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Abstract


Polymorph formation of pharmaceutical agents continues to be a challenge for the industry. Using seeds to provide the desired polymorphic form is a practice that circumvents this obstacle. Crystals grown in a microgravity environment provide an optimal template for seeding additional crystallization. In this study, single crystals were utilized as seeds for multiple generations of the same polymorph formation for carbamazepine and atorvastatin calcium. This study shows that microgravity can provide different polymorphs than ground studies under the same conditions and that these crystals are excellent seeds for up to 10 generations of crystal growth.
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1. Introduction


Polymorph formation, interconversion, and stability continue to impact pharmaceuticals, cosmetics, food, and other industries [1,2]. Given the direct impact on solubility, stability, and bioavailability, much of the research into polymorphism has been conducted in pharmaceutical science and there are several reviews [3,4,5]. Crystallization strategies for producing one polymorph vs. another have been devised [6,7,8], but a theoretical model to predict the laboratory conditions required to obtain a desired polymorph for individual crystals does not yet exist [9,10], but strides are being made toward this goal [11].



In the recent literature, specific examples of navigating polymorph formation for individual pharmaceutical agents have been reported. A recent example of a new polymorph of ritonavir, a notorious example of polymorph challenges, was formed using hot stage crystallization [12]. Cocrystal polymorphs can improve solubility, as in the example of carbamazepine + methylparaben [13]. A strategy to quantify the amount of each polymorphic form of triclabendazole present in different formulations using near FTIR spectroscopy has been developed [14]. Solubility polymorphism has been explored in sorafenib tosylate [15] and rifaximin [16]. The time–temperature polymorphism behavior of nifedipine was evaluated utilizing differential scanning calorimetry [17]. An excellent review of solid state nuclear magnetic resonance (ssNMR) spectroscopy and its application to polymorph identification [18] describes the quantitative application of this method to polymorph identification or characterization of carbamazepine, neotame, pioglitazone HCl, bambuterol, irbesartan, nifedipine, olanzapine, posaconazole, atorvastatin calcium, cimetidine, ritonavir, gabapentin, and paclitaxel among others. Another recent review evaluated time domain NMR (TD-NMR) polymorphism studies on theophylline + caffeine co-crystals, carbamazepine + indomethacin co-crystals, indomethacin + polyvinylpyrrolidone, acetaminophen + excipients, ibuprofen, diltiazem + hydrophilic matrices, and mebendazole [19]. Lastly, periodic density functional theory (DFT) calculations are being utilized to develop new polymorph synthesis strategies, and these have been recently reviewed [20].



There are also strategies to change one polymorph to another polymorph without having to resort to different crystallization conditions. High pressure has been utilized to transform one polymorph of cinchomeronic acid to another [21]. A review of compounds where mechanical milling was employed to convert one polymorph to another appeared recently [22]. Varying the drying techniques of the active ingredient can produce one polymorph preferentially [23]. Even tablet formation can induce polymorphic transformations [24].



Polymorph characterization can be performed by optical spectroscopy (in some cases), thermogravimetric analysis, differential scanning calorimetry, X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, or a combination of these techniques. Optical spectroscopy was utilized to observe the transformation from one polymorph to another with acetaminophen (paracetamol) and aspirin [25]. Raman spectroscopy was utilized to discriminate between 10 pharmaceutical compounds [26,27]. A combination of techniques was utilized to characterize segesterone acetate [28]. A review of time domain NMR techniques used to distinguish between polymorphs [19] and other advanced NMR techniques were utilized to differentiate the polymorphs of posaconazole [29].



Microgravity is an excellent tool for making bigger, more uniform, structurally superior crystals [30,31]. On the International Space Station (ISS), the near weightlessness experienced aboard is approximately 1 × 10−6 g [32]. Crystals of low molecular weight organic molecules have been formed in microgravity [33,34,35,36,37,38,39], but the number is still significantly smaller than other materials [31] such as proteins [40] and semiconductors [41]. Microgravity is used as a tool for crystal formation because there is reduced convection near growing crystal surfaces [42,43] and diffusion-limiting kinetics slowing crystal growth [44]. Metastable polymorphs have formed in microgravity [38,39], which may have differing solubility, thus improving drug delivery [1,2,45,46]. Herein, we report on microgravity crystal studies of DL-methionine, glutamic acid, atorvastatin calcium, and hydrocortisone 21-acetate (Figure 1) and terrestrial crystallization studies of carbamazepine, atorvastatin calcium, DL-methionine, and hydrocortisone 21-acetate using space-grown crystals as seeds.



