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Abstract
[bookmark: _GoBack]Creating in-situ phase separation in solid dispersion based formulations to allow enhanced functionality of the dosage form, such as improving dissolution of poorly soluble model drug as well as being mucoadhesive, can significantly maximize the in vitro and in vivo performance of the dosage form. This formulation strategy can benefit a wide range of solid dosage forms for oral and alternative routes of delivery. This study using buccal patches as an example created separated phases in situ of the buccal patches by selecting the excipients with different miscibility with each other and the model drug. The quaternary dispersion based buccal patches containing PEG, PEO, Tween 80 and felodipine were prepared by direct hot melt extrusion-injection molding (HME-IM). The partial miscibility between Tween 80 and semi-crystalline PEG-PEO led to the phase separation after extrusion. The Tween phases acted as drug solubilization compartments and PEG-PEO phase had the primary function of providing mucoadhesion and carrier controlled dissolution. As felodipine was preferably solubilized in the amorphous regions of PEG-PEO, the high crystallinity of PEG-PEO resulted in an overall low drug solubilizing capacity. Tween 80 was added to improve the solubilisation capacity of the system as the model drug showed good solubility in Tween. Increasing the drug loading led to the supersaturation of drug in Tween compartments and crystalline drug dispersed in PEG-PEO phases. The spatial distribution of these phase-separated compartments was mapped using X-ray micro-CT, which revealed the domain size and heterogeneity of the phase separation increased with increasing the drug loading. The outcome of this study provides new insights into the applicability of in situ formed phase separation as a formulation strategy for the delivery of poorly soluble drugs and demonstrated the basic principle of excipient selection for such technology.  
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Introduction
The highly hydrophobic nature of many active pharmaceutical ingredients is often the major rate-limiting step responsible for their poor dissolution following oral administration, which  consequently leads to low systemic bioavailability [1,2]. In addition, some of them also have some level of first-pass metabolism, which makes their delivery across the buccal mucosa a potential approach to improve their bioavailability, especially for potent drugs and those with narrow therapeutic windows [3]. Felodipine, a dihydropyridine calcium antagonist widely used as a potent antihypertensive drug, is one such example: the currently available oral felodipine formulations are extended release tablets which often lead to high inter- and intra-patient variations in pharmacokinetics and absorption [4]. This is because the dissolution of the drug is slower than the permeation of the drug and leads to overall absorption being formulation-dependent [5]. Due to the low oral bioavailability, in literature buccal patches and films of felodipine have been proposed with the attempt to avoid the first-pass metabolism and improve the bioavailability [6]. Most of these buccal formulations (mainly being tablets and films) were produced using conventional solvent film casting or direct compression [3]. Film casting often requires the use of organic solvents and the removal of the solvent and the detection of residual solvents are associated with increased cost, safety and environmental issues. In addition, patches prepared by solvent casting often have uneven surfaces and heterogeneous thickness due to the uneven solvent evaporation at different site of the surface [7]. Direct compression produces compacts of physical mixtures of crystalline drugs with excipients. If the drug is poorly water soluble, formation of molecular solid dispersions of the drug in a polymer via other processes such as hot melt extrusion is more effective for dissolution enhancement than using the same polymer in simple physical mixes with the drug before direct compaction [8]. This study proposes an alternative process to manufacturing felodipine buccal patches using the combined process of direct hot melt extrusion and injection moulding (HME-IM) [9,10]. In comparison to other conventional methods, the major advantage of this processing is that it is a continuous and solvent-free method that can manufacture formulations with complex shape and geometry with high precision [11]. However, HME-IM also poses some disadvantages, for example the drug and excipients have to be relatively thermally stable and have a certain degree of thermoplastic properties [12]. In addition, the injection moulding process often produces a dense material which have been reported to delay the dissolution of the processed material [13]. Therefore when using HME-IM as a processing method for poorly water soluble drugs, careful selection of excipients and the processing conditions is extremely important in order to achieve the desired characteristics of the finished product. 
Hot melt extrusion (HME) has attracted increased attention from pharmaceutical industry and academia for formulating poorly soluble drugs using solid dispersion based formulations [14]. However, most reported HME solid dispersions are binary systems of lipid or polymer with drug. In these systems, the polymer or lipid excipients are mainly acting as the solubilising agents to form molecular dispersions with the poorly soluble drug and enhance the dissolution of the drug. Polymers such as PVP, not only have the ability of solubilising the drug, but also stabilise the dissolved drug in their supersaturated state in solution which is also contributing to the overall improvement of bioavailability [15,16]. Therefore, recently it has been recognised that it is important to incorporate both solubilising and stabilising polymers in the solid dispersion formulation to maximise the overall enhancement of bioavailability [17]. In addition, the uses of blends of excipients to enhance other functionalities, such as controlled release, of dispersion based drug delivery systems have also been reported in literature [18]. Bearing this in mind, this study reports a novel formulation strategy of using in situ phase separation of ingredients with different solubility with poorly soluble drug to create surfactant-based drug solubilisation compartments surrounded by hydrophilic polymers for easing the dissolution of the solid dosage form and providing the mucoadhesion function in this particular case. The in-situ phase separation approach used in this study provides small (micron to nanometer size) drug solubilising compartments (surfactant-drug phases) that evenly distributed within a blend of two semi-crystalline water-soluble polymers. These two polymers serve the functions of buccal mucoadhsion and processing aid, but have limited capacity of forming amorphous molecular dispersions with the model drug. These drug solubilising compartments can increase the load of solubilised/dissolved drug. With increasing the proportion of solubilised drug in the formulation, an increased amount of drug is readily available for permeation in these phase separated systems in comparison to those without the phase separated drug solubilising compartments. This study explored the applicability of known miscibility prediction rules to multi-component systems using a quaternary dispersion containing PEG, PEO, Tween 80 and felodipine. PEG 4000 was selected because of its low melting temperature and fast solidification rates which would ease the extrusion process and rapid dissolution which could benefit the improvement of drug dissolution of the dispersion [19-21]. PEO WSR 1105 was used mainly as a mucoadhesion agent with good water solubility and high melting viscosity for improving the extrudability of the samples [22,23]. With HLB value of 15, Tween 80 was used primarily as a solubilising agent for the drug, but also exhibited advantages in plasticisation, penetration and wetting enhancement of the patches [24-26]. However, the multi-component nature significantly increases the complexity of the phase behaviour and characterisation of such formulations. Therefore this study used a wide combination of thermal, spectroscopic, imaging characterisation methods to investigate the phase separation behaviour and microstructure of the buccal patches which were used to explain the in vitro drug release behaviour of the formulations and guide the modification of formulation development. In particular, X-ray micro-CT as a non-destructive characterisation method with micron scale resolution demonstrated unique advantages in identifying the compositional and spatial distribution of separated phases in the quaternary solid dispersion buccal patches.

