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Abstract
Electrospun fibrous materials have a wide range of biomedical applications, many of them involving the use of polymers as matrices for incorporation of therapeutic agents. The use of polymer blends improves the tuneability of the physicochemical and mechanical properties of the drug loaded fibres. This also benefits the development of controlled drug release formulations, for which the release rate can be modified by altering the ratio of the polymers in the blend. However, to realise these benefits, a clear understanding of the phase behaviour of the processed polymer blend is essential. This study reports an in depth investigation of the impact of the electrospinning process on the phase separation of a model partially miscible polymer blend, PVP K90 and HPMCAS, in comparison to other conventional solvent evaporation based processes including film casting and spin coating. The nanoscale stretching and ultrafast solvent removal of electrospinning lead to an enhanced apparent miscibility between the polymers, with the same blends showing micron scale phase separation when processed using film casting and spin coating. Nanoscale phase separation in electrospun blend fibres was confirmed in the dry state. Rapid, layered, macro-scale phase separation of the two polymers occurred during the wetting of the fibres. This led to a biphasic drug release profile from the fibres, with a burst release from PVP-rich phases and a slower, more continuous release from HPMCAS-rich phases. It was noted that the model drug, paracetamol, had more favourable partitioning into the PVP-rich phase, which is likely to be a result of greater hydrogen bonding between PVP and paracetamol. This led to higher drug contents in the PVP-rich phases than the HPMCAS-rich phases. By alternating the proportions of the PVP and HPMCAS, the drug release rate can be modulated. 
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Introduction
Polymer blends have a wide range of applications in pharmaceutical and biomedical fields (1-4). Recently, considerable efforts have been directed towards using polymer blends in drug delivery in order to obtain solid dispersion based formulations, with better tuneability of drug release and allowing bioavailability to be optimised (5-7). For these applications, a clear understanding of the phase separation behaviour of polymer blend in the presence of drug is extremely important for the prediction and optimisation of the in vitro and in vivo performance of polymer blend based formulations (8). Even for a simple blend system containing two polymers and an active pharmaceutical ingredient (API), phase separation is a complex process, which is affected by many factors, from the initial manufacturing process through to the in vivo post-ingestion behaviour prior to gut absorption.
Identified key factors include the intrinsic miscibility between the two polymers, the manufacturing process applied to the blend, the interaction of the API with the polymers, the environmental conditions during storage, and the response of the blend on exposure of the body fluids following ingestion (9).  The effect of water absorption is particularly important for blends containing hydrophilic polymers as water (even at low levels) can plasticise the polymer and alter the phase separation behaviour of the blend, consequently changing the release behaviour of the blend. Knowledge of the effect of processing on the phase separation of polymer blends has been mainly focused on manufacturing methods producing products with bulky physical forms, such as hot melt extrusion, injection moulding, film blowing (10). Little literature is available for processes for producing fine particulates or fibrous materials with micron to nano-scale dimensions. However, many of these nanomaterials have great potential for advanced drug delivery applications (11). Electrospun fibers are one of these classes of nanomaterials which can be used as matrices for drug delivery and regenerative medicine (11, 12). Despite the large body of literature on the versatile applications of polymer based electrospun fibres, a fundamental understanding of the changes in material properties when they are ‘pulled’ from large droplets to nanosize fibres is still very much lacking. The aim of this investigation was to provide an improved understanding in regards to this knowledge gap. 
Electrospinning is a solvent evaporation based processing technique that applies electrostatic potential to the polymer solution, which is emitted from the tip of a metal needle and ‘pulled’ to the collector that is connected to the ground state. The fibres are extremely thin (in most cases with nanometer dimensions), with solvent evaporation and solidification occurring extremely rapidly in an electrospinning process.  This can lead to a blend of polymer and API being ‘frozen’ in a non-equilibrium state (13), which has suggested by some researchers to offer formulations with a higher physical storage stability, in comparison to those produced by other processes used for the preparation of solid dispersions (14). The use of electrospun nanofibers composed of polymer blends have been reported previously, most commonly in tissue engineering using blends of synthetic and natural polymers (4, 15). For producing controlled drug delivery systems using electrospun fibres, it has been empirically accepted in the literature that blending of hydrophilic and hydrophobic polymers can improve the drug loading efficiency and reduce the burst release of drugs (8). However, there is little known on how the phase behaviour of the polymer blends contributes to the in vitro drug release behaviour of the fibres. 
Taking this particular application of controlled drug delivery, this study investigated the phase separation behaviour of an example polymer blend system, polyvinyl pyrrolidone (PVP) K90 (molecular weight 360KD) and hydroxypropyl methylcellulose acetate succinate (HPMCAS), loaded with a model drug, paracetamol in both the solid dry state and after exposure to dissolution media. In contrast to other electrospinning techniques, such as co-axial electrospinning in which different polymer phases are artificially separated to create a core and outer coating shell (12, 16, 17), the behaviour of nanofibers containing two polymers and a model drug produced via solvent evaporation during single spinneret electrospinning is expected to be more complex. In this study, co-axial electrospun fibres that should have greater tendency of phase separate were used in comparison to the behaviour of the single spinneret electrospun polymer blend fibres.  
PVP is a hydrophilic polymer which is known to improve the solubility of poorly water-soluble drugs and increase the stability of amorphous solid dispersions via forming hydrogen bonds with drug molecules (18). HPMCAS is a semi-synthetic polymer containing accetate and succinate groups on a hypromellose backbone. It is a less hygroscopic polymer than many other grades of HPMC and has generally been used for enteric coating and as a carrier for solid dispersions produced via hot-melt extrusion (19-21). The rationale for choosing PVP and HPMCAS is that not only are they a classic hydrophilic-hydrophobic polymer blend combination, but also there are several studies that have been conducted on PVP-HPMCAS blends produced using different processes, which will allow the comparison of the data (3, 22). 
The key aim of this study was to provide a detailed understanding of the phase separation in electrospun polymer blend nanofibres and the effect phase separation has on drug release from these materials. This study characterised the dynamic phase separation behaviour of polymer blends following processing with electrospinning and the effect exposure to media had on the phase separation of the blends  and the drug release behaviour of the drug loaded electrospun fibres.
Materials and Methods
Materials
Poly vinyl pyrrolidone (PVP K-90) with a molecular weight of 360,000, was kindly donated by BASF (Ludwigshafen, Germany). Paracetamol (>99% purity) (PCM) was purchased from Sigma-Aldrich. Hydroxy-propyl-methyl cellulose acetate succinate (HPMCAS) with 7.3% acetyl, 14.8% succinoyl, 7.1% methoxyl, and 22.7% hydroxypropoxyl substituents (known as HPMCAS-LF grade) was kindly donated from Shi-Etsu chemical Co. Ltd (Niigata, Japan). The mean Mw of this grade of HPMCAS was reported to be 18,000 measured by size exclusion chromalography with multiangle laser light scattering system (SEG-MALLS)(23). Ethanol, dichloromethane (DCM), concentrated hydrochloric acid and sodium phosphate monobasic (all reagent grade) were purchased from Sigma-Aldrich (Gilingham, UK).      

