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Abstract

In this work, crystallization experiments were conductechied different sizes
of crystallizers (5 and 10, and 1 L) to study the influence of temperature on the
crystallization of lysozyme. Lysozyme solutions witmcentrations of 40 and 30 g
Lt and 10% (w/w) NaCl were used. The temperature was reduced2@cm 0°C
with various cooling rate and stirring speed. The datecated that crystallization
with cooling but without agitation or with agitation but out coolingled to low
yield and inconstancy between batches, whereas that withimedncooling and
agitation resulted in tetragonal crystals with highldge Parameters, including
crystallization onset, crystal morphology, crystatesidistribution, concentration,
supersaturation, and yield were examined by in situ ensitu observations. The
observations within small cooling rate range of 0.030 - 0°Clin? indicated that
minor changes in cooling rate could cause significant éffiegs in these parameters.
The comparison with thermostatic experiment showed thaling could cause the
crystal sizes to be widely dispersedivVhile high cooling rate lead shorter
crystallization onset time and higher supersaturatiomeliyeresult in larger crystal
size, higher tendency of aggregation and wider crystal distribution, low cooling
rate canposea great challenge to the temperature control in scale-wgiatliyation
The work also demonstrated that the crystallizatiorditimms obtained from 5- and
100-ml crystallizers, from which well-defined crystals wiitigh yields were obtained,

could successfully be reproduced in 1-L crystallizer.

Keywords. Al. Protein crystallization; A2. Scale-up; A2. Cooling strategy;,. B

Lysozyme; B3. Geometry similarity
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1. Introduction

In small molecule pharmaceuticals, drugs containing acpkiarmaceutical
ingredients (API) are often in crystalline far@nly small portionof over 240
biopharmaceutical products markdtin 201] is in crystalline form. Strong
evidences have demonstrated that delivery of drugs in tiystorm (rather than in
liquids) has numerous advantageBhe crystalline form of biopharmaceutical proteins
not only has improved bioavailability and stability, but also adjustablakslity and

easily controllable reIeasEI[Zh addition, compared to the liquid form, the crystalline

form oftenhas much longer shelf life, and is eadiehandle, transport and stgre[B-5]

In order to produce crystals with the highest purity, tedyisity, and yield, i is
important that the protein crystallization pro@sand conditions are optimized
Unoptimized operational conditions could lead to amorphoaishiive poor stability
and low purit@.

Large-scale production of protein crystals is highly challegpdechnically. The

literatures on protein crystallization are largely aboutioing large single crystals

suitable for X-Ray diffraction with the purpose of nml&@r structure analys|s[7-12].

To obtain large single crystals suitable for X-ray diftion, the crystallization is
mainly carried out at a constant temperature in micystalizers, which often is
extremely time-consuming with relatively low yielMoreover, the preparative
chromatograpic method that are currently and widely used also involvésera
cumbersome steps, as has mentioned by some rese@]drés of low efficiency
and hardly possible for operation at commercial scatedymtion. However,in
technical-scale protein crystallization processes, lasggyle crystals are not
essenti] Whilst the crystals can be relatively small, the grovate should be
high enough to meet the demands of industrial production tendequirements of
GMP (Good Manufacturing PracticesJherefore, in contrast to the preparative
chromatographic methodshe technical-scale crystallization may only focus on
ensuring a low cost while maintaining high efficiency of puaiﬁon].

Researchs on scale-up of protein crystallization are still limiteéfmejkal et

-3-
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aI., reported a study on crystallization of Canabi&hnmFab-Fragment and
lysozymes under thermostatic conditions in three differeactor sizes. They found
that successful crystallization scale-which was conducted thermostatically for 24
to 72 h could be achieved when the maximum local energy dissipasidkept
constant through different reactor sizes. The sambadetas applied to thermostatic
crystallization of full-length antibodies and fragmemtsl-L stirred tank.
Nevertheless, the isothermal crystallizatisroften time-consuming with low yield
and reproducibilit], as has demonstrated in the work of I&hej al] in
which the crystallization was conducted for 24 to 7MHébel et aI.] studied the
use of ionic liquids as additives scale-up protein crystallization, and observed that
the crystals had faster growth with higher yield. Tieoiduction of an additive io
crystallization is however controversial because it noly orequires further
edulcoration, but the remaining residues in the solveanm#l may also have
potential toxicit]. Similar observation has also begported in solvent freeze-out
method in protein crystallization, despite the encowmggiesults obtained from
lysozyme purifed from lysozyme-ovalbumin mixture, as reported by Diaz kdor
and Ulric ] Maosoongnern et .' 1] conducted seeded isothermal tizadiah

of lysozyme-ovalbumin mixture in a 100-ml vessel for 2zt abtained comparable

purification results with a yield of 80%. Protein crybtaltion based on gas diffusion

has also been investigated[22-24]; it is however considethffigult to control and

difficult to achieve process scale-up.

