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Abstract

:

Lovastatin crystals often exhibit an undesirable needle-like morphology. Several studies have shown how a needle-like morphology can be modified in antisolvent crystallisation with the use of additives, but there is much less experimental work demonstrating crystal shape modification without the use of additives. In this study, a series of unseeded continuous antisolvent crystallisation experiments were conducted with the process conditions of supersaturation, total flow rate, and ultrasound level being varied to determine their effects on crystal size and shape. This experimental work involved identifying acetone/water as the most suitable solvent/antisolvent system, assessing lovastatin nucleation behaviour by means of induction time measurements, and then designing and implementing the continuous antisolvent crystallisation experiments. It was found that in order to produce the smallest and least needle-like particles, the maximum total flow rate and supersaturation had to be combined with the application of ultrasound. These results should aid development of pharmaceutical manufacturing processes where the ability to control particle size and shape would allow for optimisation of crystal isolation and more efficient downstream processing.
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1. Introduction


Crystallisation is an important unit operation which is widely used for particle formation, purification, and separation in the pharmaceutical industry. In particular, antisolvent crystallisation is often implemented when the solubility of the solute has a weak dependence on temperature or if the solute has thermal instability issues. The traditional approach in the pharmaceutical industry is to operate the antisolvent crystallisation process batch-wise in a stirred tank reactor (STR), but this presents several challenges [1]. The major challenge is that of scaling up, as it is usually very difficult to transfer from the batch antisolvent addition method used in the laboratory to the batch antisolvent addition method used in production. For this reason, there has been greater effort put into utilising continuous mixing methods in place of batch addition methods. Continuous mixing is typically achieved with the use of static mixers, as their confined volumes allow for intense and controlled mixing, which is much easier to scale [2,3,4]. Static mixers are especially useful in processes that exhibit fast kinetics, where the mixing time needs to be minimised. However, producing solids in these small volumes can lead to major fouling and blockage issues, which is the main challenge that still has to be overcome.



It is common to implement an unseeded antisolvent crystallisation process with the aim of producing a crystal seed suspension. The size, shape, and polymorphic form of these seed crystals will be determined by several factors, which have been explored in previous literature [5,6,7,8,9,10]. By achieving good control over the properties of these seed crystals, the overall crystallisation process can be better controlled. Several studies [11,12,13,14,15] have utilised continuous mixing strategies in antisolvent crystallisation with the specific aim of controlling particle size distribution (PSD) and/or mean particle size. Some studies [11,16,17,18] have compared continuous mixing processes in static mixers with conventional batch processes and shown that the more controlled mixing environment in the static mixer does result in a more narrow PSD with a smaller mean particle size. Furthermore, when using a static mixer, the PSD and mean particle size can be controlled by changing the initial supersaturation and flow velocity [11,12,13,15,17,18]. Sometimes ultrasound is applied to rapidly mixed, highly supersaturated solutions to further decrease particle size due to enhanced primary nucleation rates [14,16].



Lovastatin is an active pharmaceutical ingredient (API) in the statin family, which is used for the treatment of hypercholesterolemia [19,20]. As a compound, it is well characterised and reported in the literature [21,22,23,24,25,26,27]. With regards to the crystal structure of lovastatin, there is currently only one known polymorphic form [21]. The crystal structure of this polymorph, as recorded in the Cambridge Structural Database (CSD) with CSD reference code CEKBEZ01, yields a predicted needle-like morphology, which has been confirmed experimentally in several studies [23,24,25,26,27]. It is because of this needle-like morphology that lovastatin has been selected as the focus of this work, although it should be noted that many other crystalline materials also exhibit a needle-like morphology, e.g., L-glutamic acid, p-aminobenzoic acid, carbamazepine, ibuprofen, and Brivaracetam [9,28,29,30,31,32]. Needle-like crystals are undesirable in the pharmaceutical industry, as they present significant challenges to crystal isolation (filtration, drying) and exhibit poor flow properties complicating further downstream unit operations, such as blending [33,34]. For these reasons, it would clearly be desirable to modify the shape of needle-like crystals produced in a crystallisation process, for example by modifying the relative growth rates of the different crystal faces [23,24,34]. Several studies have demonstrated this type of crystal shape control in antisolvent crystallisation with the use of additives [35,36,37]. More specifically, additives were used in a study to demonstrate how the aspect ratio of lovastatin crystals could be modified by a factor of 3.8 in evaporative and cooling crystallisation [24]. In addition to using additives, it is possible by changing the antisolvent used that the crystal shape can be modified [34,38,39], but in a process where the solvent/antisolvent system is fixed, there have been no methods reported for controlling crystal shape. Therefore, it would be beneficial to develop an antisolvent crystallisation process where the particle size and shape can be controlled by the process conditions alone, without using any additives.



