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ABSTRACT
In addition to their solubilising properties, excipients used in lipid-based formulations (LBFs) can improve intestinal permeability of macromolecules. We determined whether ad-mixing of medium chain fatty acid (MCFA) permeation enhancers (PEs) with a lipoidal excipient (Labrasol®) could potentiate trans-epithelial flux of a poorly permeable macromolecule (FITC-dextran 4 kDa, FD4) across rat intestinal mucosae mounted in Ussing chambers.  Low concentrations of sodium caprate (C10), sodium undecylenate (C11:1), or sodium laurate (C12) combined with Labrasol® increased the Papp of FD4 to values typically seen with higher concentrations of MCFAs or Labrasol® alone. For example, combination of C11:1 (0.5 mg/mL) with Labrasol® (1 mg/mL) increased the Papp of FD4 by 10- and 11-fold over the respective individual agents at the same concentrations where no enhancement was evident. The increased enhancement ratios seen with the combinations were associated with some perturbation in intestinal histology and with attenuation of an epithelial functional measure, carbachol-stimulated inward short-circuit current (Isc). In conclusion, combining three MCFAs separately with Labrasol® increased the Papp of FD4 to values greater than those seen for MCFAs or Labrasol® alone.  Ultimately, this may permit lower concentrations of MCFA to be used in combination with other excipients in oral formulations of poorly permeable molecules.
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GLOSSARY: BA: Bioavailability, BCS: Biopharmaceutics Classification System, C10: sodium caprate, C11:1: sodium undecylenate, C12: sodium laurate, CCh: carbachol, ER: enhancement ratio, FD4: fluorescein isothiocyanate dextran 4 kDa, HLB:  Hydrophilic:Lipophilic Balance, ΔISC: change in inward short-circuit current, KH: Krebs-Henseleit buffer, HPMC: hydroxypropyl methylcellulose, LBF: lipid-based formulation, LFCS: lipid formulation classification system, Papp: apparent permeability coefficient, MCFA: medium chain fatty acid, PE: permeation enhancer, PEG: polyethylene glycol, SNAC: Sodium N-[8-(2-hydroxybenzoyl) Amino] caprylate, SMEDDS: self-microemulsified drug delivery system, TEER: transepithelial electrical resistance.

























INTRODUCTION
Approved injectable peptides typically have excellent safety, efficacy and tolerability. However, most display enzymatic instability and low intestinal permeability, thereby precluding oral formulation [1]. Development of delivery technologies that improve oral bioavailability (BA) of therapeutic peptides, proteins, and other macromolecules could permit reformulation of a number of marketed injectable molecules and could also promote oral formulation in lead optimisation. An oral peptide delivery system must protect labile groups from pre-systemic degradation and improve small intestinal permeability. A wide range of delivery strategies have attempted to address these problems including intestinal permeation enhancers (PEs), micro/nano encapsulation, structural modification and more recently lipoidal vehicles [2].
A diverse array of lipid dispersions have shown promise in the delivery of high solubility/low permeability compounds including water-in-oil microemulsions [3], reverse micelles [4], oily suspensions/solutions [5], solid lipid nanoparticles [6] and multiple emulsions [7]. Lipid based formulations (LBFs) are one of the most effective strategies for formulation of molecules that violate Lipinski’s Rule-of-5 [8-10]. The approval of oral cyclosporin in a coarse oil-in-water emulsion pre-concentrate (Sandimmune®, Novartis, Switzerland), and its subsequent reformulation in to a self-microemulsified drug delivery system (SMEDDS) (Neoral®, Novartis), highlighted the potential of LBFs to improve oral absorption of poorly soluble macromolecules. Otherwise they are more commonly used to improve aqueous solubility of lipophilic small molecules from the Biopharmaceutics Classification System (BCS) Class II and IV [11, 12]. While the application of LBFs for oral delivery of poorly permeable peptides has yet to be fully harnessed, there have been a number of recent innovations including dispersions of peptides (and their lipophilic salt forms [13]) as solutions, suspensions, or nanoparticles-in-lipid blends containing PEs [14].  An example is an oily suspension of octreotide formulated in an enteric-coated capsule (Mycapssa®, Chiasma Pharma, Israel), which completed Phase III trials [15]. Mycapssa® contains TPETM (Transient Permeability Enhancer), which combines a surfactant-based PE (C8) with a suspending agent (povidone) in a lipid base incorporating glyceryl monocaprylate [5]. The trial showed that consistent plasma levels of octreotide can be achieved by the oral route, although the high dose and estimated BA of ~ 0.5% suggests a requirement for further optimisation if such formulations are to be used for other macromolecules [15].