Materials and Methods
Materials
Felodipine, the model drug loaded in the buccal patch formulations, was purchased from Afine Chemicals Ltd (Hangzhou, China). Polyethylene glycol (PEG) 4000 and polysorbate (Tween®) 80 were purchased from Sigma Aldrich (Dorest, UK). Polyethylene Oxide (PEO) WSR 1105 (MWT= 900,000) was kindly donated by Colorcon Ltd (Dartford, UK).
Hot melt extrusion and injection moulding (HME-IM)
Felodipine buccal patches were prepared using a co-rotating twin-screw mini-extruder (HAAKE™ MiniLab II Micro Compounder, Thermo Electron, Karlsruhe, Germany) connected to injection moulding apparatus (HAAKE™ MiniJet System, Thermo Electron Corporation, Karlsruhe, Germany). Tween 80 and felodipine were pre-mixed before being blended with PEG and PEO using mortar and pestle for approximately 2 minutes. The physical mixtures were fed into the extruder and extruded at 65˚C with a screw speed of 100 rpm and 5 minutes of residence time. The reason for selecting 65˚C for HME-IM in this study was to minimise any possible thermally induced degradation (oxidation) of PEG and PEO and still provide complete melting and sufficient mixing of the excipients. After HME, the extruded materials were directly flushed into the reservoir of the injection-moulding machine for producing the final buccal patches. The reservoir and mould temperatures were set at 65˚C for the injection moulding process with 300 bars of moulding pressure for 20 seconds. After injection process, the mould with an inner film-shaped cavity dimension of 26 mm x 26 mm x 0.5 mm, was removed from the apparatus and allowed to cool at room temperature after 1 hour and disassembled from the mould afterwards. The patches were opaque in colour (see Supplementary Material). The compositions of the formulations studied are listed in Table1. The relative w/w ratios of PEG:PEO:Tween 80 remain constant for all formulations with different drug loading. 
Scanning electron microscopy (SEM) and elemental dispersive spectroscopy (EDS) 
A JSM 5900LV Field Emission Scanning Electron Microscope (Jeol Ltd, Japan) equipped with a tungsten hairpin electron gun was used to visualise the surfaces and the cross sections of placebo and felodipine loaded buccal patches. For surface investigation, samples were used directly with care to avoid damaging their surfaces, while for cross section examinations the samples were cut with a sharp blade immediately after dipping the samples into liquid nitrogen. The samples were attached onto SEM specimen stubs by double-side tape and coated with gold using Polaran SC7640 sputter gold coater (Quorum Technologies, city, country) prior to imaging. Elemental analysis imaging using EDS was performed to understand the uniformity of drug distribution on the flat surface of the batches by tracking the chlorine (Cl) atoms present in the structure of felodipine. 
Differential scanning calorimetry (DSC) and modulated temperature DSC (MTDSC)
A Q-2000 MTDSC equipped with a RC90 cooling unit (TA Instruments, Newcastle, USA) was used to perform all thermal analysis. Baseline, temperature and heat capacity calibrations were performed prior to sample measurements. Standard crimped aluminium pans and lids (TA Instruments, Newcastle, USA) were used for all samples with a sample size of 2-5mg and a dry nitrogen purge gas with a flow rate of 50ml/min. For standard DSC characterisation, a heating rate of 10 ˚C/min was used to scan from 25 to 180 ˚C. MTDSC experiments were conducted using an amplitude of ±0.318˚C with a period of 60 second and a scanning rate of 2 ˚C/min from -80 ˚C to 180 ˚C. Three replicates for each sample were measured. 
Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
All experiments were conducted using an IFS 66/S FTIR spectrometer (Bruker Optics Ltd, Coventry, UK) fitted with a Golden Gate® ATR accessory (Specac, Orpington, UK) equipped with diamond internal reflection element. All ATR-FTIR spectra, in absorbance mode, were obtained using a scanning resolution of 2 cm-1 with 32 repeated scans. OPUS software (Bruker Optics Ltd, Coventry, UK) was used for spectra analysis.   
Fourier transform infrared microscopy imaging
The heterogeneity of the surface composition was assayed with a Nicolet iN10MX infrared microscope. (Thermo Fisher Scientific, Madison, WI, USA) with 25 m spatial resolution in reflection mode, using an aluminium mirror as reference. Fast maps were acquired with 1 scan at 16 cm-1 resolution per pixel, and detailed maps with 64 scans at 4 cm-1 resolution. Principal component analysis (PCA) of the spectra data in the 1800-900 cm-1 region was used to deconvolve the spectra in order to map the distribution of the individual components.
Powder X-Ray diffraction (PXRD)
A Thermo ARL Xtra X-ray diffractometer (Thermo Scientific, Switzerland) equipped with a copper X-ray Tube (λ =1.540562 Å) was used for all sample analysis. The samples were measured using an X-ray beam with voltage of 45 kV and a current of 40 mA. The angular scan range was (5 ˚ < 2Ɵ < 60 ˚) using a step scan mode with step width of 0.01˚ and scan speed of 1 sec/step.
X-ray micro-Computer Tomography (X-ray micro-CT)
X-ray micro-CT images for the control and felodipine loaded patches were characterized using a Phoenix v[tome]x m system (General Electric, Wunstorf, Germany). 3D images of the formulations were reconstructed from a large series of two-dimensional radiographic images taken around a single axis of rotation. The following settings were applied: voxel size: 4μm, amount of images: 1500, Voltage 60kV, Current 100 μA and timing 500: ms. 
Solubility measurements