In this study, we firstly performed a solvent/antisolvent screen based on literature data and experimental measurements, which resulted in acetone/water being selected as the most suitable solvent/antisolvent system for the antisolvent crystallisation of lovastatin. A series of induction time measurements were then made to assess the nucleation behaviour of lovastatin before conducting a series of unseeded continuous antisolvent crystallisation experiments. In these continuous experiments, the supersaturation and total flow rate were varied in an effort to control particle size and shape. In addition, ultrasound was either applied or not applied to the mixing region in order to further control the particle size and shape. Process analytical technology (PAT) was used for in situ monitoring of the antisolvent crystallisation process via focussed beam reflectance measurement (FBRM) and ultraviolet-visible (UV-vis) and infrared (IR) spectroscopies.




2. Materials and Methods


2.1. Materials


Lovastatin (>98.5%) was obtained from Molekula. Acetone (>99.8%) was obtained from VWR. 2-Butanone (>99.5%) and tert-Butyl acetate (>99%) were obtained from Sigma Aldrich. Deionised water was produced using the in-house Milli-Q system (Merck Millipore, Burlington, MA, USA).




2.2. Methods


2.2.1. Experimental Solubility Measurements


For each of the shortlisted solvent/antisolvent pairs from the solvent/antisolvent screen (acetone/water, acetone/tert-butyl acetate, and 2-butanone/tert-butyl acetate), the lovastatin solubility was experimentally measured at various solvent/antisolvent compositions. These solubility measurements were performed at 25 °C for all the solvent/antisolvent pairs and at 45 °C for the acetone/water system only. As discussed in Section 3.2, the additional solubility measurements at 45 °C were made for the acetone/water system, because this was the system that showed the most promise for antisolvent crystallisation based on the solubility measurements at 25 °C.



All solubility measurements for the shortlist of solvent/antisolvent pairs (acetone/water, acetone/tert-butyl acetate, and 2-butanone/tert-butyl acetate) were performed using the same gravimetric method. A slurry of lovastatin in the desired solvent/antisolvent mixture was stirred in an 8 mL vial sitting on a submersible stirrer plate inside a water bath set at the desired temperature (25 or 45 °C). A magnetic stirrer was inside each vial to agitate the slurry at 700 rpm. For each solvent/antisolvent mixture, vials were held at 24, 48, and 72 h to ensure the slurry had reached equilibrium. At least three vials were used for each combination of solvent/antisolvent mixture and time point to ensure the results were reliable. At each time point, agitation was stopped and a pipette was used to withdraw 1–2 mL of clear mother liquor from each vial and injected into new vials. The new vials containing the clear mother liquor were placed in a vacuum oven to evaporate the solvent. Once all the solvent had evaporated the solid residue in each vial was weighed. Knowledge of the masses at each point in this procedure allowed for the solution concentration to be determined. If solid–liquid equilibrium has been reached (which is demonstrated by the values at different time points) then the solution concentration corresponds to the solubility value at that specific temperature and solvent/antisolvent composition.