[bookmark: _Hlk504346349]Excipients used in the preparation of LBFs for the delivery of poorly soluble drugs are also a source of intestinal PEs that may have application in oral delivery of poorly absorbed macromolecules. From the Lipid Formulation Classification System (LFCS) [16], Class III formulations comprise oil (<20%), hydrophilic solvent (≤50% w/w) and a water soluble surfactant (Hydrophilic: Lipophilic Balance (HLB)>12) (20-50%). An example of a LFCS  from Class III is Labrasol® (Gattefosse, France), a definedmixture of C8 and C10 macrogol-8 glycerides (mono- and di- esters) (90%) and medium chain glyceride esters (mono-, di- and tri- esters of C8 and C10) (10%) [17, 18]. Labrasol® is a component of an approved oral formulation of the hydrophobic molecule, enzalutamide (Xtandi®, Astellas Pharma, USA), to treat metastatic prostate cancer [19]. Several studies also report the capacity of Labrasol® to improve absorption of insulin [20], erythropoietin [21], and macromolecules (e.g. fluorescein isothiocyanate (FITC) dextran 4kDa (FD4)) [22] by inducing an increasing intestinal permeability. Yet, it is not apparent from the literature as to whether commercial LBFs improve intestinal permeability of macromolecules with the same efficacy as established intestinal PEs, including the medium chain fatty acid, sodium caprate (C10), a component of the GIPET™ formulation of Merrion Pharmaceuticals (Ireland) that reached Phase II for oral delivery of insulin [23], and SNAC (Sodium N-[8-(2-hydroxybenzoyl) Amino] Caprylate), a PE in Phase III trials for oral semaglutide [24]. Nevertheless, Labrasol® has some potential advantages over such PEs including presentation in a liquid emulsion vehicle to permit co-presentation of the peptide in a stable hydrophobic milieu or as a hydrophobic ion-pair [17].

[bookmark: _Hlk504342839]We found previously that blending polyethylene glycol (PEG) solvents with surfactant-based PEs can increase in vitro intestinal epithelial permeability [25], so this stimulated interest in further examining combinations of MCFAs with PEGylated lipid systems. Others have shown that binary mixtures of lipids with bile salt surfactants have an increased separation between safety and enhancement actions than individual components [26]. In the current study, we used permeability assessment of FD4 across isolated rat intestinal mucosae as a screening tool, since this hydrophilic macromolecule is poorly permeable across both rat and human intestinal tissue mucosae [27], and has a molecular weight comparable to many peptides emerging from discovery programmes.  As FD4 is a metabolically stable molecule, this study was able to focus entirely on optimisation of intestinal permeability. Our hypothesis therefore was that a low, sub-effective threshold concentration of Labrasol® might potentiate the intestinal permeability-inducing effect of low concentrations of MCFA on FD4 across rat intestinal tissue mucosae. We therefore investigated whether  the combination may (a) be more effective in delivering a poorly permeable macromolecule than either approach alone and (b) permit lower concentrations of MCFAs to be used than in current iterations. Importantly, MCFA were tested at concentrations known to produce little permeation enhancement, so that effects might be seen when combined with similarly low concentrations of Labrasol®. We determined if mixing concentrations of three selected MCFA salts individually with Labrasol® could create a system with improved permeability-enhancement efficacy, as well as reduced toxicology across isolated muscle-stripped rat intestinal mucosae mounted in Ussing chambers.