The saturated solubility of felodipine in Tween 80 was determined by adding excess amount felodipine to 40 ml of Tween 80. The mixture was incubated at room temperature for 72 hours with continuous shaking at 200 rpm using a shaking incubator (MaxQ 4000, Thermo Scientific, USA) to facilitate the dissolution of the crystalline drug in Tween. After 72 hours, the supernatant was filtered using a 0.45 um Millipore filter pore size membrane filters (Minisart NML single use syringe, Sartorius, UK) and 0.5 ml of the filtered solution was diluted to 2000 ml with phosphate buffer saline PBS pH 6.8. The felodipine concentration in the solution was determined using an UV-VIS spectrophotometer (Perkin-Elmer lambda 35, USA) at λmax 363 nm.
Mucoadhesion study
The mucoadhesive measurements were carried out on felodipine buccal patches using a TA-XT2 Texture Analyser (Stable Micro Systems, Surrey, UK) fitted
with a 5 kg load cell in tension mode. Felodipine loaded buccal patches (n=5) having an area of 1.56 cm2 were attached to the cylindrical perspex probe (1.2 cm diameter and 4.5 cm length) using double-sided adhesive tapes. Aqueous gelatine solution in a concentration of 6.67% w/v was allowed to set as solid gel in a petri-dish (diameter 88 mm), which was used to simulate the adhesion of buccal mucosa. Prior to each measurement, the gelatinous substrates were equilibrated with 1 ml of 2% w/v porcine mucin solution (pH of 6.8) and fixed on the platform of the texture analyser. For all tests, the probe moved at a pre-test speed of 0.5 mm/s, a test speed of 0.5 mm/s and a post-test speed of 1 mm/s, with an applied force of 0.5 Kg and a return distance of 10 mm and a contact time of 60 s. During the post-test period, the probe was lifted automatically with 0.05 Kg force. 
In vitro drug release studies
The in vitro drug release profiles were measured in dissolution testing apparatus (Caleva 8ST, Germany) using paddle over disc method (similar to USP apparatus 5) in which a unidirectional release is achieved to simulate the situation inside the buccal cavity. A paddle rotation speed of 50 rpm and 900 ml of phosphate buffer saline pH 6.8 (simulated salivary fluid) at 37±0.5 ˚C was used for all measurements.  Patches containing 10 mg of the drug were fixed to glass disks (5 cm in diameter) using double adhesive tape to allow complete immersion of these patches into the dissolution media. For sink condition dissolution tests, 0.5 v/v Tween 80 was added into the dissolution media. For the non-sink condition dissolution tests, no additional surfactant was added into the dissolution media. 5ml of the dissolution samples were withdrawn at pre-determined time intervals. The samples were directly filtered through membrane filter with 0.45 µm pore size (Minisart NML single use syringe, Sartorius, UK). For the non-sink condition tests, the filtered sample solutions were diluted with equal volume of ethanol. 5ml of fresh pre-warmed (37 ± 5 ˚C) dissolution media was added to the dissolution vessel after each sampling. The samples were measured using a UV–VIS spectrophotometer (Perkin-Elmer lambda 35, USA) at 363 nm. All drug release studies were conducted in triplicates. 
Results 
Miscibility of binary systems and hypothesis of possible phase behaviour of the quaternary system
In order to understand the phase behaviour of a mixture of PEO-PEG-Tween 80-felodipine, it is important to firstly assess and compare the miscibilities between each pair of binary system. Felodipine has an experimentally measured solubility of 100mg/ml in Tween 80 at room temperature. As PEG and PEO are semi-crystalline polymers, in literature additives have been claimed to either intercalated in the amorphous regions of PEG or incorporated in the interlamellar regions of crystalline PEG for the drugs having favorable interactions with PEG [22-25]. PEG and PEO used in this study are with measured 87.7% and 83.0% (w/w) crystallinity (calculated using melting enthalpy of studied sample divided by the melting enthalpy of fully crystalline PEG/PEO values obtained from literature which are 214.6 J/g and 205 J/g respectively) [31,32] using DSC (Figure 1a), respectively. This study takes the assumption that the formation of amorphous molecular dispersion with felodipine largely occurs in the amorphous regions of the polymers distributed in the interlamellar regions of crystalline PEG as suggested in literature [27-30]. The attempts for theoretically estimating the miscibility between amorphous PEO and PEG with felodipine were made via Hoftyzer van Krevelen and Hoy group contribution methods with the assumption of both polymer and drug were in amorphous states (detailed calculation can be found in Supplementary Material).  The results of both methods indicated felodipine being miscible with amorphous PEG-PEO as the differences between the solubility parameters (∆δ) of PEG-PEO and felodpine are less than 1 [33,34]. However in practice, the drug solubilisation capacity of PEO and PEG is highliy limited by the low proportion of amorphous regions present in these polymers. Although melting point depression is one of the most commonly used methods for assessing the miscibility of drug in polymer [34], it cannot be applied to the systems studied here. This is because that, as seen in Figure 1b, no melting of crystalline felodipine was detected because of the dissolution of drug in the molten PEO-PEG during the DSC runs.