2.2.2. Induction Time Measurements


This study utilised an unseeded antisolvent crystallisation process and for that reason induction time measurements were conducted to identify the most suitable operating conditions. The initial lovastatin solution was prepared by dissolving lovastatin powder in an acetone/water solvent mixture (90:10 wt.%) to create a solution with a concentration of 91.63 g/kg solvent. This initial solution composition was chosen, as this gives the greatest opportunity for supersaturation generation when the water antisolvent is added. All induction times were measured by using a pipette to rapidly add the water antisolvent to an 8 mL sample vial containing 2 g lovastatin solution. The vials were submerged in a water bath set at 25 °C. Throughout the measurements, the samples were stirred at 700 rpm with a magnetic stirrer. Different masses of water were added to reach different supersaturation levels. The masses of water added were 2, 1, 0.67, 0.5, and 0.4 g, which corresponded to solution:antisolvent mass ratios of 1:1, 2:1, 3:1, 4:1, and 5:1, respectively. These corresponded to supersaturation levels of 13.7, 5.20, 2.65, 1.88, and 1.55, respectively. In this work, supersaturation (S) was defined as the ratio of solution concentration to saturation concentration. This addition of antisolvent to lovastatin solution in the 8 mL vials was monitored with a webcam, with the induction time being the time between the point of antisolvent addition and the point where the solution becomes turbid.




2.2.3. Antisolvent Crystallisation of Lovastatin


Lovastatin crystals were produced in an unseeded antisolvent crystallisation process. This process was initiated by the continuous mixing of the solution and antisolvent with the use of a static mixer. In particular, an X-shaped static mixer was selected over other shapes due to it being able to minimise the difference in velocity between the feed streams when there is a large difference in flow rates between the solution and antisolvent. Minimising the difference in velocities helps avoid backflow. The product of this mixing process was then continuously fed to a 1 L jacketed stirred tank reactor (STR) to allow for the crystallisation to proceed and for PAT monitoring to take place.



The initial lovastatin solution was prepared by dissolving lovastatin powder in an acetone/water solvent mixture (90:10 wt.%) to create a solution with a concentration of 91.63 g/kg solvent (same as for the induction time measurements). Pure deionised water was used as the antisolvent. A diagram of the full antisolvent crystallisation setup is shown in Figure 1.



The lovastatin solution was pumped from a flask through a Y-mixer to split it in half before it recombined in the X-mixer, while the water antisolvent was pumped from a flask through the centre of the X-mixer. This approach meant that the two streams started mixing in the centre of the X-mixer, and the resultant mixture flowed to the jacketed 1 L STR. The agitation rate in the STR was always 500 rpm, as this was the minimum that could be used while still keeping the crystals fully suspended. The STR jacket maintained the temperature at 25 °C. The X and Y mixers, and all connected tubing, had 1/8 th in. internal diameter throughout. The X and Y mixers had smooth bores and no internal geometry. The feed solutions were pumped through the X-mixer to the STR using a Bronkhorst Mini CORI-FLOW system coupled with gear pumps, allowing for accurate control of mass flow rates. Several probes were inserted into the STR in order to monitor the lovastatin crystallisation process throughout. The purpose of the FBRM probe was to monitor particle size, the purpose of the UV-vis probe was to monitor lovastatin solution concentration, and the purpose of the IR probe was to monitor solvent composition. In addition to online monitoring, slurry samples were collected from the STR at the end of the experiment and filtered immediately in a Buchner funnel with 0.45 μm filter paper. All the filtered solid samples were dried overnight under vacuum. The dry powder samples were analysed by the Morphologi G3 (Malvern Panalytical, Malvern, United Kingdom) to determine particle size and aspect ratio in addition to the Tensor II Fourier Transform Infrared (FTIR) Spectrometer (Bruker, Billerica, MA, USA) to confirm there have been no observable changes in the solid form. The total mass flow rate through the system was either 200 or 400 g/min, while the lovastatin solution:water antisolvent flow ratio ranged from 1:1 to 3:1. The ultrasonic bath in which the X-mixer was submerged was set to either “on” or “off”.




2.2.4. Offline Analysis of Dry Powder Samples


Fourier Transform Infrared Spectroscopy (FTIR)


The dry powder samples were analysed by the Bruker Tensor II FTIR to check for observable changes in the solid form. The IR spectra were collected for each dry powder sample and compared with the raw material used to prepare the initial lovastatin solutions to check if the solid form had changed. Spectra were acquired averaging eight scans of the IR region from 4000 to 400 cm−1, with a resolution of 4 cm−1. Before each sample spectrum was collected, the background spectrum was collected. The background spectrum was collected in the air at room temperature. No samples were ground before analysis.