DL-methionine is an amino acid that has three polymorphic forms, α-, β-, and γ- (which is believed to be metastable) [47]. Glutamic acid, another amino acid, has two polymorphs, α- and β- [48]. Atorvastatin calcium, a cholesterol-reducing medication, is known to have at least 15 polymorphs [49]. Hydrocortisone 21-acetate, a corticosteroid for oral or topical use, has five reported polymorphs that all convert to Form I under aqueous conditions [50]. The aim of this study is to observe and characterize the small molecules crystallized in a microgravity environment and to use specific examples of microgravity-grown crystals as seeds for further terrestrial crystallization studies.




2. Materials and Methods


Compounds were purchased from commercial sources (DL-methionine, glutamic acid, atorvastatin calcium from Combi-Blocks, Inc., San Diego, CA, USA; hydrocortisone 21-acetate from Sigma-Aldrich, Inc., St. Louis, MO, USAdo) and used without further purification. Chromatography grade solvents (ethanol, dimethylformamide, dichloromethane, and ethyl acetate) were purchased from Sigma-Aldrich. Ultrapure water (resistivity: 18.2 MΩ/cm at 25 °C) prepared from a Milli-Q® Integral 5 water purification system (Millipore Corporation, Billerica, MA, USA) was used. Experiments were performed in fluid loops as described previously [39]. The chambers were pre-primed with the substrate/solvent mixture, and the antisolvent was added via syringes A & B. The conditions utilized for the official ground controls (4× each) and flight (4× each) are shown in Table 1.



2.1. Microgravity Studies


As previously described [39], the Pharmaceutical In-space Laboratory (PIL)–Biocrystal Optimization eXperiment (BOX) hardware was used to perform this experiment both on the ground and aboard the International Space Station (ISS) (Figure 2). The ADvanced Space Experiment Processor (ADSEP) (Figure 2A) is a facility on the ISS that operates cassettes (Figure 2B), which are routinely flown to and from the ISS via the National Aeronautics and Space Administration (NASA)’s Commercial Resupply (CRS) missions currently flown by SpaceX and Northop Grumman. The PIL-BOX Small Molecule Accelerated Laboratory for Structure (SMALS) (Figure 2B) contains four fluid loops (Figure 2C), which each contain two syringes (syringe A and syringe B) that are loaded with fluid and, upon experiment initiation, these syringes inject the fluids into the experiment chamber. The injection process and the crystallization process are observed via a microscope (Olympus objective, PLN 10X) and recorded via video and images at regular intervals. This ensures that the crystals that are initially formed at the onset of the experiment are the ones that are present when the experiment is complete. In addition, the video allows the scientists to watch the process of crystallization in microgravity and during ground control experiments.



Solutions were prepared for each of the target compounds as listed in Table 1. These solutions were loaded into the reaction chamber of each of the four fluid loops for each of the four experiments (Figure 2C). The antisolvent (0.4 mL; Table 1) for each experiment was loaded into syringe B (Figure 2C) and syringe A was left empty. Ground controls were placed in the ADSEP facility (Figure 2A) at ambient temperature (between 20 and 22 °C). Operations for injection of the antisolvent were initiated remotely, and syringe B was injected into the crystallization/observation chamber and observed by video (Figure 2B). In all cases, crystallization began immediately upon injection. The total volume of the crystallization/observation chamber was 0.3 mL, and excess volumes of liquid and gas (bubbles) were allowed to run into an overflow syringe (see schematic, Figure 2D). Any crystals present in the overflow syringe were also collected and evaluated.