The miscibility between Tween 80 and PEG-PEO was also estimated using MTDSC. As seen in Figure 1c, using MTDSC with a 2°C/min scanning rate, the amorphous Tween 80 recrystallizes at -46.2ºC and melts at -13.6ºC (both as peak temperatures). The fact that clear melting transitions of Tween were detected for both physical mixture and HME-IM placebo patches is a convincing indication of the low solubility of Tween 80 in PEG-PEO. Based on the prediction of the drug containing binary systems, Tween is ranked most miscible with felodipine, followed by PEG and PEO due to low proportion of amorphous content in these polymers. Therefore one could predict that an under-saturated drug dispersion containing all these materials should contain three types of domains of Tween-felodipine, amorphous PEG-PEO-felodipine and crystalline PEG-PEO, with Tween-felodipine domains having the higher drug content than PEG-PEO-felodipine domains. However, this prediction is based on the assumption of minimal interaction between Tween and PEG-PEO phases. Within the thermodynamic solubility between all ingredients, domains with complex compositions containing more than two ingredients may also present. Altering the concentration of any one of the ingredients in the quaternary system could lead to dynamic changes in the phase separation behaviour of the system. This study further investigated the effect of drug loading on the phase separation of the HME-IM patches. The practical importance of the changes in phase behaviour is not only for physical stability and release performance for these buccal patches, but also the mucoadhesive properties of these patches, which is discussed later. 
Conventional characterization of HME-IM patches 
Most conventional characterization methods, such as thermal, microscopic and spectroscopic methods, can provide indicative information of the physical state and molecular interactions between the excipients and drug. This can be used to form the hypothesis of the phase behaviour of the mixed system, which is the first approach taken in this study. As seen in Figure 2, the felodipine loaded patches show similar elongated micron-pore structures at the surfaces and cross-sections with the exception of the clear presence of particles with defined edges and 10-20µm in diameter in the patches with 30% (w/w) drug loading. Using the chlorine (Cl) in felodipine molecules as a chemical marker, elemental analysis of the SEM images confirmed these particles being highly concentrated felodipine clusters (Figure 3). This leads to the possible speculation of these clusters being crystal felodipine due to their defined blocky and equant habits. This is confirmed by the PXRD data. As seen in Figure 4, clear crystalline felodipine form I diffraction peaks can be identified in the diffraction pattern of the patches with 30% drug loading [35]. For all drug-loaded patches, no significant changes of matrix excipient related peaks were observed. However, a new diffraction peak at 18.2º appears in the PXRD pattern of the HME-IM placebo. In addition, the peak at 26.4º in both PEO and PEG patterns splits into two peaks at 26.6º and 26.8º. This indicates the subtle change in the crystallisation behaviour of PEO and PEG immediately after HME-IM which was also observed by other work [36]. This may be due to the combination effects of the presence of Tween and the impact of HME-IM process [37]. 
Knowing the presence of crystalline felodipine in 30% loaded patches, the absence of crystalline felodipine melting in the DSC results shown in Figure 1b indicates the felodipine dissolved in the molten matrices at temperatures above the polymer melting points. Therefore only the melting transitions of PEG-PEO matrices were observed. It is also noted that the onset and peak temperatures of the melting transitions of all PEG-PEO matrices are lower than the ones of the placebo patches (Figure 1b). This reduction of the melting temperature was more prominent for the systems with higher drug loading. For all felodipine loaded patches, the PEG-PEO melting transition temperatures are lower than the HME-IM placebo patches. This depression in the melting of crystalline PEG-PEO is likely to be associated with the dissolution of felodipine in PEG-PEO, which leads to reduced degree of order and possibly smaller size of crystalline regions of the polymers [38] (see Supplementary Material). 
ATR-FTIR spectra of the HME-IM patches with 30% drug loading revealed a NH peak at 3369cm-1 which is typical of crystalline felodipine, confirming the presence of crystalline felodipine in these patches. It should also be noted that the shape of the NH peak of 30% loaded patches is asymmetric, with absorbance in region corresponding to amorphous felodipine, indicating the co-existence of amorphous and crystalline materials [39]. For the patches with 10% and 20% drug loading, no crystalline felodipine NH peak was observed (Figure 5a). The analysis of the spectra of carbonyl region (Figure 5b) of felodipine between 1800 and 1500cm-1 is difficult due to some overlap with the carbonyl peaks of Tween 80. Nevertheless it is still evident that the C=O peaks of 10 and 20% drug loaded patches at 1697cm-1 perfectly align with the C=O peak of the amorphous felodipine indicating the amorphous nature of the drug in these patches. A shift to lower wavenumber (towards the C=O of crystalline felodipine at 1690cm-1) of the C=O peak (1693cm-1) for the patches with 30% drug loading may be a result of the presence of both crystalline and amorphous felodipine. The interpretation of the CN region (Figure 5c) is more complicated: the CN peak of pure amorphous felodipine shifted to 1206cm-1 in comparison to the 1202cm-1 CN peak of crystalline felodipine indicating stronger intra-molecular H-bonding. The CN peak further shifted further to 1210cm-1 for the patches with 10% and 20% drug loading, indicating the presence of additional drug-polymer hydrogen bonding which may contribute to the formation of molecular dispersion of felodipine in amorphous PEG/PEO. However, the CN peak of the patches with 30% loading was observed at 1206cm-1. This is consistent with the formation of crystalline material together with amorphous material interacting with the polymer.
Analysis of phase separation by Tg regions