Optical Microscopy


The dry powder samples were analysed by the Malvern Morphologi G3 to obtain the particle size and aspect ratio distributions. The procedure involved placing the solid sample into the integrated powder dispersion unit and using a low energy dispersion method to form a circle of flat separate particles on the glass plate. A low energy was used in order to break up agglomerates but not break the individual particles. The instrument then scanned the powder sample while capturing images with the use of 5× magnification, as this ensured the full range of particle sizes were in focus. For all of the particles captured, the full range of size and shape properties were determined by the integrated image analysis software.





2.2.5. Online Process Analytical Technology (PAT) Monitoring


To monitor the solute concentration and solvent composition, ATR probe measurements were selected to ensure in situ sampling of the liquid phase. Lovastatin is known to absorb in the UV region [40], making UV a suitable technique for monitoring the solute concentration. To account for the change in solvent composition, reference spectra were collected in air and the physical properties were not expected to change significantly with the change in solvent composition [41]. IR was selected for monitoring of the solvent composition. Data for calibration model building was collected via a series of dilutions, with the UV and IR spectra recorded simultaneously, to minimise the quantity of the lovastatin used for process development (a key performance indicator for the project). Full details of the calibration model building procedure are provided in the Supplementary Materials. These include the experimental details of the data acquisition in addition to the calibration model development.



UV-vis and IR spectra were both collected in absorbance mode, using an air reference. UV-vis spectra were acquired using a MCS 501 UV-NIR spectrometer (Carl Zeiss Spectroscopy, Jena, Germany) with a 6 mm ATR probe (Katana 6, 12334/2.4602) (Hellma Analytics, Müllheim, Germany). Spectra were acquired at 15 s intervals using an integration time of 65 ms, 16 scans, and over the range 200–600 nm. IR spectra were acquired using an ABB MB3000 spectrometer (Clairet Scientific Ltd., Northampton, UK) with a 12 mm diamond ATR probe (ACC3–8008). Spectra were acquired at 30 s intervals with a resolution of 4 cm−1 and 8 scans, over a range of 500–2000 cm−1 and using a gain of 3600.



Data analysis was performed in Matlab (R2018a, Mathworks, Natick, MA, USA) using PLS_Toolbox (8.6.2, Eigenvector Research, Manson, WA, USA).






3. Results and Discussion


3.1. Literature Solvent/Antisolvent Screen


The solvent/antisolvent screen involved broadly classifying solvents as either soluble or insoluble (solvent or antisolvent) based solely on literature solubility data [42,43,44]. Solvents considered in this screen were restricted to class 2 (solvents to be limited) and 3 (solvents with low toxic potential) solvents from the ICH classification for residual solvents [45]. Furthermore, potential solvents and antisolvents were excluded if they had extreme physical properties. Dimethyl sulfoxide (DMSO) and acetic acid were excluded as potential solvents, because their freezing points ruled out cooling below 16 °C. 1-Octanol was excluded as a potential antisolvent, because its viscosity is much greater than the potential solvents. Therefore, the remaining potential solvents were acetone and 2-butanone, while the remaining potential antisolvents were water and tert-butyl acetate.



This solvent/antisolvent screen resulted in a list of potential solvent/antisolvent pairs, which was then refined by excluding those pairs that are immiscible or have a viscosity ratio greater than 3 (may cause emulsions) [46]. Therefore, the refined list of potential solvent/antisolvent pairs is as follows: acetone/water, acetone/tert-butyl acetate, and 2-butanone/tert-butyl acetate. This screening process is graphically depicted in Figure 2.




3.2. Experimental Solubility Measurements


The measured lovastatin solubility in various acetone/water mixtures at both 25 and 45 °C is shown in Figure 3 and compared with literature data [47] for comparison. The measured lovastatin solubility in various acetone/tert-butyl acetate mixtures and various 2-butanone/tert-butyl acetate mixtures at 25 °C are also shown in Figure 3.



The shape of the mixed-solvent solubility curve is clearly very important in antisolvent crystallisation and must fulfil the requirement that with increasing antisolvent fraction, the solubility of the solute decreases at a greater rate than the rate of dilution if an antisolvent is added. This allows for antisolvent addition to generate a supersaturated solution where crystallisation may proceed. With regards to maximising crystallisation yield, the solute solubility should decrease at as great a rate as possible when the antisolvent is added. With these considerations in mind, it is clear from Figure 3 that the shapes of the mixed-solvent solubility curves for acetone/tert-butyl acetate and 2-butanone/tert-butyl acetate are not suitable for the antisolvent crystallisation of lovastatin. In fact, acetone/water is the only solvent/antisolvent system that is suitable.