The fluid loops for flight were loaded into the PIL-BOX SMALS cassettes and prepared for launch per NASA protocols at ambient temperatures (between 18 and 26 °C). Once on the ISS, the PIL-BOXes (Figure 2B) were removed from the packaging and inserted into the ADSEP facility (Figure 2A) by an astronaut. The antisolvent injections took place over approximately 3 min at a temperature setpoint of 22 °C and remained at that temperature for the duration of the crystallization process. In most cases, crystallization was observed upon mixing in the crystallization chamber and began immediately upon contact between the two solutions. The PIL-BOXes were processed (allowed to stand) for 2 days, observed, and images were recorded every 15 min up to the point where the PIL-BOXes were removed from the ADSEP facility. The PIL-BOXes were packaged, held on station for approximately 2 additional weeks, deorbited, and brought to a laboratory for initial return observations. During that time, the crystals remained suspended in the crystallization solvent mixture. The microgravity crystals were transported to the Butler University laboratories and compared with those grown under the same conditions terrestrially. Visualization was performed using a Leica S9D stereo microscope (Liece Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 0–5× magnification. Upon removal from the crystallization chamber and/or the overflow syringe, the crystals were placed on a glass microscope slide and evaluated visually (20× and 50× objectives of the BWTek BAC151C Raman microscope [BWTek a division of Metrohm, Plainsboro, NJ, USA]). A reference slide with a 1 mm ruler (World Precision Instruments, Sarasota, FL, USA, 500828, stage micrometer, 1 mm/200 DIV) was also photographed and used for measurements. Raman spectroscopy was obtained via an iRamanPlus fiber optic Raman system (BWTek, a division of Metrohm, Plainsboro, NJ, USA). A reference slide with a 1 mm ruler (World Precision Instruments, 500828, stage micrometer, 1 mm/200 DIV) was also photographed and used for measurements. Spectra are uncorrected and reported in Raman shift.




2.2. Seed Studies


Seed studies were performed by making up saturated solutions analyte (carbamazepine, atorvastatin calcium, methionine, and hydrocortisone 21-acetate) in the desired solvent (acetonitrile, dimethylformamide, ethanol, and dichloromethane) in a 10 mL flask. A single crystal recovered from the flight fluid loop is added to the saturated solution. The antisolvent (water, water, water, and ethyl acetate) is added dropwise in close vicinity to the seed crystal until no more crystallization takes place, approximately 1 h. These crystals are harvested and characterized by microscopy and Raman spectroscopy as above.



For the next generation, a single crystal was harvested from the previous generation and used as the seed. This crystal was added to a new saturated solution and antisolvent was added as above (see Figure 3). This sequence was repeated for up to 10 generations.





3. Results


Every effort was made to ensure that the crystallization conditions were uniform for both ground and flight; there was no way to measure the final solution concentrations post-experiment. In some cases, the overflow syringes (see Figure 2D) contained the majority of the crystals. In comparison to those crystals in the chambers, it was found that the crystals in the overflow syringes were spectroscopically identical to the crystals that formed in the crystallization chambers.



3.1. DL-Methionine


Crystallization of DL-methionine using ground conditions was complete within 5 min. The crystals that were formed were small needles, all under 0.2 mm in length. The crystals grown in microgravity were markedly larger, and of a different shape, clusters of rods (Figure 4) and grew within 10 min of injection. Evaluation by Raman spectroscopy indicated that the ground samples were β-DL-methionine. The flight samples were γ-DL-methionine as compared to the literature [51].



In three out of the four sample chambers, the DL-methionine crystals were very consistent in size, 0.1 × 0.2 to 0.1 × 0.3 mm with approximately 10–20 crystals in each chamber. In the fourth chamber, there were four very large crystals (one that was 0.7 × 1.4 mm, two that were 1.1 × 2.1 mm, and one that 1.6 × 3.0 mm), along with about 20 smaller crystals ranging in size from 0.1 × 0.2 mm to 0.2 × 0.9 mm. It is not clear why one of the chambers created such diversity in crystal sizes while the other three crystallization chambers were very uniform in size.




3.2. Glutamic Acid


Glutamic acid grown on Earth was also a small needle, all less than 0.2 mm, and all formed within 2 min. The flight samples grew in a hexagonal prism crystal habit (Figure 5), and nucleated within 2 min, and growth to their final length took up to 5 h. The hexagonal prisms were larger and more uniform, some as large as 1 mm in length. The Raman spectra of both the ground and flight samples were the same, indicating that both the ground and flight samples were both β-glutamic acid.




