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Abstract

Characterizing inter- and intra-sample heterogeneity of solid and semi-solid pharmaceutical products is important both for rational design of dosage forms and subsequent quality control during manufacture; however, most pharmaceutical products are multi-component formulations that are challenging in this regard.  Thermal analysis, in particular differential scanning calorimetry, is commonly used to obtain structural information such as degree of crystallinity or identifying the presence of a particular polymorph but the results are an averaged over the whole sample, it cannot directly provide information about the spatial distribution of phases. This study demonstrates the use of a new thermo-optical technique, Thermal Analysis by Structural Characterization (TASC), that can provide spatially resolved information on thermal transitions by applying a novel algorithm to images acquired by hot stage microscopy. We determined that TASC can be a low cost relatively rapid method of characterizing heterogeneity and other aspects of structure. In the examples studied it was found that high heating rates enabled screening times of 3-5 minutes per sample. In addition, this study demonstrated the higher sensitivity of TASC for detecting the metastable form of PEG compared to conventional DSC. This preliminary work suggests TASC will be a worthwhile additional tool for characterizing a broad range of materials.


 




Introduction
The heterogeneity of material in a complex formulation is often a key parameter that requires monitoring during quality control of pharmaceutical products. In multi-component formulations, which is the case for most pharmaceutical products, the uniformity of the distribution of excipients and active therapeutic drugs across the dosage form is extremely important for ensuring the quality such as physical stability over shelf-life and in vivo performance such as drug release rate, which are critically responsible for the overall therapeutic efficiency of the product [1]. However to characterise and assess heterogeneity within a single formulation often requires the use of multiple off-line localised analytical techniques, which is time-consuming and costly process. Most analytical techniques with the capacity for characterising the heterogeneity combine microscopy with either spectroscopic or thermal techniques [2-6]. As an example, micro/nano thermal analysis using a heated probe in a scanning probe microscope is a thermal technique that can provide information on sample heterogeneity using either local thermal analysis or photothermal IR spectroscopy [7-9]. However, it is slow, for example it can take over an hour for a single high spatial resolution image using Transition Temperature Microscopy [10]. The technique we use in this study, Thermal Analysis by Structural Characterisation (TASC), is an optical analogue of micro/nano thermal analysis. TASC is a new microscopic analytical method developed recently by Reading et al for many applications including Local Thermal Analysis (LTA), glass transition kinetics, and thermal dissolution analysis [11]. 
The method consists of quantifying changes in successive micrographs while at the same time allowing for any movement by the sample. As illustrated in Figure 1a, a region of the sample is selected that is designated the region of interest or ROI (within which lies the structure of interest). Also a larger area (the target area or TA) over which the ROI is scanned is selected (in this case the TA is the entire 7x7 pixels). Figure 1b shows the extracted ROI that is the template that is raster scanned over the TA. At each point in the scan the corresponding pixels are subtracted and the sum of the modulus of all differences is calculated. In this simplified representation subtracting the same pixel values gives zero and subtracting different pixels gives 1. After the scan is completed it is the minimum value for the sum of all differences obtained during the course of the scan that is returned by the TASC algorithm. Figure 1c shows the start of the raster scan in the top left hand corner. Because no structure is present in this part of the TA, when the ROI template is subtracted the total sum of all subtractions is 1 (there is only one pixel where the ROI template is different from the selected region of the TA). The next step in the raster scan is to move the ROI template one pixel to the right as shown in Figure 1d, the value obtained is again 1. The ROI template is moved another pixel to the right and the process continues until the entire TA has been scanned. The value zero is only obtained when the ROI template is in the centre of the TA as indicated in Figure 1a. This zero value is the minimum obtained during the course of the scan, thus zero is returned by the TASC algorithm indicating no change. If the black pixel that represents the structure of interest moves as shown in Figure 1e, the value at the first point of the raster scan (such as the step illustrated in Figure 1c) is now zero. At all other positions the value is greater than zero. It follows that the minimum value returned by the TASC algorithm at the end of the scan is still zero indicating no change even though the structure has moved. When the black pixel disappears, i.e. the structure has changed, the value returned at all points during the raster scan is 1 and TASC returns the value 1. Under this working principle, when the structure moves but does not change the TASC value does not change but when the structure changes the TASC value increases.  However, it is worth mentioning that for this to work the TA must be big enough so that the structure of interest does not travel outside of its limits. This is not difficult to achieve in practice simply by inspecting the first and last images.