For the acetone/water system, the measured values agree very well with the literature values. One small difference is the lower measured solubility value in pure acetone compared with literature at 45 °C. This difference could be due to the difference in measurement techniques. This study used a gravimetric method, while the literature study [47] utilised a laser system where the laser intensity was monitored while adding lovastatin powder to the solvent mixture. It is thought that the laser system had a limit of detection with regards to the excess mass of particles that would be required to see a clear response in the laser intensity. This could have led to a small over-adding of lovastatin powder, which would have led to a small overestimation of solubility.




3.3. Induction Time Measurements


The measured induction times for the antisolvent crystallisation of lovastatin are shown in Figure 4. The results demonstrate that the induction times are strongly dependent on supersaturation with higher supersaturations leading to very short induction times (and a small spread) and lower supersaturations leading to very long induction times (and a large spread), as expected. If a seeded antisolvent crystallisation process with little/no primary nucleation was desired, then a supersaturation of 1.88 or less would be suitable due to the long induction times exhibited. However, this study required the operation of an unseeded antisolvent crystallisation process, and so a supersaturation of at least 2.65 was required. At supersaturation 2.65, there is an appreciable induction time (between 45 s and 3 min), whereas at the higher supersaturation levels the induction time is near zero, which could lead to differences in the crystal product. Therefore, for the unseeded antisolvent crystallisation process in this study, the selected target supersaturations were 2.65, 5.20, and 13.7, which correspond to solution:antisolvent mass flow ratios of 3:1, 2:1, and 1:1, respectively.




3.4. Antisolvent Crystallisation of Lovastatin


3.4.1. Experimental Conditions


The aim of this study was to control lovastatin particle size and shape. Therefore, a series of experiments were performed that varied the key process conditions, namely solution: antisolvent flow ratio (supersaturation), total flow rate, and ultrasound level, to investigate their effect on these particle attributes. The experimental conditions used in the antisolvent crystallisation experiments are shown in Table 1. All of these experiments were performed at 25 °C, and the composition of the initial lovastatin solution was the same.




3.4.2. Process Overview


The experimental conditions determine how the crystallisation proceeds in the experimental setup. In all the experiments, except Experiment 4, visible nucleation takes place in the tubing immediately after the static mixer but before the STR. Therefore, these experimental conditions are prone to fouling of the tubing and PAT with blockage of the tubing also occurring after a certain period of time (ranging from 1 to 3.5 min). Conversely, in Experiment 4, the STR is filled with the mixture before visible nucleation takes place. For this reason, there is no blockage of the tubing and the PAT is fouled much less. It should be noted that there was no visible fouling of the STR walls in any of the experiments.



For each antisolvent crystallisation experiment, the dry powder sample was analysed with the Bruker Tensor II FTIR in order to obtain the IR spectra. The IR spectra, shown in Figure 5, confirm that there is no observable difference in solid form between the lovastatin produced in the antisolvent crystallisation experiments and the raw material used to prepare the initial lovastatin solutions. This is to be expected, as lovastatin is thought to exhibit only one polymorphic form.




3.4.3. Particle Size and Shape


For each antisolvent crystallisation experiment, the dry powder sample was analysed with the Malvern Morphologi G3 in order to obtain the particle size and aspect ratio distributions. The volume-weighted length distribution for each experiment is shown in Figure 6.



The length distributions show that the particle size is reduced by decreasing flow ratio (increasing supersaturation), increasing total flow rate, and using ultrasound. In particular, the conditions used in Experiment 6, where the maximum supersaturation, maximum total flow rate, and use of ultrasound are combined, produces significantly smaller particles than in the other experiments. The length distributions also show that the use of ultrasound has by far the greatest effect on particle size, whereas supersaturation and total flow rate have comparatively minor effects. This could be explained by ultrasound causing significant increase in primary nucleation rates, which increases the number of particles and reduces subsequent crystal size.



The aspect ratio distribution for each experiment is shown in Figure 7. Here, aspect ratio is defined as the ratio of the Feret’s minimum length to the Feret’s maximum length which means that values closer to 0 are more needle-like and values closer to 1 are less needle-like.