Among parametaraffecting the crystallization procesemperatureaneasily be
controlled and implemerdd it is therefore the preferred parameter chosen
controlling the supersaturation, given that the protaitulslity in the solvent

significantly varies with temperatureManipulating temperature via cooling has been

proven to be a better option in some protein crystalinastudie$[25-2[7], but the

method is limited tquL-scale. Based oa study using a 1pd. crystallizer, Astier et
aI., summarized the advantages of temperature tidteras a crystallization
parameter including constant composition, ease of comnol monitoring and

reversibility. Weber et a6] successfully crystallizagk bean urease using the
-4 -
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extraction and cooling methods. The crystallization wasethout in the presence of
three precipitants in a 5@ non-agitated vessel for 2 daysi€lyield and purity were
however low.

According to above, the influence of crystallizatiomdivions, including cooling
rate, stirring speed, concentration product quality, and reactor sizes, as well as
scalability and repeatability, should be systematically studihe data obtained may
add useful knowledge to the state of the art of proteistaitization Therefore in
this work, we systematically studied the influence of caplhates and stirring speed
on the crystallization of lysozyme carried out in 5, D0 ml and 1 L batch
crystallizers The morphology, size distribution and concentratiothefcrystals were
characterized by an online imaging system, and the supetsatupofile was

analyzed using aexsitu observation of sampling solutions.

2. Materials and Methods
2.1 Preparation of Samples and Crystallization Solutions

Hen egg white lysozyme powder used in the experiment was purchasad fr
Sigma-Aldrich, Germany (No. 62971). In order to obtain tetragonatals, 0.1 M
(mol of sodium acetatd/ L of water) sodium acetate buffer solution (titrated to pH =
4.5) was prepared. Lysozyme solutions were prepared by disstlsoryme powder
(without further purification) in the buffer solution fatal concentrations of 1080 g
L. Precipitat solutions were prepared by dissolving sodium chloride pigll¢he
buffer solution at final concentrations of53- 25% (w/w). The concentration
mentioned below refers to the concentration before ngixivith the precipitant
solution unless otherwise statd®tior to use, the solutions were centrifuged at 1300

rpm for 15 min, filtered through 0.2&n membrane filters, and stored at20
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2.2 Parallel Crystallization Experiments

Parallel crystallization experiments were conducted isiting drop 24-well
Linbro plate.Hen egg white lysozyme (HEWL) and NaCl solutions were mixed in the
wells, and 25% (w/w) NaCl solution was placed in each ced dsspersing agent.
The plate was then sealed and incubated ebnstant temperature of 2C in a
constant humidity chamber for 24 h. After that, thenples were examined under a

microscope.

2.3 Micro-batch Cooling Crystallization Experiments

For the micro-batch cooling crystallization experimeifiégsible concentrations
were screened in the above tests. Appropriate condensabf HEWL and NacCl
solutions were mixed to a final volume of 200 in a small transparent quartz
crucible, which was then covered a clean slide to prevepioeation Subsequently,
the crucible was placed in hot-stage reactor with high-gicecti controllable
temperature and cooling rate. The investigated cooling ratesraeged from 0.03
1 °C min. The temperature was reduced from 20 &6 Gt controlled fixed cooling
ratesof 0.03— 1 °C min?, thus the cooling duratiowas between 668 10 min The
entire cooling crystallization process was monitored antyaed under a microscep

whereby the crystal sizes were measured and averaged.

