an increase in the flux of numerous types of poorly permeable moelcules across intestinal epithelia in vitro, including antibiotics [28], heparin [29], recombinant epidermal growth factor (EGF) [30]  and phenoxymethylpenicillin [31]  in vivo. 
Oleic acid is a surface active compound with the ability to enhance the absorption of poorly permeable drugs. In intestinal epithelium it has been found to have an effect on the integrity of TJs, increasing paracellular transport in a dose-dependent manner [32, 33]. Oleic acid has also been tested on brain endothelial cells, where it was shown to increase the permeability of hydrophilic drugs [34]. 
Another tested compound with tight junction modulatory effect is EGTA (a chelating agent) and its effect on tight junctions have been investigated on intestinal [35], kidney [36] and mammary gland [37] cells. In all tested epithelial cells it had TJ modulatory effect in favour of paracellular transport.
In this study the effect of selected non-specific TJMs, previously proven effective on intestinal cells, was investigated on lung epithelial cells specifically related to the transport of poorly permeable drugs delivered by inhalation. To evaluate their effect on airway TJs, the barrier function of bronchial epithelial cells (Calu-3) was studied using transepithelial resistance, dynamic cell impedance measurements and para-cellular markers. Furthermore, the effect of each TJM was studied in terms of transport of   poorly permeable drug; PXS25. PXS25 is a new class of mannose-6-phosphate-receptor-inhibitor that targeting cystic fibrosis and has been shown to inhibit scar tissue formation [38, 39]. It is highly potent drug but requires targeting of the fibroblast cells that are present sub-epithelia. 
Materials and Methods
Cell Culture
Calu-3 cells purchased from American Type Culture Collection (ATCC, USA) were cultured in Dulbecco's Modified Eagle's medium: F-12 (Gibco by ThermoFisher Scientific, Australia) containing 10% (v/v) foetal calf serum (Gibco by ThermoFisher Scientific, Australia), 1% (v/v) non-essential amino acid solution (Sigma-Aldrich, Australia) and 1% (v/v) L-glutamine solution (Sigma-Aldrich, Australia). Cells were maintained in a humidified 95% air, 5% CO2 atmosphere at 37°C and were subcultured according to American Type Culture Collection recommendations. For transepithelial resistance measurement with chopstick ohmmeter and transport studies, cells were cultured on Transwell® inserts (Corning by Sigma-Aldrich, Australia) using the air-liquid interface (ALI) method and seeded at a density of 1.65 × 105 cells/insert, as described previously [40, 41]. The medium was replaced three times a week and any apical surface liquid removed. TJMs were prepared fresh in complete cell culture medium prior to use; EGTA ≥ 97%, Na decanoate ≥ 98% and oleic acid ≥ 99% (suitable for cell culture) were all purchased from Sigma-Aldrich, Australia.
Cytotoxicity Assay
The in vitro toxicity of TJMs, as a function of concentration, on Calu-3 cell was evaluated using MTS assay (CellTiter 96® Aqueous One Solution Cell Proliferation Assay) from Promega (Sydney, Australia). MTS assay was used to measure cell metabolic activity by spectrophotometric quantitation as an endpoint for cell proliferation. Calu-3 cells were seeded in 96 well-plate at the density of 5 × 104 cells/well and incubated overnight at 37 ºC. Each TJM (100 μl) in a range of concentrations (from 10 nM to 1 M) was added to the seeded cells and incubated for 24 hrs, followed by the addition of 20 µl of MTS reagent and incubated for 2 hrs. Optical absorbance was determined at 490 nm with Spectromax plate reader. Results were performed in triplicate and expressed as the IC50 (50% inhibitory concentration) of each TJM. 