The aspect ratio distributions show that the use of ultrasound appears to make the particles less needle-like in the experiments operated at the highest supersaturation but not in the experiments operated at the two lower supersaturations. Similarly, increasing the supersaturation from 2.65 to 5.2 has little effect on the aspect ratio distribution whether ultrasound is applied or not. The conditions used in Experiment 6, where the maximum supersaturation, maximum total flow rate, and use of ultrasound are combined, produce crystals that are significantly less needle-like. These observations are confirmed by the microscope images taken by the Morphologi G3 with the crystals from all the experiments being shown in Figure 8 to visually demonstrate the changes in particle size and shape. Comparing experiments 4 and 6, the most to least needle-like product, the aspect ratio has been modified approximately by a factor of 2.7, which is similar to the factor of 3.8 achieved in literature [24] when using additives to crystallise lovastatin in an ethyl acetate system.



The fact that Experiment 6 produced both the smallest length and least needle-like particles provides some insight into how supersaturation and sonication affect the crystal size and shape. While the length of the crystals is significantly reduced, the aspect ratio is significantly increased. To understand why this may have happened, it is important to consider the mechanism behind the formation of needle-like morphologies. Needle-like morphologies form because the elongated axis grows at a much faster rate than the other axes [34]. For this reason, the needle-like morphology can be inhibited by reducing the growth rate of the elongated axis relative to the other axes. This can be due to additives, which selectively inhibit growth along the elongated axis, but no addtives were used in this work. It can also be due to differences in solvent composition or in supersaturation, as these can influence the ratio of growth rates along different axes. Therefore, we believe the less needle-like crystals in Experiment 6 can be explained by the variation in supersaturation and/or solvent composition of the crystal growth environment due to the occurrence of oiling out at these conditions. It should be noted that oiling out was not directly observed during the experiments, as the mixture became cloudy immediately upon mixing, but it is a compelling hypothesis. If oiling out did occur, this type of liquid–liquid phase separation (LLPS) would result in nuclei forming inside oil droplets and growing in an environment that is significantly different to the other experiments in terms of both local supersaturation and solvent composition [48]. This hypothesis is also consistent with previous observations that ultrasound can influence where in the phase diagram LLPS will take place [49,50].




3.4.4. Yield and Solid Recovery


The yield (percentage of lovastatin recovered with respect to total amount of material dissolved) and solid recovery (percentage of lovastatin recovered with respect to the amount of material that could be crystallised based on solubility) were calculated for each experiment. The yield and solid recovery values for each experiment are shown in Table 2.



In the experiments where ultrasound is not applied, the solid recovery values are relatively high (81–96%). In the experiments where ultrasound is applied, there is a clear trend that as supersaturation is increased, the solid recovery decreases, falling from 96% to 60%. In addition, at the lower supersaturations of 2.65 and 5.2, the application of ultrasound has no significant effect on solid recovery. On the other hand, at the highest supersaturation of 13.7, the application of ultrasound appears to significantly decrease the solid recovery. All of these trends appear to suggest that the combination of high supersaturation and the use of ultrasound somehow results in less material being crystallised, which is surprising. Taking this result into consideration with the particle size and aspect ratio data seems to show that not only are nucleation rates increased and growth reduced, but the growth process is limited. Again, this may also be explained by the occurrence of oiling out, because the growth environment within the oil droplets may have a limited solute concentration, which would inhibit overall crystal growth.




3.4.5. Online PAT Monitoring


During the antisolvent crystallisation experiments, in situ monitoring of the 1 L STR was carried out using FBRM, UV-vis, and IR. As discussed in Section 3.4.2, the PAT probes were significantly fouled in all experiments with the exception of Experiment 4, where visible nucleation did not take place until the STR was filled with clear solution. This fouling was due to the conditions that were required for the control of lovastatin particle size and shape (high supersaturations, fast nucleation rates). For this reason, the most useful PAT data came from Experiment 4, where quantitative measurements of solution concentration and solvent composition were achieved. The trends of lovastatin solution concentration, acetone solvent mass fraction, and FBRM total counts for Experiment 4 is given in Figure 9.