3.3. Atorvastatin Calcium


The atorvastatin ground and flight samples both appeared as spherulitic clusters, with the flight clusters appearing slightly larger (Figure 6), and both appeared immediately. However, Raman spectra of the ground-grown atorvastatin calcium best matches the Phase VIII polymorph [52]. A similar investigation that also used a DMF/water system for crystallization made Phase VIIIa and MD-1. The spectra of MD-1 is an excellent Raman match for our microgravity-grown crystal form [52].




3.4. Hydrocortisone 21-Acetate


Hydrocortisone 21-acetate grew small, but nicely formed, crystals in ground studies (0.1 mm) within 5 min. The microgravity-grown crystals were orders of magnitude larger (Figure 7) and grew more slowly over the course of approximately 1 day. At the same magnification, the entire flight crystal does not fit in the frame. Zooming out (Figure 8), the size of the flight crystal can be seen. The largest crystal that was isolated was 8.0 mm in length and 5 mm wide. The ground control crystals were most consistent with Form II [53]. The flight crystals have a Raman spectrum that shares some characteristics with Form I and Form II, but it is clearly a distinct form which we are calling Form III.




3.5. Carbamazepine Seeds


The carbamazepine Form III seeds were harvested from a previous experiment (SpaceX 31) [41]. Ten generations of crystals were grown as described in the methods section with no degradation in the crystal form (Figure 9). Typical crystallization under these solvent/antisolvent conditions provides Form I (characteristic signal at 620 cm−1), which was not seen even in Generation 10.




3.6. Atorvastatin Calcium Seeds


The MD-1 atorvastatin calcium crystals from this experiment were harvested as described in the methods section. Ten generations of crystals were grown with no degradation in the crystal form (Figure 10). The atorvastatin calcium ground controls created a polymorph with an unreported Raman spectrum with a key signal at 485 cm−1. There is no peak in this area even in Generation 10.




3.7. DL-Methionine Seeds


The γ-DL-methionine crystals from this experiment were harvested. Nine generations of crystals were grown (Figure 11). In Generation 4, a very small amount of the β-DL-methionine can be seen (see also Figure 12). By the ninth generation, the crystals are approximately 50% of each polymorph by Raman spectroscopy.




3.8. Hydrocortisone 21-Acetate Seeds


The hydrocortisone 21-acetate Form III crystals from this experiment were harvested. Using our crude method for seeding crystals, we found that we were able to obtain the desired (microgravity) polymorph in the first generation about half the time, with the Form II being formed the other half of the time. In the second generation, the Form II polymorph was exclusively formed.





4. Discussion


The comparisons between ground-grown and ISS-grown crystals demonstrate that the space-grown crystals were larger, had cleaner edges, and more perfect faces than their terrestrial counterparts. This was especially true for DL-methionine, glutamic acid, and hydrocortisone 21-acetate. In addition, different polymorphs were formed in space vs. ground for methionine, atorvastatin calcium, and hydrocortisone 21-acetate. The polymorph formed for hydrocortisone 21-acetate may be a known polymorph; however, this is the first Raman spectrum of this polymorph to be reported to our knowledge.



4.1. DL-Methionine


The microgravity-grown crystals of DL-methionine were up to four times larger than their ground-grown counterparts. In addition, the ground-grown crystals were β-DL-methionine, with a metastable γ-polymorph of DL-methionine formed in microgravity. Crystallization of the ground sample was immediately initiated on the edges of the chamber, particularly on the window, while crystals in the center of the chamber (free floating in solution) grew more slowly. In microgravity, crystals grew more slowly, and in the solution, and not on the sides of the chamber.



Visually, the crystals that were grown of both ground and flight DL-methionine are different from crystals reported in the literature [54]. The predicted morphology of ground samples is plate structures, while ours are more needle-like. While the microgravity-grown crystals can be described as having the form of hexagonal plates, the appearance of our hexagonal plates is elongated compared to those found in the literature [54].




4.2. Glutamic Acid


Glutamic acid also grew significantly larger (especially wider) crystals in microgravity compared to the ground-grown crystals. The ground crystals were needles and the microgravity crystals were transparent hexagonal prisms. Even though the crystals had different crystal habits, they were both β-glutamic acid. On the ground, the crystals grew quickly after nucleation, grew many small crystals, and did not change over time. On the ISS, the glutamic acid crystals nucleated quickly (as evidenced by the central point on many of the crystals) and then grew more slowly (20–40 h) over the time-period of the experiment. The slow growth could explain the very different appearance of the crystals, the fact that there were fewer (in number) crystals, as well as the length of the crystal growth.