Trypan blue exclusion test to measure cell viability
Trypan blue exclusion assay was used as an index of the viability of the Calu-3 cells after exposure to selected concentrations of each TJM. The concentration of each TJM (10 mM Na decanoate, 100 µM oleic acid and 1mM EGTA) was selected according to their respective IC50 and previous studies on Caco-2 cells [32, 37, 42]. After Calu-3 cells were grown to confluence on 60 mm culture dishes, they were exposed to the selected concentration of each TJM. Following 24 hrs of exposure, cells were rinsed in Hanks Balance Salt Solution (HBSS, Gibco by ThermoFisher, Australia), trypsinised, centrifuged and resuspended in 1 ml of medium. Cell suspensions were incubated with 0.4% trypan blue dye for 5 minutes and counted in a hemocytometer chamber under a light microscope. Viable and non-viable cells were counted and viability was calculated by dividing the number of viable cells to the total cell count. HBSS and 1% (v/v) Triton®X-100 were used as negative and positive controls, respectively
Immunofluorescence staining of tight junction proteins
To investigate the effect of TJMs on the structure of airway TJ related proteins, one of the main TJ related proteins from the family of occludins, (ZO-1), was labelled and visualized with confocal microscopy. Zona occludin-1 (ZO-1) which is a tight junction related protein was immunofluorescence stained after incubating cells with the TJMs to evaluate their effect on localisation of this specific protein. ZO-1 belongs to a family of multi domain proteins which interacts with the transmembrane protein occludin, a second tight junction-specific protein and has been implicated as an important scaffold protein [43, 44].  Briefly, Calu-3 cells were plated on sterile 8 chamber slides with a density of 10 × 104 cells/well and incubated overnight. Followed by cell attachment, 200 µl of TJMs in cell culture medium was added to each well and incubated for 24 hrs. Then, cells were rinsed with PBS, fixed in 4% paraformaldehyde, permeabilised and blocked for 15 min (0.1% Triton X-100, 1% BSA (Bovine Serum Albumin)). Cells were incubated in primary antibody (mouse anti-ZO1- Abcam, Australia) for 1 hr at room temperature. Following primary antibody incubation, cells were rinsed three times with 2% BSA/PBS (Bovine Serum Albumin/Phosphate Buffered Saline) solution and then incubated with secondary antibody (Alexa Fluor 488 mouse; Invitrogen by Life Technologies, Australia) for 30 min at room temperature. Following incubation, coverslips were rinsed in PBS and mounted using ProLong Gold (Invitrogen by Life Technologies, Australia) and counterstained with DAPI (Invitrogen by Life Technologies, Australia). Imaging was performed using an Olympus confocal microscope (Olympus IX71). 
Epithelial Barrier Function
The epithelial barrier function was studied using two electrically based methods (static resistance and dynamic impedance) and a paracellular marker. Schematic images of measuring transepithelial electrical resistance (TEER) via these two techniques are depicted in Fig. 1-A and B. 
Static resistance measurements using an ohmmeter with chopstick electrodes
TEER, a measure of TJ integrity, was calculated from the measured potential resistance difference between the apical and basolateral sides of the cell layer, with passive ion flow being the dominant process reflecting changes in paracellular permeability. Briefly, 250 µl of TJMs in medium was added to the apical compartment of Calu-3 cells cultured in ALI model. Then, TEER was measured at predetermined time points after exposure to TJM up to 4 hrs using a chop stick ohmmeter (EVOM; World Precision Instruments). Resistance was corrected by subtracting the blank inserts and multiplied by the area of the Transwell inserts, according equation below: 
Normalised resistance (Ωcm2) = TEER1-TEERblank × 0.34 cm2 (area of Transwell inserts)
[bookmark: OLE_LINK1]Electrical cell-substrate impedance sensing (ECIS)
Epithelial barrier function was also measured using a real-time electrical cell-substrate impedance sensing system (ECIS; Applied BioPhysics, Troy, NY). This technique dynamically records the transepithelial resistance change of the Calu-3 epithelial barrier treated with TJMs. ECIS measurement is an accurate complementary technique to chopstick method. Resistance of the epithelial cells with the chopstick method is measured in ALI cell culture model, while the ECIS technique measures resistance of the cells grown on the ECIS array. For this experiment, 8EW1E arrays (8W1E Applied Biophysics, Troy, NY) were treated with l-cysteine and then coated with collagen (mouse collagen 4%). Post coating each well were inoculated with the cell density of 5×105 cell and grown to get confluent. After reaching confluency, each well was treated with one of the TJMs for 4 hrs. Resistance of each well was measured dynamically every 5 minutes up to 4 hours and data analysed using ECIS software [45].