MATERIALS AND METHODS
Materials
Sodium undecylenate (C11:1) was purchased from Chemos GmbH (Germany). Labrasol®-ALF (Labrasol®) was a gift from Gattefossé (France). Unless otherwise stated, all other reagents and chemicals were of analytical grade and obtained from Sigma Aldrich (Ireland) unless stated.

Tissue preparation
Male Wistar rats (250-300g, Charles River, UK) were euthanized by stunning and cervical dislocation. All animal experiments were carried out in accordance with an approved UCD Animal Research Ethics Committee protocol for use of post-mortem rat tissue (AREC 14–28-Brayden). Following euthanasia, the colon was removed and placed in pre-warmed (37 °C), oxygenated, Krebs-Henseleit (KH) buffer. The colon was cut open along the mesenteric border, pinned mucosal side down on a dissection board and the underlying smooth muscle was removed by blunt dissection with a size 5 watchmaker forceps [28]. This screen was performed using muscle-stripped colonic mucosa due to its capacity to better withstand the dissection and to retain function in the Ussing chamber compared to small intestinal mucosae; nonetheless several of the epithelial transport features of the colonic mucosa are similar to those of the small intestine. 


Electrophysiology
Tissues were mounted in Ussing chambers with a circular window area of 0.63cm2, bathed bilaterally with 5 mL of KH buffer and continuously bubbled with a mixture of O2 and CO2 (95%/5%). Calcium was omitted from KH buffer bathing the apical chamber to avoid precipitation of MCFAs [29]. Potential difference (PD, mV) was recorded in an open circuit configuration for a 20 min equilibration period after which the tissue was voltage-clamped using an Epithelial Voltage Clamp (EVC 4000, WPI, UK). Short-circuit current (Isc, µA.cm-2) and PD were monitored by switching from clamp to open circuit respectively for 3 s every 30 s using a Pro 4® timer (AD Instruments, UK). The analogue signals were digitised using a Powerlab® data acquisition module and the data was analysed using LabChart® software (AD Instruments, UK). Trans-epithelial electrical resistance (TEER) was calculated using Ohm’s Law (V = IR). The tissue was equilibrated for a further 30 min before commencement of transport studies. Tissues with a baseline TEER of ≤ 70 Ω.cm2 were excluded from the study [30].
Permeability studies
The apparent permeability coefficient (Papp) of FD4 across colonic mucosae was assessed [31]. After tissue equilibration of 30 min, FD4 (2.5 mg/mL) was added to the apical chamber. Samples (T0) were taken from the apical and basolateral side of the chamber (200 µL) and replenished with fresh KH buffer. PE treatments were then added apically and basolateral samples were taken every 20 min for 120 min, replacing the sampled volume (200 µL) with fresh KH buffer. The concentration of FD4 was measured in a spectrofluorimeter (λEx 490 nm / λEm 520 nm) (MD Spectramax Gemini, UK). The detection range was 0.01 – 2.525 µg/mL. The Papp was calculated using the equation Papp (cm/s) = (dQ/dt) ∙ (1/A∙C0), where dQ/dt is the rate of transport (mol/s), A is the exposed surface area of the mucosa and C0 is the starting concentration of FD4 in the donor compartment (mol/mL) [28]. The rate of transport for FD4 is linear and data was only used if R2  0.9.  The Enhancement Ratio (ER) was defined as the ratio of the Papp of a specified treatment to the Papp of the untreated control (ER = Test Treatment Papp/control Papp). At the end of each experiment, the ability of tissue to produce a transient inward short-circuit current (ΔIsc) in response to the cholinomimetic, carbachol (CCh) (0.1-10 µM), was used as a measure of maintenance of secretory function [32].