Preparation of film casted, spin-coated films and electrospun fibres of PVP/HPMCAS blends
[bookmark: _GoBack]A 10% w/v PVP/HPMCAS solution was prepared for film casting and spin-coating. PVP and HPMCAS at a weight proportion of 1:1 were precisely weighted and dissolved in ethanol-water (9:1 v/v). The solution was stirred and sonicated until all solid material was completely dissolved. For film casting, 500 μL of the solution was applied to a Teflon coated plate (20x20 cm) and dried at ambient conditions in a fume cupboard for 24 hours. For spin-coated samples, few drops of the PVP/HPMCAS solution were applied on a glass substrate which was spun at 2000 RPM for 3 minutes using a SCS G3P-8 lab scale spin coater (Indianapolis, US). A custom-made single spinneret electrospinning device (referred to as SS-electrospinning) was used to prepare the polymer blend fibres at a constant flow rate of 1.5 ml and a voltage of 15 kV. The distance from the spinneret to the grounded rotating drum collector (coated with aluminium foil) with a spinning rate of 500 rpm was fixed at 15 cm. For coaxial electrospinning (referred as CS-electrospinning), ethanol-DCM (7:3 v/v) was used as the solvent to ensure rapid solvent evaporation and minimise mixing at the core-shell interface. The solutions of the core (HPMCAS) and sheath (PVP) layers were prepared separately. The solutions of the core and sheath layers were fed from separate syringe pumps at rate 0.5 ml/hr to the coaxial needle. All electrospinning experiments were performed under the condition of 20±2ºC/40±5% relative humidity (RH). After the electrospinning process, the fibre mats were peeled off from the collector stored in a 0% RH desiccator filled with phosphorous pentaoxide prior to analysis.

Preparation of drug loaded electrospun fibres 
The solid-state drug contents for all formulations studied were fixed at 25% (w/w). SS-electrospinning solutions with 10% w/v solid content were prepared by dissolving precisely weighed PVP and HPMCAS at weight ratios of 3:1, 1:1 and 1:2 into ethanol-water mixture. PCM was then dissolved into the polymer solutions. The solutions were stirred and sonicated until all solid content was dissolved. The solid-state drug loading for the core and shell layers of the CS-electrospun fibres was 12.5% (w/w). The same SS- and CS-electrospinning operation parameters as described above were used for the preparation of drug loaded fibre mats.

Morphology study
A JOEL 5900 LV (Tokyo, Japan) scanning electron microscopy scanning electron microscope (SEM) was used to examine morphology of the electrospun fibres. A small piece of electrospun fibre mat was attached to a sample stab and sputter coated with Au/Pd before imaging.  Electrospun fibre diameters were measured using Image-J software. More than 90 fibre diameter measurements were taken from 3 different SEM images for each sample.  The average diameter size and standard deviation were calculated.    

Atomic force microscopy (AFM) and local nano-thermal analysis (LTA)
A Caliber AFM (Veeco Instruments, Santa Barbara, CA, USA) equipped with a nano-thermal analysis probe (Anasys Instruments, Santa Ba, CA, USA) with a spring constant of 0.5-3 N.m-1 was used to study the submicron morphological details of the casted and spin coated blend films. The temperature calibration of LTA was performed using poly-caprolactone (Tm 60°C), polyethylene (Tm 130°C) and polyethylene terephthalate (Tm 238°C) prior to any sample analysis. Contact mode was used for acquiring the topography images of the films. The nano-TA probe was then moved to the point of interest for local thermal analysis. LTA were performed at 5 points for each acquired topographic image. All experiments were carried out at a heating rate of 10°C.s-1.

Modulated Temperature Differential Scanning Calorimetry (MTDSC)
A Q-2000 (TA instruments, Newcastle, DE, USA) MDSC was used to perform MTDSC experiments. N-Octadecane, indium and tin were used for temperature calibration. The heat capacity in modulated mode was calibrated using a sapphire calibration disc (TA instruments, Newcastle, DE, USA). The modulated amplitude used in this study was at ±1°C every 60 seconds with an underlying heating rate of 2°C.min-1 from 0 °C to 200 °C. A constant nitrogen purge at rate 50 ml.min-1 was applied during all experiments. All samples were precisely weighed (2-4 mg) and TA standard aluminum crimped pans were used. Each sample was tested in triplicate.        

Solubility Parameter Estimation
In this study, the Fedor’s group contribution method was used to calculate the solubility parameter of the model drug and polymers (24). Solubility parameters allow theoretical prediction of the miscibility of polymer-polymer and drug polymer blends. This method is based on additive atomic and group contributions of the energy of vaporization at a given temperature (24). The formula below was used for calculating the solubility parameters of the polymers and model drug used in this study: 
							[1]
where δ is the solubility parameter, Ev is the energy of vaporization of each functional group and v is the molar volume of the functional groups. The group contribution values of the functional groups of the polymer and drug molecules at 25°C were taken from literature (24). The detailed calculations can be found in the supplementary material. 
Theoretical Glass Transition Temperature Prediction
The Gordon-Taylor (G-T) equation, which is based on the assumption of two components being miscible and the free volume of each individual component being additive (25), was used to predict the theoretical glass transition temperature (Tg) of the polymer-polymer and drug-polymer blends. For a binary blend, the Tg of the blend (either polymer blend or polymer-drug blend) (Tg12) is expressed as
 						[2]
where W1 and W2 are the weight fractions and Tg1 and Tg2 are the glass transition temperatures of each pure component. The constant K is calculated using Couchman-Karasz equation:
  							[3]
where ∆Cp is the difference in the specific heat capacity at Tg of each component (26). The ∆Cp of PVP, HPMCAS and PCM were experimentally measured using MTDSC as 0.290, 0.270 and 0.508 J.g-1.C-1. The calculation of the ternary PCM-PVP-HPMCAS blends were carried out using the modified G-T equation described by Lu and co-worker (27). The detailed calculation can be found in the supplementary material. 

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy 
The drug-polymer and polymer-polymer molecular interactions were investigated using ATR-FTIR spectroscopy. ATR-FTIR spectroscopic experiments were performed on an IFS 66/S spectrometer (Bruker Optics Ltd., Coventry, UK), which was equipped with a Golden Gate MkII attenuated total reflecttion accessory (Specac Ltd, Orpington, UK). Each spectrum was taken between 4000 and 550 cm-1 wavenumbers with 2.0 cm-1 resolution and 32 scans. Each sample was tested in triplicate.