Transepithelial cell permeability using a paracellular marker
Permeation of Flu-Na across Calu-3 cell layer in ALI culture was measured in the presence of TJMs and compared with the control’s permeability (non-treated cells). Briefly, TJMs were prepared in a Flu-Na solution with the final concentration of Na decanoate 10 mM, EGTA 1 mM, oleic acid 100 µM and 2.5 mg/ml of Flu-Na and added to the donor chamber of the Transwell, while 600 μl of HBSS was added to the basolateral chamber. At pre-determined time points, 100 μl samples were taken from the basolateral chamber and subsequently replaced with fresh buffer to maintain sink conditions. Samples were placed in a black, 96 well-plate and fluorescence readings were recorded using a Spectromax plate reader with excitation and emission wavelengths settings of 485 and 520 nm, respectively. 
Transport of PXS25 enhanced due to the effect of TJMs on Calu-3 cells
The effect of TJMs was evaluated on PXS25 transport through Calu-3 cell layer. In brief, Calu-3 cell cultured in the ALI culture model was incubated in the apical side with a mixture of 100 μM PXS25 with each TJM (Na decanoate 10 mM, EGTA 1 mM and oleic acid 100 µM) while the basal chamber was filled with 600 µl of HBSS. At pre-determined time points, 100 μl aliquots were taken from the basolateral chamber and subsequently replaced with fresh buffer to maintain sink conditions. PXS25 was then extracted from aliquots collected from the basal chamber using an Oasis HLB cartridge (30 mg, 1 ml, Waters, Milford MA, USA) solid phase extraction method [46]. The extracted samples were completely dried out with concentrator (Concentrator Plus- Eppendorf, Australia) and the residue reconstituted in methanol/water 80:20 (600 μl), vortexed for 2 minutes and injected (10 µl) into a High performance liquid chromatography-triple-quadrupole mass spectrometer (Agilent-6460). The analysis was conducted using a C18 (Agilent, Australia) column (Rapid resolution-1.87 micron- 600 bar- 4.6×50 mm) using two mobile phases; A, methanol/water/formic acid (5/94.9/0.1 v/v/v); and B, methanol/water/formic acid (94.9/5/0.1 v/v/v) during an 7.5-min gradient from 20% to 80% mobile phase B at a flow rate of 0.4 ml/min. The mass spectrometer was operated in a negative electrospray ionization mode, with fragmentor voltage of 135v, and collision energy (CID) of 7. The multiple reaction-monitoring (MRM) mode was used for mass spectrometry detection. Parent ion channel of 361.10 m/z and daughter ion channel of 239.0 m/z were used. Retention time was 3.68 min. Samples were analysed in triplicate.
Statistics
Data are presented as mean ± standard deviation. One-way analysis of variance (ANOVA) and Tukey for multiple comparisons were used to determine statistical significance (∗∗P<0.01 and ∗∗∗P<0.001) 
Results and discussion
Cytotoxicity and TJ protein localisation
The cytotoxicity of each TJM was investigated on Calu-3 cells over a range of concentrations. The half maximal inhibitory concentration (IC50) for oleic acid, EGTA and Na decanoate were 120 µM, 10 mM and 24 mM, respectively. Previous studies reported Na decanoate and EGTA are safe in a wide range of concentrations, both in vitro and in vivo [47-49]. Consequently, one concentration of each TJM was selected for further studies: Na decanoate 10 mM, EGTA 1 mM and oleic acid 100 µM, respectively. To confirm the viability of cells at the selected concentrations, trypan blue exclusion assay was performed (Fig. 2). Cell damage did not occur in cells grown in medium containing Na decaonate or EGTA. Cell viability was reduced in cells treated with 100 µM oleic acid, however viability was still 75% of the control. The positive control (Triton X-100), which is a toxic compound for the cells, demonstrated viability less than 10%, indicating that the cytotoxicity of TJMs with the selected concentration in Calu-3 cells could be considered safe.