The Tg values of PEO and Tween 80 were measured as -56 and -65ºC, respectively, using MTDSC. The Tg of PEG was reported in literature as -61ºC [40]. As mentioned earlier, the Tween 80 phase separated from PEG/PEO in the placebo patches with the clear evidence of the detectable melting of Tween in these samples. However, as seen in Figure 6a, the melting of Tween almost disappeared in the non-reversing signals of all felodipine-loaded HME-IM patches. The fact that during the pre-mixing and HME-IM process, crystalline felodipine was pre-dispersed and some proportion was dissolved in the Tween 80 is possibly responsible for the absence of the melting of Tween in these systems. The dissolved felodipine in the Tween could significantly disrupt and even prevent the crystallization of Tween. For the HME-IM patches, the incorporation of the hydrophobic drug in the mixture could improve the miscibility of Tween and PEG-PEO, as the drug could better mix with the hydrophobic tail group of Tween and allow better interaction of the hydrophilic head group of Tween with PEG-PEO. This again can prevent the crystallization of Tween, thus no melting of Tween was observed. 
Drug incorporation also led to the changes in the Tg of the patches. The analysis of the reversing heat capacity signal of the Tg regions of the formulations shows that only slight increase in Tg for Tween in the MTDSC results of placebo patches indicating the limited miscibility between Tween 80 and PEG/PEO. As seen in Figure 6b, although PEO and PEG are semi-crystalline polymers, Tg of the amorphous portions of the mixtures can be clearly detected. For placebo patches, the increased crystalline content after HME-IM is indicated by reduced ∆Cp value of the Tg regions. In comparison to the ∆Cp value of the physical mixture of the placebo, the ∆Cp values of the HME-IM placebo reduced by approximately 27.4±7.7%, indicating the increases in crystallinity of the samples. The underpinning mechanism of this increased crystallinity is unclear. However it is possible that it is a combination of the processing related effects and phase separation of Tween 80 from PEG-PEO which promotes crystallization of PEO and PEG. There is no significant increase in crystallinity after HME-IM in the patches with 30% felodipine loading. For the patches with 10 and 20% (w/w) drug loading, the amorphous content of the semi-crystalline matrixes increased by approximately 18.4±6.0 and 55.5±11.6% (w/w), respectively. This is in good agreement with the current knowledge of strongly interacting additives disrupting the crystallisation of PEG-PEO and reducing the rate of crystallisation [27-30]. 
By comparing the ∆Cp values of the physical mixtures (without pre-heating) at the glass transition, it is noted that adding crystalline drug to the physical mixture of PEG-PEO-Tween 80 leads to increase in ∆Cp values at Tg despite the reduced amount of amorphous matrix material present in these mixtures. As without pre-melting crystalline felodipine in the physical mixture, this increase in ∆Cp is impossible to be contributed by the formation of molecular dispersion of felodipine and PEO-PEG. However, this could be explained by the dissolution of felodipine in Tween 80 phase during mixing, which can contribute to the overall increase in ∆Cp value observed. 
It should be borne in mind that the formation of molecular dispersions of felodipine in matrix should shift the Tg to higher temperature, as the Tg of amorphous felodipine is approximately 45ºC (measured by DSC). The increases in the Tg temperatures (by up to approximately 6.7±0.3 ºC) of the physical mixtures with felodipine in comparison to the placebo physical mix further confirm the hypothesis of felodipine being dissolved into the Tween 80. Further increases of Tg values are clearly observed for all HME-IM drug-loaded patches indicating higher level of molecular mixing of felodipine into the Tween-PEG-PEO matrix. However, with 30% drug loading the Tg of the patches shifted to similar temperature as 10% loaded systems, indicating similar amount drug to the 10% systems was molecularly dispersed in the matrices. This effect of drug loading on the ternary blend of Tween-PEG-PEO can be clearly seen in Figure 6c in the changes in both the Tg temperature and ∆Cp values at Tg with drug loading. These results indicate that 20% drug loaded patches are likely to be supersaturated with dissolved drug. It should be also highlighted that the PEG-PEO phases in the 30% drug loaded patches have higher degree of crystallinity in comparison to the PEG-PEO in 10 and 20% drug loaded systems. This higher polymer crystallinity would lead to a lower amount of felodipine being molecularly dispersed in the amorphous fraction of the polymers. This may also contribute to the lower Tg of the 30% drug loaded systems in comparison to the 10 and 20% systems.
Spatial distribution of phase separation in HME-IM patches by IR imaging and X-ray micro-CT
IR imaging was used in the first instance to rapidly screen compositional heterogeneity of the HME-IM patches and confirm the phase separation being drug loading dependent. Increased compositional heterogeneity was observed with increasing the drug loading. As it was preliminary fast screening, the IR imaging was constructed based on both compositional and light reflectivity difference at the surface of the samples. The combinations of these differences were analyzed using principle component analysis (PCA) to construct the IR map seen in Figure 7. The mapping of the surfaces of the patches with 10% and 20% drug loading show lower level of heterogeneity (see Supplementary Material). At 10% drug loading most of the surface was dominated by PEG-PEO. With 20% drug loading the surface showed a few isolated domains which appeared to be drug-rich and the rest of the surface had similar IR features as the patches with 10% loading. However, the spectra of the surfaces of the patches with 30% drug loading (Figure 7), were interpreted as a patchwork of small PEG-PEO-rich and Tween 80-rich areas, the latter showing small bands which may indicate the presence of dissolved felodipine. In addition, many domains with spectra indicating high crystalline drug loading can be seen. However, the IR imaging used in this study was only able to acquire the information of the surface of the patches. It is well known in literature that the surface and interior of many extruded samples exhibit significant different features [41,42]. Therefore, X-ray micro-CT was further used as a non-invasive method to investigate the 3D interior microstructure of the patches and to estimate the size, shape and spatial distribution of the phases in situ. 