The maximum concentration predicted by UV is 63.52 g/kg solvent (5.5 min), with the expected maximum concentration (at maximum supersaturation) being 67.17 g/kg solvent. The FBRM counts begin to rapidly increase at 5.6 min, which indicates the onset of significant nucleation (also observed visually). The observed decrease in the predicted lovastatin concentration by UV coincides with this increase in the total counts measured by FBRM. The acetone mass fraction predicted by IR after stirring has commenced is between the range 0.65–0.67. There is evidence of minor fouling observed in the IR spectra, which clears over the course of the experiment. The small discrepancy between the predicted and expected concentration may be a result of minor fouling and a potential initial temperature deviation from 25 °C due to the mixing of acetone and water being exothermic.



The PAT trends for Experiment 4 show that firstly the continuous mixing process is efficient and consistent in that the acetone solvent mass fraction is as expected. Furthermore, even though this experiment has the slowest rate of nucleation, the UV and FBRM measurements show that the solution desupersaturates over a relatively short time period (approximately 4 min). Finally, once the solution has desupersaturated, the FBRM measurement shows that there is likely some particle attrition while the slurry is being suspended for 40 min. Full details of the UV, IR, and FBRM results for all experiments are given in the Supplementary Materials. These include the PAT trends for all experiments and an assessment of probe fouling.






4. Conclusions


A literature-based solvent/antisolvent screen identified promising solvent systems for the antisolvent crystallisation of lovastatin. For each of these systems, solubility measurements were performed to determine the shape of the mixed-solvent solubility curve, and it was found that the acetone/water system was the most suitable for the antisolvent crystallisation of lovastatin. Induction times were measured across a range of supersaturations in the acetone/water system to identify the best conditions to operate an unseeded continuous antisolvent crystallisation process with the aim of creating crystal seed suspensions. Supersaturations of 2.65 and above exhibited very short induction times, and so this operating region was deemed the most suitable.