The effect of TJMs on TJ related protein ZO-1was studied after immunofluorescence staining and images presented in Figure 3. Analysis of the images indicated that in the control cells, ZO-1 proteins were localized in the cell boundaries and formed unbroken contours around the cell walls. In cells incubated with TJMs, similarly to the control, ZO-1 accumulated at the cell boundaries and no noticeable morphological or distribution changes in ZO-1 protein localisation were observed. Other studies have shown that changes in tight junction protein’s organization at the cell boundaries can appear after incubation with oleic acid [50] and Na decanoate [51]. For example, Krug et al., studied the effect of Na decanoate on TJ related proteins (occludin, tricellulin, and claudins) [47] and demonstrated that Na decanoate treatment on human intestinal cells induced a disruption in tricellulin and claudin-5 distribution. Similar finding was reported in another study when treating human keratinocite cells with Na decanoate [52]. In this later study, the localization of TJ strands were disintegrated with the dispersion or disappearance of TJ-related proteins (occludin) from the cell surface. Although, Na decanoate has shown alteration in the localization of ZO-1, occluden and claudin-1 in intestinal epithelia, in human airway epithelial monolayers it caused redistribution of F-actin and reorganization of claudin-1, claudin-4, β-catenin, junctional adhesion molecule but not ZO-1[23]. 
Effect of TJMs on barrier function of Calu-3 cells 
A quantitative measurement of the barrier integrity after treatment for 4 hours with TJMs was determined on Calu-3 cells using two different techniques: 1) with a handheld chopstick ohmmeter using an ALI model of cell culture and, 2) with a real-time ECIS system using a LCC model. TEER results obtained from both techniques are presented in Fig. 4-A and B, respectively. TEER values obtained from the chopstick method decreased in the first 10 minutes after treating Calu-3 cells with Na decanoate, but after 2 hours the TEER returned to control level. Similar findings were reported by Krug et al. [47], where human colon cell line HT-29/B6 treated with 10 mM Na decanoate showed a decline in TEER in the first 10 minutes of the treatment then return to initial control values. It has also shown in other cell lines that Na decanoate induces fast and reversible reduction of TEER [49, 53]. EGTA treatment did not decrease TEER values compared to the control. Oleic acid reduced TEER values from ~ 400 to 210 Ωcm2 after 4 hours treatment with TJM and the values did not return to the control level. These results could be related to the non-reversible effect of oleic acid with the experiment concentration [54].  
ECIS data indicate that exposure to Na decanoate resulted in the dilation of TJs after 2 hrs of incubation, evidenced by the drop in the resistance from 2500 to 2100 Ω. However, this reduction in the cell layers’ resistance was reversible, with values returning to control equivalent at the end of the 4 hours experiment. Incubation with oleic acid increased TEER in the first 10 minutes followed by a decrease to 2200 Ω and this value remained constant during the experiment which indicates the irreversible effect of oleic acid on the TJs’ dilation which correlates well with that shown with the TEER. This finding was consistent with results from another study using alveolar epithelial cells where it was reported that concentrations above 50 µM oleic acid resulted in higher level of permeability in an irreversible manner [33]. The resistance in the cells incubated with EGTA also decreased compared to the control, from 2500 to 2400 Ω, but after 1 hour the resistance was similar to the control values and remained constantly similar for the duration of experiment. In conclusion, both methods of measuring TEER demonstrated a change in the barrier function of Calu-3 cells due to the presence of TJMs. It should be noted that the absolute TEER values obtained from the chopstick method is not equivalent to the values obtained by ECIS due to the absence of basolateral fluid compartment. Therefore, the resistance results obtained from ECIS are calculated in a fundamentally different way which needs to be considered when comparing results obtained with membrane-based experimental setups such as the chopstick technique [55]. 