Powder X-ray diffraction (PXRD)
PXRD experiments were performed using a Thermo ARL X’tra diffractometer (Ecublens, Switzerland) at ambient conditions. The X-ray source was Cu Kα1 with a voltage of 45 kV and a current of 40 mA. It was mounted with the wavelength of 1.54 Å. The data were collected from 2°θ angle 5° to 50° with a step size 0.01° and one second per step. 

Proton Relaxation Time Measurements using Solid State Nuclear Magnetic Resonance Spectroscopy (ss-NMR)
The proton spin−lattice relaxation time in the laboratory frame, T1, and in the rotating frame, T1ρ were measured on a Bruker Mq-20 spectrometer (19.95 MHz) with a proton 90° pulse-length of 2.85 μs. T1 was measured using the saturation-recovery pulse sequence (recycle delay-90°-τ-90°-acquisition) for the slowly relaxing pure drug and an inversion recovery sequence for the faster relaxing samples. The relaxation T1ρ was measured using the standard sequence (recycle delay-90°-spin lock-acquisition) with a spin-lock field of about 45 kHz.
Transmission Electron Microscopy (TEM)
Transmission electron microscopy characterization was performed at room temperature using a Philips CM30 instrument operating at 300 kV. Samples were supported on holey-carbon films on 300 mesh copper grids held within a double tilt sample holder. Images were collected on photographic films, which were scanned in order to generate digital images.

Disintegration and wettability studies of electrospun fibre mats 
Pieces of drug-loaded SS-electrospun polymer blend fibre mats were cut into areas of approximately 4x4 cm and transferred to plastic Petri dishes filled with 10 ml of British Pharmacopoeial HCl dissolution medium (pH 1.2). The disintegration processes of different electrospun fibre mats were recorded using a COOLPIX P510 digital camera (Nikon, Japan). 

In vitro drug release studies of drug loaded electrospun fibre mats
All in vitro drug release experiments were performed using the British Pharmacopeial paddle method Apparatus II (Copley CIS 8000, Copley Scientific Ltd., Nottingham, UK) under sink condition. A 50 rpm paddle rotation speed and 900 ml of British Pharmacopoeia HCl dissolution medium (pH 1.2) were used for each vessel and the temperature of the vessel was controlled at 37±0.5 °C. Areas of electrospun fibre mats containing the equivalent of 5 mg PCM were used for the release tests to ensure sink conditions. The media from each vessel were sampled at predetermined time intervals and filtered through 0.45 µm filters (Minisart Sartorius, Goettingen, Germany). As all dissolution testing were performed under sink condition, no recrystallization of the model drug as nanocrystals was expected to be formed after release from the formulation; therefore the filtration method for treating the dissolution samples was appropriate. The PCM content in each sample was measured by an UV spectrometer (Perkin-Elmer Lamda XLS, USA) at 243 nm. All measurements were performed in triplicate.  