Histology
Tissues were removed from Ussing chambers, fixed in neutral buffered formalin (10% v/v) for 24 h, processed for embedding in paraffin wax, and sectioned (5 µm)  on a microtome (Leica Leitz 1512; GMI, USA). Sections were mounted on adhesive coated slides and stained with alcian blue/neutral red or haematoxylin/eosin (H&E). Specimens were then visualised by light microscopy (Lobophot-2; Nikon®, Japan). Images were captured electronically using an interfaced camera (MicroPublisher® 3.3; QImaging, Canada) and processing software (Image-Pro® Plus 6; Media Cybernetics, USA).
Statistical analysis
Unless otherwise stated, all values are expressed as the mean ± SEM of three independent experiments. Statistical analysis of TEER and CCh-induced Isc data was performed by two-way ANOVA with Bonferroni post-test. Papp values were analysed using one-way ANOVA with Dunnett post-test. All statistical analysis was carried out using GraphPad Prism® version 5.0 (USA).

RESULTS
Effect of combinations of Labrasol® and MCFAs on TEER and Papp of FD4 in isolated rat colonic mucosae
The average baseline TEER values were 143 ± 4.6 Ω /cm2 (n = 76). These values were consistent with published data [28]. Apical addition of 1 mg/mL Labrasol®, 0.5 mg/mL C10 (Fig. 1A), 0.5 mg/mL C11:1 (Fig. 1 D) and 0.2 g/mL C12 (Fig. 1G) did not reduce TEER in rat colonic mucosae over 120 min. However, higher concentrations of C10 (0.8-1 mg/mL, Fig. 1B and 1C), C11:1 (0.8-1 mg/mL, Figs. 1 E and F) and C12 (0.4 mg/mL, Fig. 1H) caused a 50-80% reduction in TEER. There was a decrease in TEER in the presence of Labrasol® + C10 (Fig. 1A-C), Labrasol® + C11:1 (Fig. 1 D-F) and Labrasol® + C12 (Fig. G-H). This decreased was dependent on the concentration of the MCFA in each combination. TEER reductions following 1 h incubation of Labrasol® with the lowest concentration of each MCFA were C10 (0.5 mg/mL, 50%), C11:1 (0.5 mg/mL, 74%) and C12 (0.2 mg/mL, 75%), a difference of 26%, 57%, and 40% compared to each respective MCFA alone. In sum, Labrasol® ad-mixed with MCFA reduced TEER, whereas these same concentrations of Labrasol® and MCFA had no effect when added in isolation. 
The average Papp of FD4 was 0.37 ± 0.05 × 10-6 cm/s (n = 20), consistent with published values [33]. Treatments that reduced TEER by ≥50% also increased Papp of FD4 by ≥ 2-fold (Fig. 1, Fig. 2). Labrasol®, C10, and C12 did not statistically increase the Papp of FD4 at any of the selected concentrations tested, although trends were apparent (Fig. 2). C11:1 induced a concentration-dependent increase in Papp of FD4, but only the highest concentration was statistically significant (P<0.001). The majority of ad-mixtures containing Labrasol® and C10, C11:1, or C12 however, increased the Papp values versus untreated controls, Labrasol® itself, and the respective MCFA (Fig 2). Labrasol® (1 mg/mL) ad-mixed with C10 (0.5, 0.8 and 1 mg/mL) increased the Papp of FD4 by 4-, 6- (p<0.001) and by 1.6- fold versus C10 alone at the same three concentrations. In the case of C11:1 ad-mixed with Labrasol®, the Papp values were 11-fold (P<0.05), 3-fold (P<0.05) and 1.6- fold higher compared with C11:1.  For C12 there was a 3- to 7.6- (P<0.001) fold increase with the ad-mixture versus C12 alone. The Papp values for binary mixtures of Labrasol® (1 mg/mL) with the highest test concentration of MCFA followed the order: Labrasol® and C11:1 (1 mg/mL) > Labrasol® and C12 (0.4 mg/mL) > Labrasol® and C10 (1 mg/mL). In sum, consistent with the TEER data, Labrasol® ad-mixed with MCFA reduced TEER, whereas overall these same concentrations of Labrasol® and MCFA had little effect when added in isolation. 