For real-life samples of the type studied here, as the sample is heated it often softens and all apparent structure vanishes giving rise to featureless image. In a typical experiment of this kind there is no further change beyond this point, i.e. the intensity difference values are unchanging, thus the TASC value reaches a plateau (of course decomposition will occur if the temperature is taken very high but this was always avoided in this study). We have normalised all values relative to this plateau because the absolute TASC values change with the size of the ROI and lighting conditions. In the body of the article we indicate how we standardised lighting conditions and used changes in the size of the ROI to investigate heterogeneity. Variations due to slight differences in lighting conditions are best removed by normalising. Similarly, comparisons between different sized ROI’s are best achieved by comparing normalised values. For other applications the absolute TASC values relative to the size of the ROI can be useful but interpreting these data is not straightforward; a discussion of this will be the subject of a future article. In addition more subtle changes such as shifts in diffuse reflection, changes in density will alter reflective index and thermal transitions causing softening will alter surface roughness and change reflectivity. In the application of assessing heterogeneity of complex pharmaceutical products, the technique is not a generic shape-recognition imaging technique, no attempt is made to characterised shape or size, rather simply changes in optical properties and/or structural features. We have found that the simplicity of the TASC approach means it can be applied in a very robust way to a wide variety of behaviours whereas more specific algorithms, like edge recognition, work in some cases but not in others. 

In this study, TASC was used as a new analytical technique to investigate complex buccal patch formulations prepared by hot melt extrusion-injection moulding (HME-IM) method for delivering felodipine, a calcium antagonist. It was compared with the well-established technique DSC that is often used for comparatively rapid routine analysis for these types of sample. The analyst is typically seeking to characterise the crystalline and amorphous phases in a multiphase material. The results of this study has demonstrated some advantages for TASC as a rapid and inexpensive method for analysing intra- and inter-sample heterogeneity of this type of complex formulation. It also demonstrated that is able to detect subtle transitions even when high heating rates are used to reduce the time for analysis. 

Experimental Section
Materials
Felodipine, the model drug loaded in the buccal patch formulations, was purchased from Molekula (Dorest, UK). 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)
All buccal patches were prepared using a co-rotating twin-screw extruder (Haake MiniLab II Micro Compounder, Thermo Electron, Karlsruhe, Germany). All ingredients were accurately weighed and premixed using mortar and pestle for 2 minutes prior to feeding to the extruder. The extrusion was preformed at 65°C with 5 minutes retention time. The extruded material was then flushed directly into the heated reservoir (65°C) of the injection moulding apparatus (HAAKE MiniJet System, Thermo Electron Corporation, Karlsruhe, Germany). The material was then injected into a stainless steel patch-shaped mould with a dimension of 25 mm x 25 mm x 0.576 mm under 300 bars moulding pressure for 20 seconds to produce the final dosage form. The formulation was disassembled from the mould, after the mould was removed from the apparatus and allowed to cool to room temperature for 1 hour. 
Thermal Analysis by Structural Characterisation (TASC)
Thin slices of the HME-IM patches with dimensions of approximately 0.6 mm x 0.6 mm x 0.2 mm were cut using sharp blade and transferred to standard aluminum DSC pans for TASC measurements. A TASC system composes of a Linkam MDSG600 automated temperature controlling (heating-cooling) stage, which is fixed to a Linkam imaging station, and an imaging capture and analysis interface powered by TASC software provided by Cyversa (Norwich, UK). The microscope used in this study has a reflective LED light source and a lens with x10 magnification. The controlled cooling of the sample stage was operated with liquid nitrogen. A range of heating and cooling rates (1, 2, 10, 20, 40˚C/min) were used in this study. For all heat-cool-reheat cycles, 1 minute isothermal period was applied between each ramp. For all TASC measurements, while the samples were treated using the preset temperate programme, the images of the sample were acquired simultaneously in a rate of 1 frame/ºC. These images were analyzed using TASC software and the changes in the appearance of the samples (in comparison to the selected background) were converted into normalized TASC curves. It is important to ensure that focusing is in the same regions of the sample in every case, this could be the surface or interior structure where this is visible. In this study the sample surface was brought into focus. In some regions of an image a small change in curvature, particularly at an edge, can cause a sharp increase in specular reflection causing ‘flaring’. Such regions were avoided in this study. The uniformity of the thickness of the samples for repeated measurement is also important to ensure the results are true reflections of structural transition. All measurements were performed at least in triplicates. The results obtained were statistically analyzed by using one-way analysis of variance (ANOVA). Differences of (p < 0.05) were considered to be significant.  
Scanning Electron Microscopy (SEM)
A JSM 5900LV Field Emission Scanning Electron Microscope (Jeol Ltd, Japan) equipped with a tungsten hairpin electron gun was used to analyze different felodipine patches. Cross sections of all samples were prepared by cutting the samples using a sharp blade after dipping them into liquid nitrogen. The samples were coated with gold using a Polaran SC7640 sputter gold coater (Quorum Technologies, city, country) prior to imaging. 
Differential Scanning Calorimetry (DSC) and Modulated Temperature DSC (MTDSC)
A Q-2000 MTDSC (TA Instruments, Newcastle, USA) equipped with (RC90) cooling unit was used to perform all standard DSC and MTDSC analyses on the buccal patch formulations prepared by HME-IM. For standard DSC, the same temperature programs (with a range of heating rates) that used for TASC analysis were adopted in order to compare the results between the two techniques. Heating only MTDSC experiments were also performed (at 2ºC/min scanning rate, 40 sec period and 0.212ºC amplitude) to investigate the hidden melt-recrystallization behaviour of the patches. All samples analyzed have a weight of about 2-3 mg and standard TA crimped pans (TA Instruments, Newcastle, USA) were used. All analyses were performed in triplicates.
Variable temperature attenuated total reflectance Fourier transform infrared spectroscopy (VT-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 with temperature controllable top plate (Orpington, UK) equipped with diamond internal reflection element. ATR-FTIR spectra, in absorbance mode, were obtained using a scanning resolution of 2 cm-1 and 32 scans for each sample. The system was connected to a high stability temperature controller (Specac, USA) and the VT-ATR-FTIR spectra were collected using heat-cool-heat program with a heating rate of 2ºC/min. All spectra were analyzed using OPUS software.