Release data analysis and statistical evaluation
In this study, a semi-empirical power law equation and a biphasic model were fitted to the in vitro release data in an attempt to identify the dominant mechanism of drug release from the electrospun fibre mats. The power law, as expressed using Equation 4, has been used as a simple, semi-empirical approach for evaluating mechanisms of drug release from polymeric matrices (28-31). Mt/M∞ is the fraction of drug release at time t in relation to a complete drug release at time infinity; k is a constant which reflects geometric and structural characteristics of the device, and n is the diffusion exponential which provides indications of the mechanism of drug release. 
                                                                                       [4]   
The electrospun fibers used in this study are cylindrical in shape. The exponential value, n, which is obtained from fitting release data to Equation 4, is able to identify the mechanism of drug release as Fickian diffusion, anomalous transport or Case-II transport (zero order diffusion). In the case where the dominating mechanism of release is Fickian diffusion for a cylindrical geometry, the n value is equal to 0.45; whereas for zero order diffusion, the n value is equal to 0.89 (28). Any value between 0.45-0.89 is regarded as anomalous transport in which mechanism of drug release is a combination of both Fickian diffusion and Case-II transport. In the literature it has been recognized that the most valid prediction using power law should be performed only on the first 60% drug release data due to the assumption of single dimensional release in cylinders (28).
The biphasic release model developed in this study was based on the assumption of the polymer blend fiber mats containing two populations of immiscible polymer domains, which have independent drug release rates. For each population, the fraction of drug release at time t can be described by first order mass transfer and expressed by Equation 5, in which Mt is mass remaining at time t, k is a constant and M∞ is total drug release at infinity. For the polymer blend electrospun fibers, two populations of domains, PVP-rich and HPMCAS-rich, were assumed to independently release drug at different rates. The mass transfer in this case can be expressed using Equation 6, in which ka and kb are exponents of the PVP-rich and HPMCAS-rich phases, respectively. 
               			  	            [5]
              			[6]
Alkaike statistic analysis was then used to compare the effectiveness of the mathematical models (32). This method combines goodness-of-fit with a penalty score for extra variables. Adding more terms to model equations usually provides a better fit (lower R2), but not necessarily a better description of the underlying processes. As the two models described by Equations 4 and 6 have a different number of variables, their ability to describe the dissolution process cannot be judged objectively on the basis of R2 values alone. Therefore we used Alkaike Information Criteria (AICc) to assess the quality of the models, with lower AICc values indicating better models (32).
Results
Processing effect on phase separation of PVP-HPMCAS blends
The theoretical miscibility of PVP and HPMCAS was estimated to provide an indication of the intrinsic mixing behaviour of the two polymers in the absence of any effects induced by processing. The most widely used method for miscibility estimation is comparing the solubility parameter (δ) of the two polymers. Similar solubility parameter values indicate good miscibility between two components (33). In the literature, miscibility predictions are categorised based on the ∆δ values being likely miscible (∆δ <2 MPa1/2), partially miscible (∆δ between 2 and 10 MPa1/2) and immiscible (∆δ >10 MPa1/2) (33). From the solubility parameter calculated by Fedor’s group contribution method, the solubility parameters (δ) are 28.2, 27.2 and 22.4 MPa1/2 for PVP, PCM and HPMCAS, respectively (3, 24). The ∆δ between HPMCAS and PVP is 5.8 suggesting partial miscibility between the two polymers. For such partially miscible blends, the non-equilibrium apparent miscibility is expected to be affected by additional processing. In order to gain a comparative understanding on the effect of processing on the phase separation behaviour of polymer blends, four different solvent evaporation based methods were used to prepare PVP-HPMCAS 1:1 (w/w) blends. These include conventional film casting, spin-coating, SS- and CS-electrospinning. The thicknesses of the casted and spin-coated PVP-HPMCAS blend films were 90±5μm and 5±1.5µm, respectively. These films were opaque and brittle after complete solvent removal, whereas the electrospun fibre mats were flexible and easily peeled off from the collector surface. 
The SEM images reveal a rougher surface morphology of the casted films, containing cracks and holes in comparison to the spin-coated films (Figure 1A and B). The spin-coated film surface is densely packed with sub-micron semi-spherical morphologies. These surface features were further characterised using AFM and LTA. As seen in Figure 1C and D, the diameters of the semi-spherical islands are circa 6±1.8µm and below 1μm for the casted and spin-coated films, respectively. 
The LTA results of the casted and spin coated films are shown in Figure 2. The temperature of the onset of the deflection of the nano-TA signal indicates the softening temperature of the tested material surface. Spin-coated pure HPMCAS films show a transition temperature at approximately 158±2.5 °C, which is about 20°C higher than the Tg of the polymer when tested using MTDSC.  This phenomenon has been observed and reported in literature when comparing LTA measurements with DSC responses (34). It is believed that the measurable transition using LTA is a softening response relative to the pressure exerted by the probe, which is different from the glass transition of bulk material measured using DSC. The rapid heating rates used for LTA experiments could also contribute to the overshoot of the transition measured by LTA. The LTA results of the spin coated PVP K90 films show continuous softening from ambient temperature (Figure 2B) indicating the high fluidity of surfaces of the PVP films. Similar results have been reported previously for PVPVA films (35). This may be associated with the highly hygroscopic nature of the polymer, which leads to significantly plasticized surfaces of the films with high moisture content. The LTA results of PVP-HPMCAS casted films (Figure 2C) are similar to the results of the pure PVP films, with continuous softening from ambient temperature. This may indicate the likehood of PVP covering the outside surfaces of the blend films prepared by the conventional casting method. The relatively slow solvent evaporation may allow the phase separation of the two polymers into layers. The LTA results of the spin coated films (Figure 2D) show a higher softening temperature at approximately 55°C which is still much lower than the Tg of the individual polymers and the predicted Tg of the PVP:HPMCAS 1:1 blend. The fact that the softening temperature is shifted to higher temperatures in comparison to casted films indicates the lesser extent of phase separation of PVP from the blend and the presence of a certain proportion of HPMCAS at the top surface of the spin-coated films. 
Pure PVP and HPMCAS had clearly distinct glass transitions, which were 176.4±2.0°C and 122.0±2.2°C, respectively (see supplementary material). Phase separation in the casted and spin coated films are clearly evident in the MTDSC results of the films. As seen in Figure 3, double glass transitions (Tg) can be clearly seen in the MTDSC result of the physical mixtures of PVP and HPMCAS with 1:1 ratio. These two Tgs are highly similar to the Tg of each polymer alone, indicating the low miscibility between the two polymers (3). As illustrated in Figure 3, double glass transitions at similar temperatures to those observed in the physical mixtures are also seen in the casted and spin-coated blend films, indicating significant phase separation of PVP and HPMCAS phases in these films. 
The electrospun fibre mats are flexible films on a macroscopic scale. The SEM images of the electrospun fibers show smooth surfaces with no beading (Figure 4). The average diameters of the SS- and CS-electrospun fibers are 0.41± 0.22 µm and 1.37±0.47 µm, respectively. A bimodal diameter distribution was observed for both types of fibers, which contributed to the high standard deviation values seen in both cases. This relatively large variation in diameter in particular for the SS-electrospun fibres, may be caused by clogging at the tip of the spinnerets, which leads to multi-Taylor cone formation during the electrospinning (12). 