2.4 Agitated Batch Cooling Crystallization

Three geometrically similar stirred tanks with working voashof 5 ml, 200 mi
and 1 L were useth the scale-up crystallization experiments. Flat-jackéieakes
were used as the reaction tanks, and anchor impellersusedefor gentle mixing in
the vessels. The ratio between heights and vedig®l fieights was kept constant at
one-third. Hen egg white lysozyme and NaCl solutions were niixdte tanks, and

temperature probe, which was connected to the recirculaboter to alter the
-6-
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temperature, asthen immersed in the solutiariBhe specialized temperature control
software was used to control the cooling rates, which weed fwithin the selected
range The stirring rate, determined by constant tip speed at different tipgra
volumes, was sdb a range of 56- 250 rpm.The 2D Vision Probe purchased from
Pharma Vision (Qingdao) Intelligent Technology Ltd.swased for real-time
observation of the crystallization process. However, dubdcexcessive amount of
crystals grownthe observation by 2D Vision Probe was carried out onlyéomene
the crystallization onsgbut not to determine the crystakhapes and sizels the ex
situ determination of crystal size distributiores sample containing crystallization
solution (as well as crystals) was withdrawn usardyopper &various time intervals
and undergone two different processes as follows: (i) pame of the sample was
placed under a microscope, specially equipped with a carntexeeby the crystal
microscopic images were takehhe image frames were managed {HHAPE’
software provided by Pharma Vision (Qingdao) Intelligenthielogy Ltd.The
software allows the processing of images, such as edgetidetend particle
identification, and the pre-processing and segmentatiomangt such as contrast
adjustment, noise removal, and multi-scale segmentatAfter processing, the
granule information, e.g. equivalent diameter, granute slistribution and aspect
ratio, was exported; and (ii) the other part of the samyds filtered througha
0.22um syringe filter, and then diluted by 50 times prior to absoraneasurement
at 280 nm by UV spectrophotometer (UVmini-1240, SHIMADZU Company, Japan)
from which its concentration was calculated. After thestallization was completed,
the bulk liquid was fikered through a sand core filter with a 0422 membrane, and
the filter cake was dried in a vacuum oven af@@or 24 h. After sufficient amount
of solid was obtained, e.g. samples obtained from l1caéles the crystal size
distribution was measured lyMalvern Mastersizer 3000. Particle size determined by
Mastersizer 3000 is based on laser diffraction, in wiieh intensity of laser light
diffracted by sample is measar[the sample can be suspension, emulsion or dry
powder] After the obtained data is analyzed and the particle digtributionis

calculded, the scattering pattern is creat&te calculation method is based on sphere
-7-
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thus the obtained crystal size distribution is equivtas@herical volume distribution.
In contrast, the crystal size distribution obtained WYABE software is count
distribution. Consequentlycrystal size distribution obtained from the two methods

canbe different.

3. Results and Discussion
3.1 Screening of Suitable Crystallization Conditions

The principle of crystallization screening has been dim:trprevioulsy, and
will not be detailed here. Figure 1 depicts various conagotrs oflysozyme and
sodium chloride (in % (w/w)). The crystallization drops weirther described as
‘clear dropswhenno crystals were formed (Figure 2a)tetragonal crystals (Figures
2b and2c) and ‘sea urchin’ crystals (Figures 2d and 2e¢) when the crystals were
formed. According to the literatures, theea urchin’ crystals have also been
previously observ. Amorphous precipitates were not observed in our
experiments.

Crystals were not observed in a mixture of 10'gysozyme and 3.5% (w/w) NaCl
(Figure 2a). In contrashoth tetragonal and ‘sea urchin’ crystals were observed in a
mixture of 50 g ! lysozyme and 10% (w/w) NaCl (Figure 2d), whiely ‘sea
urchin’ crystals were formed in a mixture of 60 g L lysozyme and 15% (w/w) NacCl.
The results confirmed the computer-based simulation, watiatied the influence of
concentrations on protein crystallization, reported preWous the Iiteratur].
Tetragonal crystals were formed in a mixture of 30'gltsozyme and 6.5% (w/w)
NaCl, and a mixture of 40 g'Llysozyme and 10% (w/w) NacCl; the crystal sizes in
the former were larger than in the latter. The resudfgests that a mixture of 30 or 40
g L? lysozyme and 10% (w/w) NaCl are the suitable initial conafifithus were
chosen in the study described in following sections. Astilated in Figures 2b and
2c, t is worth noting that sizes of the tetragonal crystatsed with concentrations of

lysozyme and NaCl concentration. Furthermore, in auréxtontaining 50 gt (or



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

60 g L' lysozyme and 10% (w/w) NaCltsea urchin crystals surrounded by
tetragonal crystals were observed (Figure 2d).