Results and discussion
Fast detection of heterogeneity in solid dosage forms
The TASC software is designed to track changes in the sample during heating or cooling ramp, any change in structure as seen by the microscope is detected. Samples frequently move when heated or cooled but TASC tracks these movements and compensates for them so only structural changes are measured.  As seen in Figure 2, the blue frame is the region of interest while the red square defines the area scanned by the centre of the region of interest thus movement over this range is compensated for. TASC tracks these movements by fixing on an optical feature. For the placebo and the patches with up to 20% w/w drug loading, the results obtained from TASC were more reproducible (low standard deviation for 3-5 repeated tests) for the heating-cooling and re-heating cycles than the data obtained from the system with 30% drug loading (Figure 3). This low inter-sample variation indicates a low level of heterogeneity, at least at this scale of scrutiny, of the formulations with drug loadings at and below 20%. This is confirmed by the SEM results of the interior microstructure of the patches as seen in Figure 4. The reproducibility of the TASC results of the patches with 30% felodipine was much lower as reflected by the high variation of the TASC data for the initial heating cycle of the patches, note that regions of similar area were used for all of the samples. As TASC is a form of local thermal analysis, each testing area is different from another (such as containing different amount of crystalline/amorphous material or structural features). Therefore the high inter-sample variation (with statistically significance P<0.5) in the 30% patches should be an indication of high heterogeneity of the sample with an average testing areas of (2500-10000 µm2). The high heterogeneity of the patches with 30% load is confirmed by the rich variety of interior features of the patches seen by SEM including the presences of air pockets and ununiformed distribution of particles with 5-20µm in average diameter and defined edges which are likely to be felodipine crystals. 

[bookmark: _GoBack]This sensitivity to the heterogeneity of the sample is absent in the DSC results which provide only global information. The significant difference in weight of sample analyzed by the two methods may contribute to the difference in their detective sensitivities. The calculated weight range of the analyzed areas by TASC (the area framed by the blue square indicted in Figure 2) was estimated to be 0.6-3.7 µg in comparison to 2-3 mg sample size used in the DSC experiments. As a consequence of this, as seen in Figure 3, all samples show good and similar reproducibility. For TASC the equivalent of providing a global measurement is achieved by analyzing a large area. This sampling size effect on the sensitivity of detection can be directly demonstrated by changing the region of interest. As seen in Figure 5a and b, simply by increasing the measurement area from 10000 to 40000-90000 µm2, the standard deviation of the TASC results of the same sample can be dramatically reduced and the difference between replicates are statistically insignificant (p<0.05).  With TASC there is the option of looking at an averaged response or a more localized one. It follows that a scale of scrutiny must be selected that is sufficiently small to reflect the heterogeneity of the sample while not being so small that a prohibitively large number of measurements must be made. It also should be mentioned that the sizes of the regions of interest must be the same when comparing samples (as in this case). 