The phase separation in the PVP:HPMCAS (1:1) electrospun fibres was first examined using thermal methods. Due to the submicron dimensions of each single fibre, the localised single-point characterisation by LTA on fibres was extremely challenging and thus making it difficult to obtain reliable results. Therefore LTA was not used for studying the fibres, but MTDSC was used to study the phase separation of the fibres as a bulk mat. Clearly separated double Tgs are shown in the MTDSC results of the CS-electrospun core-shell fibre mats. This was expected as the polymers were not blended, but separately formed as the core and shell of the fibres. The formation of well separated core and shell layers was confirmed by the TEM results of the CS-electrospun fibres (Figure 5).  However, for the SS-electrospun fibres no clear double Tg could be detected using the reversing Cp signal. 
In order to further characterise the phase separation behaviour of the blends (PVP: HPMCAS 3:1, 1:1 and 1:2 w/w) proton-NMR relaxometry was used (36-39). The 1H spin lattice relaxation time in the laboratory frame (T1) and the spin lattice relaxation time in a rotating frame (T1ρ) of the placebo SS-electrospun fibres are summarised in Table 2. It can be seen that for all fibre samples a single T1 relaxation time was obtained, whereas double exponential T1ρ relaxation was detected for all blended fibers. The presence of two-component T1ρ behaviour indicates that on this time scale two separately relaxing domains exist, whereas on the T1 time scale polarization exchange rates are such that complete mixing of polarization occurs. Assuming that mixing is by the process of spin diffusion it is possible to use these results to estimate the order of magnitude of the domains involved (36). For laminar geometry the criterion for diffusive exchange between two regions which is slow enough to allow the observation of two or more relaxation processes is given by:
[image: ]                   [7]
where A is the laminar dimension, D is the relevant diffusion coefficient and Δγ is given by
                           [8]
where Ti is the relaxation time at site i. Note that it is important to use the differences in relaxation rate rather than a single relaxation rate. In the case of the T1 data, it is apparent (Table 2) that blending the polymers using electrospinning results in a single T1 that is shorter than the T1 of either of the polymers on their own. If the values of relaxation times converge on mixing then [image: ]is around zero and no discrimination between sites is possible. If however the differences between components remain the same order as in the separate components then [image: ] has a value of about 1. The value of D may be as high as 8x10-16 m2s-1 in immobile polymers (38) but as low as 0.5x 10-16 m2s-1 in mobile polymers (39) so the possible range of A is between 8 and 30nm. However the observation of a single relaxation time of the polymer blends could imply complete mixing of the polymers. Alternatively if some immiscibility exists since [image: ] is unknown and may be greater or less than 1 a definitive estimate of domain size is not possible. The observation of a single exponential relaxation therefore cannot be used as reliable guide for domain size. However the change in T1 is such that it cannot be the weighted average of the individual T1’s of the polymers and is indicative of some physical, or chemical change in the system on electrospinning. 
Better estimates of domain size are afforded by the observation of multiple exponential T1ρ relaxation. The observation of a double exponential decay implies that there must be at least two populations of protons in the system. However it cannot be concluded that the two systems are not in exchange since the ratios of the populations of the two relaxation components do not scale with the relative proton populations of the polymers in the materials. This may be because mixed but separate phases are formed or because of mixing of the spin populations by spin diffusion.  Assuming that the differences in relaxation rates of the two populations are the same as that for the pure components and recognizing that under spin locking conditions the value of D is halved (i.e. D=4x10-16) (40), the upper limit for A is 3nm. If D is at the lower limit the value of A is of the order of 0.5nm. If the difference in relaxation rates is taken as that between the two components measured in the mixtures the values are of the order of 1.5 and 4 nm. Given the approximations involved the conclusion is that the dimensions of the separated phases must be greater than a few nanometers.
Effect of drug incorporation on the phase separation of electrospun blend fibres
Drug incorporation led to little morphological change in the SS-electrospun blend fibres.  As seen in Figure 6, smooth cylindrical fibres can be seen without beading or obvious drug crystals for all PVP:HPMCAS blend ratios. The average diameters of the drug loaded SS-electrospun blend fibres are 1.15±0.48 µm, 0.52±0.24 µm and 1.69±0.30 µm for PVP-HPMCAS with ratios of 3:1, 1:1 and 1:2, respectively. Bimodal distributions of the diameters of the fibres were still observed in the PVP-HPMCAS blends with ratios of 3:1 and 1:1, but with a 1:2 ratio a more uniform fibre diameter was achieved. Interestingly, for the CS-electrospun fibres after drug incorporation, despite no obvious morphological changes, the separation of the core and shell layers is no longer evident by TEM (Figure 5). The average diameters of the drug loaded core-shell fibres were 1.1± 0.2 μm. This is likely to be a result of the change of miscibility between phase separated domains after the drug partitioning into the phases. Therefore the miscibility of PCM in the two polymers were first estimated using the solubility parameter method (33, 41). The ∆δ of PCM-PVP and PCM-HPMCAS were 1 and 4.8, respectively, indicating PCM has better miscibility with PVP than HPMCAS and PCM-PVP and PCM-HPMCAS phases are partially miscible. This suggests that there is likely to be a higher partition of PCM into the PVP-rich phase than the HPMCAS-rich phase. This prediction was further tested using ATR-FTIR spectroscopy, MTDSC and ss-NMR. 
In the first instance, the contribution of drug-polymer molecular interaction to the miscibility was assessed using ATR-FTIR spectroscopy. After incorporation into the polymer fibres, the PCM related peaks in the ATR-FTIR spectra of the drug-loaded fibres all show clear amorphous features (Figure 7). The carbonyl stretching of HPMCAS (at 1732 cm-1) in the spectra of HPMCAS-PCM fibres shows no significant shift in position in comparison to that of pure HPMCAS (at 1735 cm-1). The single PVP carbonyl peak (which is at 1663 cm-1 for pure PVP) developed into a doublet peak at 1657 and 1650 cm-1 in the spectra of the PVP-PCM fibres. This indicates a hydrogen bonding interaction between PVP and PCM (9). This PVP-PCM interaction is likely to contribute to the higher miscibility between the two in comparison to the one of the PCM-HPMCAS system. 
The spectra of PVP-HPMCAS-PCM fibres show a similar trend to the carbonyl peak of PVP shifting to lower wavenumbers and no significant shift for HPMCAS. For these blend samples, the doublet carbonyl peaks at 1656 and 1651 cm-1 can be clearly seen. These peaks are associated with hydrogen bonded PVP and PCM. The shift of the PVP carbonyl peak to lower wavenumbers is more significant than the HPMCAS carbonyl peak in the spectra of the blend formulations. This suggested that in the blend formulations PCM has a more favourable and stronger interaction with PVP via hydrogen bonding than with HPMCAS. This leads to the prediction that more PCM partitions into the PVP-rich phases than the HPMCAS-rich phases in the drug-loaded fibres. This could potentially have significant implications in modulating the drug release of such fibres. 
The phase separation was further studied using MTDSC. As seen in Figure 8, the DSC results of the single polymer-PCM fibres showed a single Tg at 115.1±1.1 and 57.6±1.4°C for PVP-PCM and HPMCAS-PCM, respectively. According to the Gordon-Taylor prediction (under ideal mixing), the experimental PCM-PVP Tg was relatively close to the predicted value, whereas a significant negative deviation was observed between the prediction and experimental Tg values of the PCM-HPMCAS blend (Table 1). In the literature a negative deviation from the G-T prediction is usually attributed to stronger drug-drug and polymer-polymer intermolecular interactions than drug-polymer interactions (42). This again indicates the low level of HPMCAS-PCM interaction in comparison to PVP-PCM. A small melting enthalpy was detected in PCM-HPMCAS fibres at 153.3±0.2°C, which is likely to be depressed melting of crystalline paracetamol. The presence of crystalline PCM in the HPMCAS fibres further indicates the lower miscibility between HPMCAS with PCM in comparison to PVP. 