Transepithelial cell permeability using a paracellular marker 
Reduction of TEER values upon incubating the cell monolayer to the TJMs resulted in a significant increase in Flu-Na transepithelial permeability. It has been shown that Flu-Na when treated with Na decanoate and oleic acid was significantly transported across Calu-3 compared to the control (Fig. 5A). With Na decanoate treatment, after 4 hours, the transport of Flu-Na across Calu-3 was doubled. With EGTA treated cells, Flu-Na transport was not significantly higher than control for the length of the experiment. This finding suggests that the change in TEER can be an indicator to predict the permeation-enhancing effect of TJMs. The inverse correlation between paracellular transport of Flu-Na across cell layers and TEER was also observed in other studies [56, 57]. These observations are in accordance with the concept of TJ function where the TJ is loosely attaching adjacent cells where consequently the TEER value is lower and the paracellular transport is increased [58].
Transport of PXS25 enhanced due to the effect of TJMs on Calu-3 cells
Since TJMs enhanced Flu-Na flux across Calu-3 cell layer, TJMs were tested for their effect on the transport of PXS25, a poorly permeable molecule, through Calu-3 epithelial cells. The transport study indicated that TJMs enhanced PXS25 transport across Calu-3 cells treated in the rank order of: Na decanoate > oleic acid > EGTA (Fig. 5B) similar to the Flu-Na transport. Na decanoate increased transport of PXS25 significantly (P< 0.001), in comparison to control cells.. Other studies support this finding where Na decanoate increased the absorption of berberine [59], cefotaxime [60], ropivacaine [61] and norfloxacin [62] increased significantly in ex vivo and in vivo studies. 
Conclusion
Among the investigated non-specific TJMs, Na decanoate fulfilled the requirements of an effective, non-toxic and reversible tight junction modulator for Calu-3 lung epithelial cell, to be used to enhance the transport of poorly permeable drugs via inhalation. Although further studies are warranted, Na decanoate has the potential of being a promising candidate to be developed as a drug transport enhancer for pulmonary delivery systems. 
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[bookmark: _GoBack]Figure 1- Schematic representation of Calu-3 cell grown in A- air liquid interface culture where TEER was measured using a chopstick ohmmeter. Cells were grown on the filter membrane and each stick of the electrode locates in the apical and basal compartments of the insert and silver coated electrodes measure the passing current and, B- Cell layer are grown to confluence on integrated gold electrodes (orange disk) in ECIS array. The alternative current (AC) will flow in the spaces under and between the cells, as the cell membrane are essentially insulators. Dilation in the tight junctions lets the AC current to flow between cells and the resistance will drop.
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Figure 2- Viability of Calu-3 cells treated with TJMs for 24 hrs (n=3, ± SD), significant difference are defined with *** p<0.0001 and ** p<0.001. HBSS and Triton, negative and positive controls, respectively.
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Figure 3- Immunofluorescence staining of Calu-3 cells with mouse anti ZO-1 Monoclonal Antibody - Alexa Fluor® 488 (Green colour), DNA is counter stained with DAPI (Blue colour). The effect of TJMs on ZO-1 localisation on Calu-3 cells were studied after 24 hrs incubation with: A) No treatment, B) EGTA, C) Oleic acid and D) Na decanoate. The bar represents 10µm.
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Figure 4- TEER values obtained after incubation for 4hrs with the TJMs using: A- a chopstick ohmmeter (n=3, ± SD); and, B- the ECIS technique.  
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Figure 5- Transport  across Calu-3 cells of: A- Flu-Na, B- PXS25 post treatment with TJMs; Black line (•) is Control, red line(▲) is Na decanoate 10 mM, blue line (□) is 100 µM oleic acid and the green line (○) is 1 mM EGTA. Data are expressed as means ± SD of three experiments. The significant difference presented as; *** is p<0.0001 and ** is p<0.001.
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