Effect of combinations of Labrasol® and MCFAs on CCh-induced Isc in isolated rat colonic mucosae
At the end of each experiment, stimulation of an inward Isc with CCh (0.1-10 µM) was assessed across mucosae. The Isc across rat colonic mucosae is a surrogate of electrogenic chloride secretion and can be used as a measure of the maintenance of tissue capacity to undergo active ion transport [28]. It is noteworthy however that even low concentrations of MCFA can attenuate electrogenic chloride secretion [34]. With that caveat, we investigated whether additional reductions in the CCh-induced Isc were present following exposure to the combinations over that induced by the single agents. Labrasol® exposure at 1mg/mL induced a partial reduction in CCh-stimulated ΔIsc (Fig. 3, each panel). C10 also caused a concentration-dependent partial reduction (Fig. 3A-C), while there was near complete inhibition at all concentrations of C11:1 (Fig. 3D-F) and C12 (Fig. 3G-H). Labrasol® + C10 combinations caused a reduction in Isc, which was dependent on the C10 concentration in the combination (Fig. 3A-C). Only a partial reduction in Isc was seen with Labrasol® + C10 (0.5 mg/mL) (Fig. 3A), whereas exposure of mucosae to Labrasol® + C11:1 (Fig. 3D-F) and Labrasol® + C12 (Fig. 3G-H) resulted in near complete inhibition from all combinations tested. Overall, the combinations attenuated the CCh-stimulated Isc to a greater extent than MCFA or Labrasol® in isolation. 

Effect of combinations of Labrasol® and MCFAs on morphology of isolated colonic mucosae
Control mucosae showed normal morphological features including an intact layer of columnar cells and there was no evidence of sloughing or loss of barrier continuity after 120 min in the Ussing chamber (Fig 4 (i)). There was however, some evidence of oedema in the sub-mucosa, but the overall structure of the submucosa appeared unperturbed. The observation of mild damage was consistent with previous studies using rat colonic mucosae mounted in Ussing chambers [28]. Mild histological damage was observed in all treatments that significantly increased Papp of FD4. Exposure to Labrasol® (1 mg/mL; Fig 4 (i)), C10 (0.5-0.8 mg/mL; Fig. 4 (ii)) C11:1 (0.5 mg/mL; Fig. 4 (iii) and C12 (0.2-0.4 mg/mL; Fig. 4 (iv)) did not alter tissue morphology. At higher concentrations of C10 (1 mg/mL), and C11:1 (0.8-1 mg/mL) there was mild perturbation. Importantly, apical-side exposure of the intestinal epithelium to combinations of Labrasol® (1 mg/mL) + C10 (0.5-0.8 mg/mL) did not cause appreciable mucosal damage. There was some minor focal aberration, but the epithelium remained continuous and the submucosa was comparable to untreated control.  However, a higher concentration of C10 (1 mg/mL), ad-mixed with the same concentration of Labrasol® (1 mg/mL) caused a degree of sloughing and mild focal perturbation of the epithelium, noting that the epithelium was still intact. Intestinal damage was observed at all test concentrations of mixtures of Labrasol® + C11:1 and Labrasol® + C12. Interaction of Labrasol® + C11:1 led to cell exfoliation and more uniform surface abrasion than combinations of Labrasol® + C10. Combinations of Labrasol® + C12 (0.2-0.4 mg/mL) caused more extensive mucosal injury compared with test treatments containing C10 and C11:1. Here, there was diffuse denudation of the epithelium and extensive perturbation of the sub-mucosa at the highest concentrations of each agent tested. In summary, the highest concentrations tested of C10 and C11:1 caused mild mucosal perturbation. The majority of Labrasol®- MCFA combinations accentuated the morphological damage compared to individual treatments.