In comparison to the inconclusive MTDSC results of the placebo SS-electrospun fibres, the MTDSC results of all drug loaded SS-electrospun blend fibre samples exhibit a single Tg with no melting of PCM, suggesting the fibres are molecular dispersions of PCM in polymers. This is a significant observation and a clear indication of the improved miscibility between the components of the ternary system (PCM-PVP-HPMCAS), which is a result of drug incorporation. This was further confirmed by CPMAS-NMR spectra and PXRD results (see supplementary material). As seen in Table 1, the experimental Tg of the PCM loaded polymer blends fibres demonstrated greater negative deviations from the Gordon-Taylor predictions with increasing HPMCAS content in the formulation. This can be attributed to the weaker HPMCAS-PCM interaction suggested previously by the ATR-FTIR spectroscopy data. The PCM loaded CS-electrospun core-shell fibres (PVP:HPMCAS 1:1) also showed a single Tg at 86.2±1.5°C, indicating mixing of the core and shell layer of the fibres with drug incorporation. 
The phase separation of the PCM loaded polymer blend fibres was further investigated using NMR relaxometry. Relaxation times were measured in all PCM-loaded fibres (Table 3).  Single exponential T1’s were observed for all samples but were lengthened in comparison with the unloaded samples. In contrast the T1ρ values whether single or double exponential were shortened. This is consistent with a lengthening of correlation times on incorporation of the drug. Since on the long correlation time side of the T1 minimum an increase in correlation time will result in a lengthening of T1. If however the correlation time is on the short side of the T1ρ minimum, which occurs at a longer correlation time than the T1 minimum, T1ρ will shorten. 
The single exponential T1ρ’s observed in the mixtures with single polymer components indicates that the length scale of any phase separation must be sub-nanometre and is consistent with a completely homogeneous material with the drug molecularly dispersed. Similarly, although two component behaviour is seen in the 3:1 and 1:1 samples with drug incorporated the likeliest explanation is that this is due to polymer phase separation as drug phase separation would result in the observation of a long T1ρ component corresponding to the drug phase. The conclusions from these data are therefore consistent with the formation of molecularly dispersed drug in both polymer phases.
Transformation of phase separation of electrospun blend fibres upon wetting 
Prior to the drug release study, the disintegration and wetting behaviour of the fibre mats was first assessed. The ultra-fast disintegration and dissolution of placebo and drug loaded PVP electrospun fibres were complete within a few seconds following immersion in the medium (see supplementary material). With the blending of HPMCAS, which is insoluble at pH 1.2, the PVP-HPMCAS blends fibres showed a change of appearance of the mat when it was wetted. Clearly separated translucent and opaque domains were observed for the wetted mat. It was also noted that the overall dimensions of SS-electrospun polymer blend fibre mats shrunk significantly to one third of their original sizes after they were immersed in the media (see supplementary material). Interestingly, this is not observed in the CS-electrospun core-shell PVP-HPMCAS fibres. This indicates that this macroscopic contraction behaviour is unique to the SS-electrospun polymer blends and may be associated with the changes in phase separation behaviour of the fibres after being wetted. Further in depth investigation into the contraction behaviour of the wetted mat is out of the scope of this paper and will be discussed elsewhere.
The changes in phase separation behaviour during in vitro drug release were further investigated by recovering the fibre mats in the course of drug release followed by analysing the dried material using ATR-FTIR spectroscopy. Due to high PVP content, it was impossible to recover the material after dissolution for the PCM-loaded 3:1 PVP:HPMCAS blend. Macroscopically, the PCM loaded SS-electrospun fibres transformed into a gel-like mass with a translucent surface layer and opaque centre after 5 minutes of being immersed in the dissolution media. After drying, the surface layer and the opaque centre could be separated easily and the ATR-FTIR spectra of the surface coating and the centre were acquired. The ATR-FTIR spectra of both 1:2 and 1:1 PVP:HPMCAS formulations are shown in Figure 9. High relative peak intensities of PVP and PCM related peaks indicate the translucent areas predominately have high concentrations of PVP and PCM, whereas the opaque areas mainly contain HPMCAS in comparison to PVP-rich areas. It is reasonable to suggest that this rapid macro-scale layered phase separation is a result of a sequence of events including wetting, migration of PVP to the surface due to hydrophobicity difference between the HPMCAS and PVP and the formation of PVP-rich surface coating layer. The results indicated that this re-configuration of PVP-rich and HPMCAS-rich phases from nanoscale separation in dry state to macroscopically layered separation after wetting is a transformation with fast kinetics. 
Further testing was conducted in order to follow the course of phase separation changes during the dissolution. In these tests, the spectra were acquired on samples that were removed from the dissolution media at different stages of in vitro dissolution testing and dried. As seen in Figure 10, after 5 minutes of dissolution testing, signature peaks of PVP, PCM and HPMCAS at 1655, 1554 and 1072 cm-1, respectively, can be clearly identified, indicating the presence of all components in the wetted mat. With increasing the dissolution time, the relative peak intensity of 1072 cm-1 HPMCAS peak increased, whilst the relative intensities of PVP and PCM related peaks decreased in both formulations. Using the relative intensity as a coarse measure, the relative concentration changes of the components could be estimated. The ratio of PCM, PVP and HPMCAS were 34:51:15, 23:37:40, 0:19:81 and 0:21:79 for 5, 15 30 and 60 minutes of dissolution, respectively. This reflects the dissolution and release of PVP and PCM to the media, whereas insoluble HPMCAS remained largely intact. The low quantity of remaining PVP in the HPMCAS phase is likely to be attributed to the partial miscibility of PVP and HPMCAS. This may impact the drug release behaviour of the formulations as the PVP-rich phase tends to have faster drug release rate, while the HPMCAS-rich phase reserves the drug as HPMCAS is insoluble at acidic pH 1.2. 
In vitro drug release kinetics of electrospun blend fibres
The PCM release profiles were obtained from all blend formulations, as seen in Figure 11. The PVP-PCM fibres exhibited an immediate release with complete drug release being obtained within 5 min. The PCM-HPMCAS drug release study was not conducted, because HPMCAS alone is an extremely poor fibre forming material and no proper fibre mat could be generated. The PVP-HPMCAS-PCM blend fibres demonstrated an initial burst release with up to 50% of PCM release within 10 min and 100% release in 1 hour for PVP:HPMCAS mats with weight ratios of 3:1 and 1:1, but only approximately 80% release for the PVP:HPMCAS 1:2 blend. Despite the polymer ratio difference, the core-shell HPMCAS(core)-PVP(shell) 1:1 fibres showed a similar trend of drug release to the PVP:HPMCAS 1:2 blends with 50% PCM release in the first 10 min and 85% release in 1 hour. 
Data fitting to the power law and bi-phasic models was performed to obtain insight into the mechanism of drug release from the formulations. As seen in Table 3, the coefficient of determination (R2) of power law fitting for only 60% drug release data (28) were greater than 0.98 for all blend formulations. The exponents (n) of the SS PVP-HPMCAS 3:1 blend and CS core-shell fibre formulations were in the range of 0.45-0.89 indicating drug release was dominated by anomalous transportation, which refers to a combination of Fickian diffusion and case II transport (28).  For SS PVP-HPMCAS blends with ratios of 1:1 and 1:2, the n values of 0.42 and 0.43, were obtained respectively. This indicates Fickian diffusion was the dominant release mechanism for these formulations (28, 30). However, it should be highlighted that the ignoring the remaining 40% release, which is much slower than first 60% for all blend formulations, may give misleading results with regard to the release mechanisms of these phase-separated nanofiber blend mats. 