It is important to bear in mind that the spatial resolution of micro-CT is limited to micron scale (which is 4µm in this case), thus nanoscale phase separation cannot be detected by this technique. The micro-CT images of the placebo and the patches with 10% drug loading revealed little feature indicating no micron-scale phase separation (see Supplementary Material). With increasing the drug loading to 20% (w/w), large clusters (approximately 100μm in diameter) and small (approximately 5-20μm in diameter) particles with higher density (red dots and clusters) can be observed being predominately distributed at the surface and interior of the patches, respectively, as seen in Figure 8. The small particles are likely to be crystalline felodipine as crystalline material has higher density than amorphous material and chlorine in chemical structure of felodipine also provides improved electron density thus gives higher contrast in comparison to PEO, PEG and Tween [43]. The presence of drug particles in the matrices agrees well with the SEM results. The fact that significant amount of dense drug areas at the surface of the patches may be associated with the faster cooling rate at the surface after HME-IM, which promote the phase separation of drug from the matrix. This surface crystallisation phenomena is also reported to present in other drug-polymer extrudates in literature [41,42]. This important 3-D spatial distribution of the phase separated drug particles cannot be observed using other conventional characterization methods. 
The micro-CT images (Figure 9) of the HME-IM patches with 30% drug loading revealed rich interior features including evenly distributed air pockets and dense drug particles with larger particle size (approximately at or below 150µm) than the ones observed in the patches with 20% loading. It is also possible to distinguish phases with different densities (discontinuous light blue having a lower density and dark blue having a higher density). It is interesting to note that the dense drug particles are mostly distributed in the dark blue phases and many located at the edges of air pockets. According to literature data, the true density of PEG and PEO are 1.15-1.21g/ml and 1.3g/ml at 25°C, respectively, whereas Tween 80 has a true density of 1.064g/ml [24,44-46]. Taking into account the previous results indicating the low miscibility of Tween and PEG-PEO, it is reasonable to argue that the light blue phases, with average diameter of 250-750 µm are Tween-rich phases and the dark blue areas are PEO/PEG-rich phases. As the solubility of felodipine in PEG-PEO is limited by the low quantity of amorphous polymer, it is possible that the drug dissolved in the PEG-PEO-rich phase during melt extrusion at elevated temperature above the melting of PEG-PEO and crystallised out when the patches cooled and equilibrated at room temperature. 
Influence of phase separation on mucoadhesion and in vitro drug release 
The mucoadhesion properties of the patches were estimated using standard adhesion testing [47]. As the focus of this study is to investigate the effect of phase separation on the in vitro performance of the patches, mucoadhesion results presented here are purely for comparison purpose between different formulations. As seen in Table 2, no significant difference is seen in the mucoadhesivness of the placebo patches and the patches with 10% drug loading. This indicates that 10% drug loading as molecular dispersion did not significantly affect the surface hydrophobicity and overall mucoadhesive properties of the patches. However, with increasing the drug loading the mucoadhesivness of the patches reduces. It should be borne in mind that the content of the main mucoadhesive material, PEO, reduced by 22% (w/w) from 10% loaded patches to 30% loaded patches. However, the mucoadhesion force reduced by 40% indicating the effect is not only related to the lowered mucoadhesive material content. The increased amount of hydrophobic drug could also increase the overall hydrophobicity of the surface of the patches and reduce the wetting and mucoadhesion of the patches. The presence of phase-separated Tween and PEG-PEO areas may also lead to the patch surface with discontinuous adhesive areas which also contributed to the reduced adhesion of the patches. 
Figure 10 shows the in vitro drug release behaviour of the patches under sink and non-sink conditions. Under the sink condition (Figure 10a), with the presence of surfactants in the dissolution media, no difference in the release of felodipine can be identified. The release is dominated by zero-order kinetics. This indicates that the dissolution is not controlled or affected by the phase separation and presence of crystalline drug. In this case, it is likely that the dissolution of the matrix is the rate-limiting factor of the drug release. 
Under non-sink condition, the supersaturation of felodipine in the dissolution media had a clear impact on the release profiles of the patches.  As seen in Figure 10b, the patches with 30% drug loading show similar dissolution behavior as pure crystalline felodipine, indicating the dissolution of crystalline drug is the rate-limiting factor in this case. The patches with 10 and 20% drug loadings showed higher dissolution rates and better maintained supersaturation state of felodipine in dissolution media than the patches with 30% drug loading. 