DISCUSSION
Combining Labrasol® with low concentrations of MCFAs increased permeability of FD4 in isolated rat colonic mucosae compared with individual treatments. These findings are relevant because mixing Labrasol® with C10, C11:1 or C12 in emulsion-based oral delivery systems could help to reduce the concentrations of surfactant-based PEs required to improve permeability of macromolecules.  Preclinical studies have demonstrated that dispersion of BCS Class III hydrophilic drugs in Labrasol® improves intestinal absorption. For example, the oral BA of gentamicin sulphate from solution-filled enteric-coated hydroxypropyl methylcellulose (HPMC) capsules comprising 50 mg gentamycin and 0.6 mL Labrasol® administered to Beagle dogs ranged from 18-22% depending on the Eudragit® type [35]. This would suggest that this excipient is a useful starting point in formulation from which to design permeation enhancement capacity still further. MCFAs were considered here as appropriate PEs for blending with Labrasol® because they are i) physically compatible, ii)  in advanced clinical trials, iii)  used in the Chiasma’s TPETM oral octreotide delivery system.  Furthermore, surfactant-based PEs including MCFAs reduce the droplet size of oil-in-water dispersions containing Labrasol® [17].
The current study shows that combinations of relatively low concentrations of Labrasol® with MCFAs increased intestinal permeation over either treatment alone at similar concentrations. The permeation enhancement action of 1 mg/mL Labrasol® with MCFA was comparable to that achieved with higher concentrations of C10, typically used as a benchmark for high enhancement potential (i.e. 1.9-2.5 mg/mL, equivalent to 10-13 mM [36]). Exactly how these dispersions improve permeability has not been elucidated. Mixtures of non-ionic and anionic surfactants are known to be more effective detergents than when used stand-alone, as they can provide an optimal balance between wetting, monomer penetration and solubilisation [37, 38]. The monomeric surfactant form is primarily responsible for detergent action associated with transcellular perturbation, while micelles promote solubilisation of membrane constituents and are reservoirs for efficient replenishment of monomers that are lost from solution upon interaction with enterocytes (reviewed in [17, 38]).
Dilution of Labrasol® in water results in a dynamic dispersion of micelles and nano-dispersions of glycerides and soluble non-ionic ethoxylates in equilibrium with the free molecular surfactant form. Addition of MCFAs to a microemulsion may alter the delicate balance between molecular forms and colloidal structures by creating a mixed monomer population at higher concentrations.  Secondly, mixed micelles of anionic and non-ionic surfactants could alter the rate of monomer replenishment.   MCFA can also reduce microemulsion droplet size by acting with the macrogol-8 glycerides of Labrasol® to further decrease the interfacial tension between glycerides and water. In an oral insulin rat study, there was no evidence of a concentration-dependent relationship for permeation enhancement from lipoidal dispersions containing varying proportions of Labrasol®, Tween® 20, propylene glycol, diglycerol caprylate [39]. Rather, the greatest absorption of insulin from rat and canine intestinal instillations was observed with dispersions with the smallest particle size and the greatest surface area [39]. We previously hypothesised that reducing droplet size may increase the surface area of solvent/surfactant droplets to permit more efficient replenishment of the active monomeric form of surfactants and also to increase the concentration of monomeric surfactant in solution [25].
Mixing surfactant-based PEs with lipids or other surface active agents has previously been shown to modulate enhancement. In one example, the effect of alkyl maltopyranosides (C10-C14) on Caco-2 monolayers was surprisingly attenuated by constituents of simulated intestinal fluid (phospholipids and bile salts) due to formation of mixed micelles [40]. In another, mixing bile salts with free fatty acids significantly increased absorption of hydrophilic drugs in rats [26]. In a comprehensive in vitro Caco-2 intestinal screen of over 1200 combinations covering 11 surfactant categories, ternary (7 of top 10) and binary (3 of top 10) mixtures of surfactant-based PEs led to greater “Overall Potential” defined as the “Enhancement Potential ” minus the “Toxicity Potential ” [41]. The formulations with the highest “Overall Potential”  values comprised sodium laureth sulfate (anionic), decyltrimethylammonium bromide (cationic), and chembetaine (zwitterionic). The synergy was concentration-dependent, and the effect was lost at higher concentrations owing to an increase in TP. The key advantage of mixing surfactants may be an overall reduction in the individual concentrations required in the final formulation. The same is true in the current study, however the three surfactant groups in mixtures of Labrasol® + MCFA comprise macrogol-8 glycerides (non-ionic), glyceride esters (non-ionic), C10/C11:1/C12 (anionic).  They are likely to have better safety profiles than SLS, DTAB and CBC, which are more commonly used in products for external use only.