Microscopic evaluation of the glutamic acid crystals indicates that they are consistent with crystal images in the literature [55]. The literature designation is that the β-form of glutamic acid is “needle-like” [55], which is likely appropriate for the ground-grown crystals. However, the flight crystals are the same shape, longer and wider in appearance, which we would describe as elongated prisms (Figure 4b).




4.3. Atorvastatin Calcium


The atorvastatin calcium crystals grew as spherulitic clusters in both ground and microgravity environments. They had slightly different crystal forms. The crystals nucleated and grew quickly in both ground and flight. Of the four compounds in this study, the atorvastatin calcium crystallized most quickly, with crystallization complete in 8 h. In all cases, the crystals grew on the sides of the chamber, especially the windows.



Ideally, these crystals would be candidates for PXRD analysis [56]. Unfortunately, this analysis requires 10s of milligrams of material, which are not available at this time. The samples will be archived should an instrument capable of analyzing a very small amount of material be found.



Visually, the crystals for both ground and flight are similar to the literature [56,57]. Microscopy also does not indicate that the ground or flight samples are crystalline, as they appear to both be amorphous solids (Figure 13). The Raman spectroscopy clearly indicated that these were, indeed, crystalline and gave spectra consistent with crystalline atorvastatin calcium.




4.4. Hydrocortisone 21-Acetate


Hydrocortisone 21-acetate grew significantly larger crystals, as much as 80 times larger. The microgravity-grown crystals were striking in their clarity. The ground-grown crystals were all Form II, and the microgravity grown crystals were all previously not characterized Form III hydrocortisone 21-acetate. In microgravity, the hydrocortisone 21-acetate experiments were plagued by large bubbles in the reaction chamber, making the visualization of crystal formation challenging. In two out of the four cases, the majority of the crystal growth was in the overflow syringe. Crystals were observed after 16 h in two of the four chambers.



Again, this would be an ideal candidate for PXRD to confirm this new polymorph of hydrocortisone 21-acetate. Despite being a very mature product [58], solvent-free hydrocortisone reference spectra for all five polymorphs are challenging to find [59]. The hydrocortisone 21-acetate samples will also be archived should an instrument capable of analyzing a very small amount of material be found.



Solvents are known to impact the hydrocortisone 21-acetate crystal habit [60]. The small parallelepiped crystal that was observed in the ground control study was consistent with the literature [60]. However, the extraordinary increase in size and transition to a prismatic habit of the microgravity-grown crystals was unexpected.




4.5. Seeds Studies


Our seed studies were unoptimized. There are a series of evaluations that could be undertaken to improve the process of using microgravity-grown crystals as seeds on a larger scale [61,62]. However, our limited initial studies clearly demonstrate that these crystals can be used as seeds.



In the cases of carbamazepine and atorvastatin calcium, a single crystal from each batch was used as a seed, and the same polymorph was formed in each generation, for 10 generations. While 10 generations was an arbitrary marker, the concept of using single crystals as seeds was supported. For the cases of carbamazepine and atorvastatin calcium, the polymorph formed was not significantly different in energy from other polymorphs, 1–2 kJ/mol for carbamazepine [63] and less than 2.5 kcal/mol for atorvastatin calcium [64].



However, DL-methionine gave the metastable γ-polymorph for three generations before the more stable β-polymorph began to be formed. This is consistent with the literature, which reports that γ-DL-methionine has a faster nucleation time [51], and polymorphic transformation of DL-methionine can occur through solution-mediated or solid-state mediated transformations. While the γ-form does engage in solid-state transformations even at higher temperatures [64], solution phase γ-DL-methionine can convert to β-DL methionine over time. Remarkably, half of the mixture was still the metastable γ-DL-methionine in the ninth generation. An experiment to compare the kinetics of formation of γ-DL-methionine and β-DL methionine from the solution would be helpful. Alternate forms of batch crystallization, evaporation or temperature control, could be employed by a specialist in batch seeding to provide superior results [65].