Discussion
Despite the advanced understanding and extensive research produced on solid dispersions, most of the systems reported so far are based on binary polymer-drug systems. However in practice the capacity of solubilisation and stabilisation of the solo polymer excipient is not efficient enough for achieving the optimal therapeutic and processing requirements.  Therefore this study raised the questions of how to apply the existing miscibility and solubility prediction approaches to study more complex multi-component solid dispersions and how to use forming phase separation in situ as a strategy to improve the delivery of poorly soluble drugs.
The binary miscibility between excipients were first estimated in order to establish the preliminary understanding of the complex phase separation of the quaternary dispersions. Crystalline felodipine showed good solubility in Tween 80. The low miscibility of Tween and PEG-PEO was indicated by the thermal method. Felodipine was predicted be to miscible with PEG-PEO by solubility parameter method, but was experimentally proven to be very low due to the low amorphous content of PEG-PEO. The ability of semi-crystalline PEG-PEO to solubilise poorly water-soluble drugs is generally governed by the kinetics of crystallisation of the drug and the presence of favourable interactions between the drug and the polymers below their saturation capacity. Dissolved drugs are normally occupying the interlamellar regions representing the amorphous fraction of the polymeric blend. Drugs with weak interactions with these polymers or strong devitrification tendencies are most likely translocate to the interfibrillar or interspherulatic regions. The magnitude of drug solubilisation has great impact on the size of the amorphous fraction and consequently their overall crystallinity [34]. Conventional characterisation methods provided clear evidence of the change of phase separation behaviour of the patches with changing drug loading. The X-ray micro-CT results revealed the phase separation in the patches increased in size and heterogeneity with increasing the drug loading. This suggests the evolution of phase separation is a result of changing the drug loading from within the solubility capacity to super-saturate the solubilization capacity of the carrier matrices. No clear phase separation of crystalline drug in the quaternary system with 10% drug loading, indicating all felodipine was solubilized and stabilized by the carrier mixture. However, with increasing the felodipine content, the micro-scale phase separation became more apparent. The clear separations of Tween-rich phase with no crystalline drug and PEG-PEO-rich phases with crystalline felodipine are clearly evident in the patches with 30% drug loading. This implies that Tween-rich phases are acting as effective drug solubilization micron compartments in the patches. Once these compartments are saturated, increased amount of felodipine is distributed into PEG-PEO-rich regions which has the primary functions for controlling the mucoadhsion and release. The high crystallinity of the PEG-PEO-rich regions resulted low solubility of felodipine in the polymer which led to the crystalline of drug in the polymer phases. The distribution of crystalline felodipine predominately in the PEG-PEO-rich phase is not detected by any other characterization methods but X-ray micro-CT. This observation can be explained by the difference in the solubility values of felodipine in Tween and semi-crystalline PEG-PEO. Micro-CT results not only confirmed the findings from the thermal and spectroscopic methods, but also allowed the estimations of the size, shape and spatial distribution of different phases and revealed the distinct interior microstructure difference between dispersions with different drug loadings. Due to the complex nature of the phase behavior, Figure 11 is used to illustrate the micron-structure of an under-saturated patch containing such drug-solubilization Tween-rich compartments. 
Conclusion
Formation of phase separated micro-compartments in-situ with different functionalities that can improve the bioavailability of poorly soluble drugs was the main formulation strategy this study was attempted to demonstrate. The characterisation results confirmed the formation of the phase-separated systems with drug being solubilised predominately in the Tween phase. The results of this study have also shown the feasibility of using HME-IM as a simple pharmaceutical process to produce patches that are suitable for the buccal route of administration which can provide the advantage of avoiding first-pass metabolism. Using the solubility difference between the excipients and drug, Tween-rich compartments with primary function of solubilizing drug and PEG-PEO-rich phase with primary function of providing mucoadhesion and acting as hydrophilic carrier for easing dissolution were successfully created in-situ. To be able to formulate such phase separated systems requires a clear understanding of the miscibility and solubility between ingredients. With this information, formulations with the desired level and type of phase separation can be designed and produced through varying the composition of the different ingredients in the material. In addition, the results of this study demonstrated the potential of X-ray micro-CT as a non-destructive characterisation method for studying phase separation in solid formulations. 
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Table 1. Composition of felodipine (FDN) buccal patches produced by hot melt-injection moulding technique
	FDN (w/w)
	PEG 4000                (w/w)
	POLYOX WSR 1105 (w/w)
	Tween 80  (w/w)