A part of the rationale for mixing Labrasol® and MCFAs was to create a lipoidal dispersion with a greater degree of separation between concentrations with potential for enhancement action and those with the potential for toxicity.  It has been established that Labrasol® and Transcutol® can improve permeability of metformin across Caco-2 monolayers with minimal cytotoxicity [42], so the opportunity was presented to see if it could allow MCFA induced permeation in the absence of their known capacity to perturb membranes.  All combinations of Labrasol® with MCFAs that significantly increased permeability of FD4 across colonic mucosae were accompanied by mild mucosal perturbation. To place this in context however, we typically see far more irreversible damage and perturbation when C10 and other known permeation enhancers are exposed in high concentrations to rat intestinal epithelia in Ussing chamber studies in vitro [43]. Thus, there was no clear discrimination between the concentrations that induced permeation enhancement and mild transmucosal perturbation in this model. Nonetheless, the overall benefit of mixing Labrasol® and MCFAs from a safety perspective may still be to limit the concentration of MCFAs required in the oral dosage form, as these can perhaps be compensated for by an increase in the concentration of excipients with permeation-enhancement capacity. Mild mucosal damage seen in vitro does not preclude the potential application of LBFs supplemented with PEs, as many excipients, foods and endogenous mediators also have the potential to cause an acceptable level of temporary, mild, and reversible mucosal damage [44].
The design of appropriate bio-relevant media for in vitro systems is important for predicting drug dissolution. However, the capacity of the apical side milieu to alter drug permeability and/or the study of how excipients interact with the intestinal epithelium is relatively under-researched. The effect of combinations of Labrasol® and MCFAs shown here suggests that physiological concentrations of free fatty acids, potentially liberated during lipid digestion of Labrasol®, may alter how Labrasol® interacts with the intestinal epithelium. Interaction of Labrasol® with dietary MCFAs is less likely in the fasted-state as the estimated concentration of free fatty acids in fasted state human intestinal fluid is relatively low (0-to-3.86 mg/mL of which only 5% of which are MCFAs [45]). However, interaction is possible following dietary intake of nutrients of excipients that are rich in MCFAs such as coconut milk, which contains C10 (4.7 %w/w) and C12 (37 %w/w) [46]. The post-prandial concentration of free fatty acids in human intestinal fluid can reach levels considerably higher than those tested in this study. For example, the fed state concentration was higher (0.53-to-15 mg/mL) following ingestion of the nutritional supplement Ensure® Plus (400 mL, Abbott, Netherlands), which contains a lipid content that is relatively low (0.05 %w/v) compared to some high fat meals [45]. Lipid rich meals are generally reported to reduce the extent of absorption of small molecule BCS Class III drugs via inhibition of transporters, but these compounds are not formulated in LBFs or with appreciable quantities of surfactant [47]. An evaluation of human food effects in 92 clinical data sets concluded that 67 % of BCS Class I drugs had no food effect, 71 % of Class II had a positive food effect, 61 % of BCS Class III had a negative food effect and 73 % of Class IV had a positive food effect [48]. Although that study only focused on the intrinsic drug properties, the authors noted that formulations may ultimately change a food effect. In sum, delivery models that take in to account constituents of diet, physicochemical properties of drug and formulation may help to better understand the effect of lipoidal vehicles on intestinal permeability.