Sensitivity to melting of metastable forms
For all samples, the transition temperatures detected by TASC during the first heating and cooling cycles are highly comparable with the DSC data. However, double transitions are clearly detected by TASC during the reheating cycle for all formulations (Figure 3c). The detection of the double transitions seen as a shouldered peak is highly reproducible in all samples indicating the occurrence of a true thermal event. The double transitions may be associated with the melting of the folded and extended forms of the PEG as the transition temperature is just below the melting of PEG/PEO. However, this bimodality is not detected by conventional DSC (as seen in Figure 3c) using the same scanning rate which is 10ºC/min in this case. The changes seen by TASC are subtle; simple inspection of the images does not suggest complex behavior as illustrated in Figure 6. In addition, these two evident thermal events tend to overlap as the percentage of drug loading increase as indicated by the reduction in the temperature range between them due to drug solubilization inside the matrix.

In order to further investigate the details of the samples’ structure, MTDSC and VT-ATR-FTIR were used. The MTDSC data of the reheating cycle of the patch with 10% drug loading, shown in Figure 7a, unambiguously confirms bimodal behavior in both reversing and non-reversing signals at temperature between 45 to 58ºC, which are below the main melting of PEO (62ºC). In the non-reversing signal, an endothermic (melting) followed by an exothermic (recrystallization) peak can be clearly seen. The first heating cycle of the VT-ATR-FTIR data (Figure 7b) shows the melting of crystalline PEO that with the spectra agrees well with the literature reported crystalline PEO [12,13]. However, the spectra of the reheating cycle following the cooling of the first heating cycle, shown in Figure 7c (highlighted by the dash-line box and a red arrow), demonstrate the appearance of an additional peak at 1106cm-1. The intensity of this new peak decreases with increasing temperature during heating and disappears when temperature reaches above 70°C when PEO melts (Figure 7d). It suggests that the material created by the cooling cycle is different from the as-received material, something that is clearly indicated by TASC but is not immediately obvious from the DSC results. Although in literature there is no report of this particular IR band being associated with metastable form of PEO, the thermal behavior of the PEO detected by MTDSC matches the documented thermal events related to the metastable PEO [12-14]. All these data confirm the presence of metastable form of PEO after heating followed by immediately cooling, which support the TASC data. It follows that, in this case at least, TASC is sensitive to an event that conventional DSC does not clearly detect. DSC ‘sees’ only one process because the two melting events are broad and overlap. The reversing signal from the MTDSC experiment discerns a two-stage process because it is sensitive to re-arrangement, in effect it is more directly influenced by the kinetics of the melting process than the total signal. It is reasonable to infer that these kinetics will influence the softening process; as melting starts there is an increase in fluidity but this is arrested because at least some recrystallization occurs as the more stable form is created before it, in turn, melts. In this way TASC can follow the consequences of changing structure on a length scale it cannot directly interrogate.

Rapid analysis  
Resolving events that have similar transition temperatures is typically more easily achieved at slow heating rates. This is particularly true when the events take place over a wide temperature interval and overlap. When using conventional DSC, low heating rates can improve resolution but decrease sensitivity; they also increase the time taken for the analysis. In Figure 8 DSC results are shown at a variety of heating rates, they reflect the range typically used for routine DSC work, 10 to 40 ºC/min. In no case is a bimodal event detected. The TASC results detect the bimodal character of the sample’s behavior during the reheating segment even at the fastest heating rate. This suggests TASC is suitable for routine rapid analysis such as that often required for quality control without any reduction in sensitivity and resolution.

Detection of crystalline drug dissolution effect 
The presence of crystalline felodipine in the patches cannot be detected using DSC because the drug crystals are solubilized by the molten carrier polymer above their melting temperature, the dissolution has a negligible thermal effect. However, the TASC results of the samples with different drug loadings have shown clear indication of a process that occurs above the melting temperatures in some cases. As seen in Figure 3, in the initial heating cycle the TASC signals reach a plateau at higher temperatures as the drug load increases. This effect is particular significant for the patches with 30% felodipine. As seen in Figure 5c, the TASC signal of the 30% patches only reaches the plateau when the temperature reaches 160ºC which is just above the melting temperature of crystalline felodipine [15]. This result suggests the dissolution process can be detected by TASC.