When the power law and bi-phasic release models were fitted to the entire 60-minute release data, the R2 values of the power law fit decreased significantly whereas the bi-phasic model fit gave R2 values greater than 0.99 (Table 3). The biphasic model allowed the estimation of the amount of drug release (Ma and Mb) and kinetic exponential (ka and kb) of both phases (assumed to be completely phase separated PVP-PCM and HPMCAS-PCM phases). The fact that Ma and Mb did not together come to a value of 100% can be explained by some level of miscibility between PVP and HPMCAS discussed earlier. The ka and kb values of all polymer blends and core-shell formulations were found to differ significantly, with ka being approximately 6 times greater than kb. This refers to PCM being released faster from one phase (likely to be the PVP-rich phase) than the other phase (likely to be the HPMCAS-rich phase). 
It should be borne in mind that the bi-phasic model contains more variables for fitting in comparison to the power law model. This may lead to better data fitting and higher R2 values for the bi-phasic model, without necessarily being a truly more accurate description of the dissolution process. To test the relative likelihood of these two possibilities, the Akaike Information Criterion (AIC) was employed. The AICc scores of biphasic model fitting of all SS PVP-HPMCAS blend fibres are significantly lower (which means distinctively better suitability) than the ones of the power law model. This means that the biphasic model is universally superior as a descriptive drug release model for SS PVP-HPMCAS blend fibres. The AICc scores of bi-phasic fitting for the CS PVP-HPMCAS 1:1 fibres are also lower than the those of the power law fittings, indicating the bi-phasic model being a better descriptive model of the drug release behaviour. 
Discussion
Improved apparent miscibility of polymer blends by processing and drug incorporation
The seemingly contradictory results of this study and other recent literature on the miscibility of PVP and HPMCAS should be clarified. For example, PVP and HPMC blends were established as miscible by Karavas and co-workers by a casting film method, but with weak interactions between the carbonyl group of PVP and the hydroxyl group of HPMC (22). More recently, Marks and co-workers prepared HPMCAS and PVP K29/32 blends by spray drying and observed that they are miscible based on MTDSC data (3), despite a large difference in solubility parameter values between PVP and HPMCAS. It should be borne in mind that although the polymer species are the same, the molecular weights used in the literature studies were different from this study, which may also impact on the miscibility (9). In this study, PVP-K90 (Mw 360,000) with high viscosity was used instead of PVP K29/32 (Mw 58,000), and clear evidence of partial miscibility between PVP K90 and HPMCAS was observed in the casted and spin coated blend films. Processing parameters are important factors which may improve the stability and miscibility of two components (10). The results of this study suggest that different rates of solvent evaporation used in the preparation methodology may have a significant impact on the size of phase separated domains in the blend material. Techniques with slow solvent evaporation rate lead to micron or even larger scale phase separations, which were determined, by MTDSC and AFM. The rapid solvent evaporation technique, electrospinning, in combination with rapid 2D deformation by elongating the blend into nanosized fibres with highly confined dimensions improved the apparent miscibility. The outcome of the drying process involved in the different preparation methods may be determined by the thermodynamics of the system or the kinetics of drying. The relative rates of ethanol and water evaporation may be important in the determination of phase behaviour: at 90% ethanol, water shows a positive deviation from Raoult’s law and ethanol follows the Raoult’s law line therefore at 90% ethanol and above there is more water in the vapour phase than would be predicted by its pure vapour pressure and concentration therefore evaporation rates of ethanol may be slower than expected.  However it is not clear that the system is at equilibrium and, since it also contains polymer and drug, the vapour pressures of the 5-component system may not reflect the simple binary system. In addition as the solvent evaporates the high polymer concentrations will impede the diffusion of solvent molecules and it is possible that water as the smaller molecule may escape faster.
The process of electrospinning is very rapid and the observation of phase separation will depend on the relative rates of evaporation and polymer phase separation. If the latter process is slow compared to the solvent loss, then a molecularly dispersed polymer mixture will be “frozen in” despite the differences in intrinsic solubilities. If the polymer phase separation is fast compared to the evaporation rate then phase separation may take place. PCM incorporation significantly affected the phase behaviour of the system and improved the miscibility of the PVP and HPMCAS. It is possible that this is a result of a combination of PCM acting as a molecular solvent and the reduced viscosity of the solution (as PCM was replacing same amount of polymer in the solution), which aids the mixing during the drying stage of the electrospinning process for both SS- and CS-electrospinning. 
Effect of wetting and dissolution on phase separation and their impact on drug release
PCM demonstrated a higher degree of partition into the PVP-rich rather than the HPMCAS-rich phase. The length scale of the phase separation was rapidly amplified into macro-scale layers after the electrospun fibres were wetted by the dissolution media. This rapid dynamic transformation from nanoscale phase separation to layered separation was speculated to be a result of rapid local phase separation and migration of PVP to the surfaces of the wetted mats. As a consequence of such phase separation transformation, in which the majority of initial drug release was from PVP-rich phase and followed by the slower release from HPMCAS-rich phase, clear bi-phasic drug release behaviour was observed in all blend fibre formulations. This bi-phasic drug release mechanism was confirmed by the fact that by alternating the ratio of PVP and HPMCAS in the blend, the drug release profile of the fibres could be tuned to a desired rate. It is worth mentioning that HPMCAS is a pH sensitive polymeric excipient, which is known to dissolve at pH above 5.5 and is often used for enteric coating (43). Therefore slower drug release from the HPMCAS than PVP phases as was observed in the dissolution tests of this study would be expected. It is likely that the drug contained in the HPMCAS phases of the formulations with high HPMCAS content, will be released rapidly once the formulation reaches the small intestine due to the increased solubility of HPMCAS in the intestinal pH. Although a single model drug was used for proof-of-concept in this study, this phase separated polymer blend approach has potential for uses of delivering two drugs in which the HPMCAS phase can be used to target delivery of one of the drugs with better intestinal absorption.  
Conclusion
Nanofibration methods, such as electrospinning have been increasingly used in the preparation of drug delivery systems. This study investigated the phase behaviour of blends of a pair of partially miscbile polymers, PVPK90 and HPMCAS, after processing by electrospinning. The results of the study confirmed nanoscale phase separation in the electrospun fibres in contrast to the micron-scale phase separation in the blends prepared by conventional blending methods, such as film casting and spin-coating. This difference is likely to result from the differences in the solvent evaporation rates of the methods. The incorporation of the low molecular weight model drug, PCM, led to enhanced miscibility between the drug loaded polymer phases. This improved miscibility of the ternary system was significantly compromised once the fibre mats were in contact with dissolution media, where upon macroscale layered phase separation of the two polymer-drug phases was detected. This phase behaviour leads to bi-phasic drug release and allows tuning of the release rate of the fibre mats through altering the ratio of the polymers in the blend. The results of this study have demonstrated the potential of the concept of using in–situ phase separation of the polymers to tune the drug release rate, which can potentially be adopted for delivering two drugs in a single formulation that has different desired targeted release areas in the gut. This study brings significant new insights into the phase separation behaviour of electrospun polymer blends when used as drug carriers, which can benefit the more effective use of such nanomaterials for controlled drug delivery.
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Table 1 Comparison of the experimental and theoretical glass transition temperatures (Tg) of all formulations predicted using Gordon-Taylor equation.
	Materials
	Tg (°C)
	G-T predicted Tg(°C)