It is noteworthy that the acylglycerols and PEG esters in Labrasol® and other lipoid vehicles are substrates of digestive lipases [49], and hence the luminal formation of MCFAs (C8 and C10) may contribute to permeability of drugs formulated in lipoidal vehicles. However, as the principle action of intestinal lipases is not within the lumen of the GI tract, but is rather within the intestinal epithelium, this is unlikely to be an issue in experiments performed in Ussing chambers. On the other hand, this is possible in vivo where sufficiently high concentrations of pancreatic lipase is found within the lumen of the GI tract. Indeed, there is evidence that digestion products of Labrasol® can prevent precipitation of the BCS Class II drug cinnarizine and the degradation products of LBFs are widely known to alter intestinal solubility [50, 51]. An understanding of the effects of digestion products of LBFs on intestinal permeability may improve the predictive power of permeability models. A recent study presented evidence that digestion products of LBFs can alter permeability of Caco-2 monolayers [52]. Such data highlights the requirement for further assessment of how degradation products of LBFs including for example, Labrasol® impact intestinal permeability.

CONCLUSIONS
Mixtures of Labrasol® and MCFAs increased intestinal flux of FD4 across rat colonic mucosae to a greater extent than each individual constituent. Combinations of Labrasol® with C11:1 induced the greatest increase on FD4 permeability compared to Labrasol® alone and Labrasol® in combination with either C10 or C12. Increases in intestinal permeability by surfactant blends were associated with mild mucosal perturbation and the extent correlated with permeation enhancement. Lipoid dispersions supplemented with MCFAs warrant further evaluation for capacity to increase absorption of poorly permeable macromolecules as ad-mixtures and emulsions in rat in vivo loop gut instillation models.
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FIGURE LEGENDS
[bookmark: _Hlk503190609][bookmark: OLE_LINK1]Fig. 1: Effect of Labrasol® and MCFA on TEER across isolated rat colonic mucosae. Each value represents the mean ± SEM (n=3-9). Panel shows Labrasol® (1 mg/mL) with and without MCFA. Symbols: × Control, ○ Labrasol® (1 mg/mL), ■ MCFA, ∆ Labrasol® +MCFA. Each panel has the MCFA in the title and the symbols are the same throughout. Each panel contains: Ctrl, Labrasol®, MCFA named in title, and the combination. The x-axes are “Time (min)” in each case.
 
Fig. 2: Effect of combinations of Labrasol® and MCFAs on the Papp of FD4 across isolated rat colonic tissue mucosae. Each bar represents the mean ± SEM of n = 3-9 replicates. *P<0.05 **P<0.01, ***P<0.001 compared to control. # P<0.05, # #P<0.01,  # # #P<0.001 compared to Labrasol® and ●P<0.05 ●●P<0.01, ●●●P<0.001 compared to the respective MCFA.

Fig. 3: Effect of Labrasol® and MCFA on ΔISC response to CCh in isolated rat colonic mucosae. Each value represents the mean ± SEM of n = 3-6. Panels shows Labrasol® (1 mg/ mL) with and without named MCFA at specific concentrations. Symbols: × Control, ○ Labrasol® (1 mg/mL), ■ the designated MCFA, ∆ Labrasol® + respective MCFA. The x-axes are “log [CCh]” in each case.

Fig. 4: Representative histology images for isolated rat colonic mucosae exposed to combinations of Labrasol® (1 mg/mL) and MCFA over 120 min. For clarity, the panels are divided (i)-(iv) in order to show the controls (i) and to separate each MCFA (ii)  C10, (iii)  uC11, (iv) C12.The Labrasol® concentration was fixed at 1 mg/mL alone and in each combination and is therefore not stated on the panels, while MCFA concentrations ranged from 0.2- 1 mg/mL.  Horizontal bar = 100 µm throughout. 
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