	10%
	36%
	27%
	27%

	20%
	32%
	24%
	24%

	30%
	28%
	21%
	21%



Table 2: In vitro mucoadhesion measurements (n = 5, mean ± SD)
	Loading % w/w
		Peak adhesive force (N)
	Total work of adhesion (N.mm)

	Placebo
	0.825 ± 0.115
	0.159 ±0.030

	10
	0.927± 0.149
	0.194± 0.046

	20
	0.775± 0.090
	0.158± 0.027

	30
	0.536± 0.040
	0.100± 0.005





Figure 1. Standard DSC (10ºC/min scanning rate) thermogram of (a) excipients and crystalline felodipine as received; (b) physical mixtures and HME-IM drug loaded patches with 10-30% loading and (c) Tween 80, physical mixture and HME-IM placebo patches.
[image: C:\Users\APPLE CENTER\Desktop\Picture 5.emf]
Figure 2. SEM images surfaces (a, c, e, g) of the placebo patches, patches with 10%, 20% and 30% felodipine loading and their corresponding cross-sections (b, d, f, h).[image: ]

Figure 3. Scanning electron microscopic (left) and elemental analysis images (right) of the surfaces of the batches with different drug loadings
[image: ]


Figure 4. PXRD patterns of excipients, placebo patches and HME-IM buccal patches with 10-30% (w/w) felodipine loading
[image: ]





Figure 5. Partial ATR-FTIR spectra of felodipine (a) NH stretching region; (b) C=O carbonyl region and (c) CN stretching region of the HME-IM patches with different drug loadings in comparison to crystalline and amorphous felodipine. The dotted lines highlight the signature crystallisation and amorphous felodipine peaks 
[image: ]

Figure 6. (a) Non-reversing and (b) reversing heat flow signals of the MTDSC results of the physical mixes and buccal patches of placebo and patches loaded with 10% - 30% w/w felodipine, and (c) the Tg and ∆Cp values of the samples plotted against drug loading.
[image: C:\Users\APPLE CENTER\Desktop\Figure 6.emf]
Figure 7. IR image (left), optical image (right) and the IR reflectance spectrum of the point of interest of the surfaces of HME-IM patches with 30% (w/w) felodipine showing the surface compositional heterogeneity. Red: PEG/PEO, green: Tween, blue: crystalline felodipine
[image: ]

Figure 8. Micro-CT images HME-IM patches containing 20% (w/w) felodipine
[image: ]


Figure 9. Micro-CT images HME-IM buccal patches containing 30% (w/w) felodipine
[image: ]






Figure 10. Release profile of felodipine from buccal adhesive patches performed under (a) sink conditions and (b) non-sink conditions
[image: ]
Figure 11. Illustration of the formation of functional phase separate buccal patches prepared by HME-IM
[image: ]
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