The dissolution of crystalline drug into the molten PEG during heating was confirmed by the variable-temperature ATR-FTIR. As seen in Figure 9, the disappearance of the NH stretching peak characteristic of crystalline felodipine at 3370cm-1 during heating between 60-70ºC indicating the loss of drug crystallinity and the dissolution of the drug into the molten polymer. 
Conclusion
It must be born in mind that no single analytical technique is a panacea that solves all problems. When a new analytical method emerges the questions are whether it provides new information and/or information that can be obtained by other means but can be more easily and quickly obtained by the new technique. Because it is based on microscopy, TASC can obtain information on spatial heterogeneity that conventional approaches such as DSC, FTIR and powder XRD cannot. Other forms of microscopy, particularly Raman and FTIR microscopy for example, can provide similar information in some cases but TASC is much less expensive, the analysis can be done rapidly and little sample preparation is needed.  Furthermore, the TASC algorithm could be applied to images obtained by these other forms of analytical microscopy. Exploring this possibility will be the basis of future work. Thermal techniques are essential for analysing melting behaviour; from such data important structural information can be deduced. The results we have obtained show that TASC can detect subtle melting transitions not seen by conventional DSC. MTDSC can reveal this ‘hidden’ behaviour but it is a relatively slow technique and provides no information on heterogeneity on any scale smaller than the sample itself. Information on solvation can be obtained with a variety of techniques but dissolution in highly viscous media, as in this case, poses a particular challenge. In this study only TASC was able to characterise the heterogeneity, melting behaviour and the dissolution process in a single rapid experiment. At the same time it can investigate the effects of processing.  Only time will enable a more complete assessment of the potential of this new approach but this study suggests it may become a useful routine thermal technique capable of analysing a broad range of processes and materials.
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Figure 1 Working principle of TASC a) represents an image of 7x7 pixels that is the Target Area (TA). The Region of Interest (ROI) is designated by the dashed box and the black pixel represents the only structure in the ROI. b) is the extracted ROI which acts as a template that is raster scanned over the TA. Under b) the results of subtracting the different values for the pixels are given; in this simplified case subtracting the same values gives zero and subtracting different pixels gives 1. The raster scan starts in the top left corner as shown in c) with the dashed line, the sum of all differences in this case is 1 (only one pixel is different). When the ROI is moved one pixel to the right as shown in d) (the next step in the raster scan) the same value is obtained. If the black pixel moves as shown in e) the value at the start of the raster scan is zero. 
 
[image: ]

Figure 2 The light microscopic image of an example slice of 10% w/w Felodipine mucoadhesive buccal patch analysed by TASC software.
[image: ]


Figure 3 TASC and DSC results of the (a) heating, (b) cooling and (c) reheating cycles of the placebo and felodipine loaded mucoadhesive buccal patches with 10, 20 and 30% w/w loading.
[image: ]




Figure 4 SEM images of the interior (cross-section) microstructure of placebo and patches loaded with 10-30% felodipine.
[image: ]

Figure 5 Comparison of the TASC results of the heating cycle of 30% w/w felodipine patches using (a) small sampling spots (to provide localise thermal analysis), (b) larger sampling spots; (c) extended heating to 150ºC to demonstrate that the drug dissolution/melting occurred in the 30% drug loaded samples.  
[image: ]
Figure 6 Enhanced sensitivity for the detection of hidden thermal transitions. Optical images at different temperatures of the TASC measurement during heating of the PEO based patch with 10% drug loading. The areas with no specular effect were chosen for the measurements. 
[image: ]

Figure 7 (a) MTDSC results of the melting region of the patches with 10% drug loading indicating the present of solid form transformation of PEO at the transition temperature identified by TASC during the reheating cycle; (b) Variable temperature ATR-FTIR spectra of the heating and (c) reheating cycle of the patches indicating the crystallisation and melting of the metastable form of PEO; and (d) the ATR-FTIR spectra relative intensity changes of the additional peak at 1106cm-1 with temperature indicating the presence of metastable form PEO.
[image: ]
Figure 8 Influence of heating rate on TASC response in comparison to conventional DSC. Patches loaded with 10% felodipine were tested using TASC and DSC at 10, 20 and 40ºC/min. First heating and reheating cycle were recorded and compared. 
[image: ]






Figure 9 Variable temperatures ATR-FTIR (a) 2D and (b) 3D spectra of demonstrating the dissolution of crystalline drug in PEO matrix in the patches with 30% drug loading during heating. 
[image: ]
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