	PCM
	25.3±1.3a
	-

	PVP
	176.4±2.0a
	-

	HPMCAS
	122.0±2.2a
	-

	PVP-PCM
	115.1±1.1b
	119

	HPMCAS-PCM
	57.6±1.4b
	86

	PVP-HPMCAS
3:1
1:1
1:2
	
163.4±1.2b
149.2±1.3b
139.3±2.1b
	
160
151
140

	PVP-HPMCAS-PCM
3:1
1:1
1:2
	
105.5±2.0b
93.4±1.4b
83.4±1.3b
	
110
101
96


a Measured by MTDSC from raw materials
b Measured by MTDSC using electrospun materials



Table 2 ss-NMR results (T1 (1H) and T1ρ (1H)) of the raw materials and blend formulations with (25% w/w) and without paracetamol. 
	Material 
	T1(1H)(ms) 
	T1ρ(1H)(ms) 

	PVP
	269
	6.9

	HPMCAS (LF)
	214.0
	3.0

	Crystalline PCM
	93000
	N/A

	PVP:HPMCAS 3:1
	165.0
	1.4 ± 0.3 
	10 ± 2.0  

	PVP:HPMCAS 1:1
	150.0
	1.0 ± 0.3  
	5.9 ± 0.6  

	PVP:HPMCAS 1:2
	175.0
	1.0 ± 0.2  
	5.5 ± 0.4  

	PCM PVP:HPMCAS 3:1
	277.0
	0.32 ± 0.09 
	3.1 ± 0.3 

	PCM PVP:HPMCAS 1:1
	293.0
	0.2 ± 0.04  
	2.5 ± 0.1 

	PCM PVP:HPMCAS 1:2
	299.0
	1.51

	PCM:PVP
	199.0
	1.7

	PCM:HPMCAS
	222.0
	0.7








Table 3 Kinetics parameters obtained from fitting 60-minutes dissolution experimental data of PCM loaed nanofibers to power law and first order bi-phasic model
	PVP/HPMCAS
ratio
	Power law
	Alkaike test
(AICc)
	First order bi-phasic
	Alkaike test 
(AICc)

	
	R2
	k
	n
	
	R2
	Ma
	Mb
	ka
	kb
	Ma+Mb
	

	SS 3:1
	0.81
	43.99
	0.189
	71
	0.997
	45.01
	48.28
	0.399
	0.098
	93.29
	45

	SS 1:1
	0.87
	42.56
	0.192
	65
	0.998
	49.00
	35.99
	0.287
	0.048
	84.99
	39

	SS 1:2
	0.94
	26.80
	0.271
	57
	0.999
	30.48
	57.19
	0.112
	0.015
	87.67
	33

	CS 1:1
	0.70
	29.70
	0.267
	67
	0.994
	54.98
	43.97
	0.15
	0.043
	98.95
	65



	PVP/HPMCAS
ratio
	Power law
(data fitting for 60% of drug release)

	
	R2
	k
	n

	SS 3:1
	0.984
	28.45
	0.56

	SS 1:1
	0.991
	31.27
	0.42

	SS 1:2
	0.996
	24.2
	0.43

	CS 1:1
	0.98
	12.25
	0.69

	PVP alone
	0.81
	67.12
	0.41



Figure 1 Mophologies of the PVP-HPMCAS 1:1 blend films using SEM (A) casted film and (B) spin-coated film, and AFM (C) casted film and (D) spin-coated films with 2D (left) and 3D (right) topograpy images 
[image: ]


[bookmark: _Ref405415631][bookmark: _Ref409553346]Figure 2 LTA results of (A) spin-coated HPMCAS film, (B) spin-coated PVP film, (C) PVP-HPMCAS 1:1 casted film and (D) PVP-HPMCAS spin-coated film
[image: ]


[bookmark: _Ref405415595]Figure 3 Reversing signals of the MTDSC results of (A) physical mixture of PVP and HPMCAS (1:1 w/w), (B) conventional casted polymer blend films, (C) spin-coated polymer blend films, (D) co-axial CS-electrospun fibres with PVP as the shell and HPMCAS as the core, and (E) SS-electrospun polymer blend fibres. 
[image: ]


Figure 4 SEM images and the histograms of fibre diameter distributions of (A) SS-electrospun PVP-HPMCAS 1:1 blend fibres and (B) CS-electrospun PVP-HPMCAS 1:1 fibres
[image: ]



Figure 5 TEM images of (A) the placebo CS-electrospun fibres with PVP as the shell layer and HPMCAS as the core and (B) the CS-electrospun PVP and HPMCAS fibres after PCM incorporation into both core and shell with equal loading. 
[image: ]


Figure 6 SEM images and the histograms of the diameter distributions of SS-electrospun 25% PCM loaded PVP-HPMCAS blends fibres with PVP: HPMCAS ratios of (A) 3:1, (B) 1:1 and (C) 1:2 
[image: ]


Figure 7 Partial ATR-FTIR spectra of raw materials and 25% PCM loaded SS-electrospun fibres (A) PCM PVP-HPMCAS 3:1, (B) PCM PVP-HPMCAS 1:1, (C) PCM PVP-HPMCAS 1:2, (D) PCM-PVP, (E) PCM-HPMCAS, (F) PVP as received, (G) HPMCAS as received, (I) PCM form I and (J) amorphous PCM prepared by melt-cool method. (the dashline box highlights the PVP carbonyl peak which shifted to lower wavenumber after the incorperation of PCM).
[image: ]




[bookmark: _Ref405415558]Figure 8 MTDSC results of 25% PCM loaded single polymer fibre mats and PVP-HPMCAS blend fiber mats. (A) PCM-PVP, (B) PCM-HPMCAS, (C) PCM PVP-HPMCAS 1:2, (D) PCM PVP-HPMCAS 1:1, (E) PCM PVP-HPMCAS 3:1 and (F) PCM PVP-HPMCAS 1:1 core-shell electrospun fibres.
[image: ]




[bookmark: _Ref405483005][bookmark: _Ref405422213]Figure 9 Partial ATR-FTIR spectra of the wetted PCM loaded PVP-HPMCAS fibre mats with a translucent coating and an opaque centre as illustrated in the image inserted; A and C are the spectra taken from the translucent areas of the formulations with PVP-HPMCAS 1:1 and 1:2, respectively; B and D are their corresponding opaque central area. Dash boxes highlight a signature peak of PVP and HPMCAS at 1660 and 1072 cm-1, respectively.
[image: ]



[bookmark: _Ref405477569]Figure 10 Partial ATR-FTIR spectra of PCM loaded PVP-HPMCAS blended fibre mats with polymer ratios of (A) 1:1 and (B) 1:2 when sampled at different time intervals during dissolution experiments. Dash boxes represent a signature peak of PVP, PCM and HPMCAS at 1660, 1512 and 1072cm-1, respectively. 
[image: ]




Figure 11 In vitro drug release profiles PCM loaded PVP single phase, polymer blend fibres with different PVP:HPMCAS ratios and coaxial electrospun fibre. 
[image: ] 
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