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This work systematically evaluates the solvent freeze-out (SFO) crystallization
for producing functional papain crystals. Through phase behavior analysis, we
demonstrate that papain solubility decreases predictably with increasing methanol
content (0-60% w/w) and decreasing temperature, but shows no measurable effect of
pH (5-7); solubility in acetate buffer (pH 5) is comparable to that in water. Preliminary
antisolvent crystallization with methanol recovered only amorphous aggregates, while
controlled cooling crystallization (0.005 °C/min) generated metastable needle-like
crystals from concentrated solutions (0.97 ¢/mL; 0.77 ¢/mL), with nucleation
temperatures ranging from 12.5 °C to -3 °C. The SFO technique outperformed both
methods, successfully crystallizing dilute solutions (0.33-0.472 ¢/mL) at near-freezing
temperatures (1 °C to -1.5 °C) with precise ice-growth control (freezing coil: =14 °C to
-12.6 °C). The SFO-derived crystals exhibited defined mixed needle/plate like
morphology, high crystallinity (PXRD-confirmed), and preserved enzymatic activity
(specific activity unchanged vs. commercial papain), while achieving greater than 55%
recovery and less than 30% solute loss in ice. These results establish SFO as a robust
approach for producing bioactive protein crystals, addressing critical limitations of
conventional methods and serving as an alternative for initially low-concentration
feeds. The methodology provides a framework for crystallizing papain, with direct

relevance to pharmaceutical manufacturing.
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