Hydrocortisone 21-acetate provided Form III upon use as a seed in a single generation for two out of five trials, with the other half providing Form II. All forms of hydrocortisone 21-acetate convert to Form I, indicating that they are metastable [50]. The Form III that was grown in microgravity may require more advanced methods [66] by a specialist using temperature control, different solvents, evaporative crystallization, and/or faster isolation in order to dependably obtain this particular polymorph of hydrocortisone 21-acetate. This may be an ideal case to design an apparatus where a Raman spectrometer can observe the formation of crystals in situ to determine the identity of polymorphs as they are formed and fall out of the solution.





5. Conclusions


Four small organic molecules (DL-methionine, glutamic acid, atorvastatin calcium, and hydrocortisone 21-acetate) have been crystallized in space, returned to Earth, harvested and characterized. In addition, a new form of hydrocortisone 21-acetate has been characterized by Raman spectroscopy. All of the crystals grew larger in microgravity than on the ground. Several of these compounds behaved differently when crystallized in space, displaying a different crystal habit from ground grown crystals, or a different polymorph despite the same concentration and solvents. While this increases the number of small molecules grown under microgravity conditions reported in the literature from 8 to 12, we are working to develop a clear picture of the impact of microgravity on the behaviors of small molecule crystal growth.



We have also demonstrated that the microgravity-grown crystals can be successfully utilized as seeds for additional crystallization studies, for up to 10 generations. This, despite the crystallizing solvent/antisolvent mixtures favoring a different form without the seed crystals. In some cases, metastable polymorphs were used as seed crystals and provided additional generations of metastable forms. Superior results in utilizing space-grown crystals as seeds would likely be obtained by a specialist in batch seeding of pharmaceutical compounds.
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Figure 1. Target molecules for crystallization in microgravity at the International Space Station (ISS). 
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Figure 2. Images of the ADSEP facility (A), a PIL-BOX SMALS (B), a fluid loop (C), and the basic schematic of the fluid loop (D). 
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Figure 3. Schematic of how seed studies were performed. 
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Figure 4. (a) Methionine grown on the ground. (b) Methionine grown at the ISS. Images taken by a Leica S9D stereo microscope (Leica Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 5.5×. 
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Figure 5. (a) Glutamic acid grown on the ground. (b) Glutamic acid grown at the ISS. Images taken by a Leica S9D stereo microscope (Leica Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 5.5×. 
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Figure 6. (a) Atorvastatin calcium grown on the ground. (b) Atorvastatin calcium grown at the ISS. Images taken by a Leica S9D stereo microscope (Leica Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 5.5×. 
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Figure 7. (a) Hydrocortisone 21-acetate grown on the ground. (b) Hydrocortisone 21-acetate grown at the ISS. Images taken by a Leica S9D stereo microscope (Leica Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 5.5×. 
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Figure 8. Image of the whole crystal of hydrocortisone 21-acetate. Images taken by a Leica S9D stereo microscope (Leica Mikrosyteme Vertrieb GmbH, Wetzlar, Germany) equipped with Enersight software (Flexcam_C3, v. 3.01a) at 1×. 
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Figure 9. Carbamazepine Raman spectra. Generation 0—seed crystal from microgravity experiment through Generation 10. 
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Figure 10. Atorvastatin Calcium Raman spectra. Generation 0—seed crystal from microgravity experiment through Generation 10. 
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Figure 11. DL-Methionine Raman spectra. Generation 0—seed crystal from microgravity experiment through Generation 9. 
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Figure 12. DL-Methionine Raman expansion. β-DL-methionine growing over generations. 
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Figure 13. Atorvastatin calcium ground (a) and flight (b) crystals. Images taken on BWTek microscope at 50×. 
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Table 1. Solution conditions for microgravity experiments.
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	Substrate (Amount)
	Solvent (Amount)
	Antisolvent





	DL-Methionine (24.6 mg)
	Water (1 mL)
	Ethanol



	Glutamic Acid (7.9 mg)
	Water (1 mL)
	Ethanol



	Atorvastatin Calcium (28.9 mg)
	Dimethylformamide (1 mL)
	Water



	Hydrocortisone 21-Acetate (58.8 mg)
	Dichloromethane (1 mL)
	Ethyl Acetate
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