In the continuous antisolvent crystallisation of lovastatin, the particle size and shape could be controlled without the use of additives, simply by changing the process conditions. It was found that applying ultrasound to the static mixer had the greatest effect on particle size, whereas supersaturation and total flow rate had lesser effects in comparison. This is most likely explained by the ultrasound causing significant increase in primary nucleation rates and resulting in an increased number of particles and reduced crystal size. In order to obtain lovastatin particles with a significantly less needle-like shape and smaller length, it was necessary to combine the maximum supersaturation, the highest total flow rate, and the application of ultrasound. This is thought to be due to the occurrence of oiling out, causing nuclei to form in oil droplets and grow in an environment where the relative crystal growth rates along different crystal axes are significantly different. This demonstrates how crystal shape can be modified in an antisolvent crystallisation process without the use of additives.
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The following are available online at https://www.mdpi.com/2073-4352/10/10/925/s1. Table S1: Summary of model performance metrics—root mean square error (RMSE) and coefficient of determination (R2). Table S2: Summary of PLS model performance metrics for prediction of solvent composition by IR. Table S3: Experimental lovastatin concentration and acetone mass fraction predicted by UV and IR, respectively. A lovastatin concentration was calculated for the offline sample and the acetone mass fraction calculated from the ratio of the solution and antisolvent feeds. Figure S1: Experimentally determined solubility of lovastatin in acetone/water at 25 °C and the calibration and validation data points used for construction of a PLS model to predict the concentration of lovastatin by UV. Figure S2: Actual vs. predicted values of lovastatin concentration measured by UV. Figure S3: UV-vis calibration spectra with selected region for PLS model building selected in white (left) and after pre-processing (right). Figure S4: Loadings for each latent variable used in the PLS model to predict lovastatin concentration by UV. Figure S5: Experimentally determined solubility of lovastatin in acetone/water at 25 °C and the calibration and validation data points used for construction of a PLS model to predict the acetone mass fraction by IR, where the calibration points are slurries the precise lovastatin concentration is unknown, and the supersaturated concentration has been plotted. Figure S6: Actual vs. predicted values of acetone mass fraction of acetone/water mixtures measured by IR (left). RMSE of calibration and cross validation against latent variable number (right). Figure S7: IR calibration spectra with selected region for PLS model building selected in white (left) and after pre-processing (right). Figure S8: Loadings for each latent variable used in the PLS model to predict acetone mass fraction by IR. Figure S9: Predicted acetone mass fraction by IR, predicted lovastatin concentration by UV and total counts from FBRM from monitoring of the STR during Experiment 1. Experimental events and expected concentrations have been outlined. Figure S10: Predicted acetone mass fraction by IR, predicted lovastatin concentration by UV, and total counts from FBRM from monitoring of the STR during Experiments 2 (top) and 6 (bottom). Experimental events and expected concentrations have been outlined. Figure S11: Comparison of chord length distributions at the end of each experiment. The FBRM data is from the macro mode and the distributions are square weighted. Figure S12: Comparison of fouling index values from FBRM over the course of each experiment. The data displayed begins from the point at which the FBRM probe was thought to be submerged in the solution. Figure S13: Photographs of (a) the full antisolvent crystallisation experimental setup (not running), (b) the X-mixer connected to the tubing in the ultrasonic bath, (c) a close-up view of the 1 L jacketed STR with the PAT probes inserted, (d) a close-up, top-down view of only the X-mixer, and (e) a close-up, top-down view of only the Y-splitter.
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Figure 1. Diagram of the full antisolvent crystallisation setup. 
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Figure 2. Graphical representation of the literature-based solvent/antisolvent screen for lovastatin. 
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Figure 3. Comparison of measured lovastatin solubility in various mixtures of acetone/water, acetone/tert-butyl acetate, and 2-butanone/tert-butyl acetate at 25 °C in addition to measured lovastatin solubility in various mixtures of acetone/water at 45 °C. Literature lovastatin solubility in various acetone/water mixtures at both 25 and 45 °C is also included for comparison [47]. The measured values have error bars, which are obscured by the marker points, as the standard deviations are extremely small. 
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Figure 4. The measured induction times for the antisolvent crystallisation of lovastatin from an acetone/water solvent mixture (90:10 wt.%) at 25 °C as a function of supersaturation. There are five data points for S = 13.7, but they all overlap, as they are the same (≤1 s). 
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Figure 5. Comparison of the offline FTIR spectra for the lovastatin raw material used to prepare the initial solutions and the lovastatin produced from each antisolvent crystallisation experiment. 
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Figure 6. Volume-weighted length distribution for each antisolvent crystallisation experiment. 
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Figure 7. Aspect ratio distribution for each antisolvent crystallisation experiment. 
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Figure 8. Microscope images of the crystals from experiments 1–8 are shown in (a–h), respectively. The image in (f) confirms that the conditions used in Experiment 6 produce the smallest and least needle-like crystals. 
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Figure 9. Trends from PAT monitoring of the 1 L STR during Experiment 4: predicted acetone mass fraction by IR, predicted lovastatin concentration by UV, and total counts from FBRM. Experimental events and expected concentrations have been outlined. 
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Table 1. Experimental conditions used in the antisolvent crystallisation experiments.
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	Experiment Label
	Ultrasound
	Solution: Antisolvent Flow Ratio
	Total Flow Rate (g/min)
	Pre-Nucleation Supersaturation





	Exp 1
	Off
	1:1
	200
	13.7



	Exp 2
	Off
	1:1
	400
	13.7



	Exp 3
	Off
	2:1
	200
	5.20



	Exp 4
	Off
	3:1
	200
	2.65



	Exp 5
	On
	1:1
	200
	13.7



	Exp 6
	On
	1:1
	400
	13.7



	Exp 7
	On
	2:1
	200
	5.20



	Exp 8
	On
	3:1
	200
	2.65
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Table 2. Yield and solid recovery values for the antisolvent crystallisation experiments.
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	Experiment Label
	Final Solution Concentration (g/kg Solvent)
	Yield (%)
	Solid Recovery (%)





	Exp 1
	11.27
	75.12
	81.29



	Exp 2
	7.26
	84.05
	90.95



	Exp 3
	21.37
	64.43
	86.04



	Exp 4
	27.97
	58.13
	96.16



	Exp 5
	20.33
	54.72
	60.11



	Exp 6
	13.70
	69.70
	75.42



	Exp 7
	21.80
	63.69
	85.06



	Exp 8
	31.63
	52.46
	95.55











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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