Figure 1

Figure 2

3.2 Effect of Cooling Rate on Non-agitated Micro-batch Crystallization of

Lysozyme

To study the effect of cooling rate on non-agitated miatch crystallization of
lysozyme, the crystallizationf a mixture containing 30 g1 lysozyme and 10%
(w/w) NaCl was carried out ia 200 uL micro-batch crystallizer. Linear cooling rates
(from 0.03, 0.05, 0.1, 0.2, 0.3, to 1.0 °C min’* were investigated; at each cooling
rate, the temperature was decreased from 20°@ Grystal images were taken every
15 s throughout the crystallization. The data were predenteeference to the six
images shown in Figure 3. Figure 3a shows an image of clediosp taken before
the start of the cooling; the image was used as a reterghen analysing the images
of slurries.

Figures 3b and 3c show the microscopic images (taken thitetemperature
reached (°C) of crystals grown at a cooling rate of 0.83mint and 0.2°C min',
respectively. The images illustrate that well-defined ¢getmal crystals of lysozyme
were produced, and neith@amorphous precipitate nor ‘sea urchin’ crystals were
formed. In addition, the number of crystals grown abaling rate of 0.2C mint was
higher than that at a cooling rate of 0303min™. As described in the Iiterat32], it
is possible that the degree of supersaturation at a coaltegof 0.2°C min! was
higher compared with that at a cooling rate of 0203min, thus the number of
crystals was higher. The crystal size was aroun@r3n the former whereas that
was about 3@m in the latter.

Figure 3d shows the image of crystals (taken when theetetye reached @)
grown in batch crystallization at a cooling rate of 0@ min'. The image

unequivocally shows some large lysozyme crystadtailed comparison of Figure 3d
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and Figure 3a (clear solution) indicated that the seerbatkground observed in
Figure 3d were indeed very small particldhie same analysis was applied to the
crystal image shown in Figure 3e, in which the crystaleweown at a cooling rate
of 0.6 °C mint. A few large crystals were observed with very small plagiin the
background. Figure 3f shows that only small particles weradd when the cooling
rate was 1 °C min™. It seems that nucleation occurred in Figures 3d and 8eein
areas far from the pre-existing large crystdleis was unlikely due to secondary

nucleation, since secondary nucleation is often inducetbhtacts of crystals, fluid

motion and so o@zsprowing crystals with dislocations, defects or inclusions
can also result in crack formation through the deve&amnof internal stresses and
lead to the subsequent production of breakage fragr@tsl—[eﬁr]ever, in the cases
of Figure 3, there were no flows, no movement of crgstald less shear force in the
stagnant systems. And more importantly, the fine pastislere not formed around
the large crystals but many were formed very far froenpre-existing crystaldVe
reckon that the fine particles in the backgroohdrigure 3d were due to spontaneous
primary nucleation These results indicate that well-definetysozyme crystals
preferably grow at a cooling rate rangfe0.03 to 0.2°C mint. Such cooling rates are
considered very low, which can be a challenge in largle-sogstallization. Low
cooling ratexould however contribute to more suitable kinetics, massfeamnate or
molecular diffusion rate. Essentially, this could digothe reason why some protein
crystallizations take timn(i.e. days or as long as weeks) to reach equilibrium.

Figure 3

3.3 Effect of Agitation and Cooling on Crystallization of Lysozyme

Lysozyme was crystallized in an up-scale 5-ml agitatgstallizerat the optimal
cooling rates (0.030 - 0.2 min) obtained in section 3.Zhe experiments were
designed to examine the influence of cooling (with and witboating) and agitation
(with and without agitation on crystallization of lysozyme. Four crystallization

conditions (denoted as (a), (b), (¢) and) (dje summarized in Table 1. And to

-10-
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determine the reproducibilityfour batch crystallizations were conducted under each
condition; thusa total of sixteen experiments were conductédch of the twelve
batches conducted under conditions (a), (b) and (d) witing had a batch time of
(20 °C - 0 °C)/0.048(C min-1) = 417 min. Similarly, each of the four batches
conducted under condition (c) without cooling also had ehd&ine of 417 min.

Figure 4 illustrates a plaif yields from sixteen experiments conducted under four
conditions. As demonstrated in Figure 4, high yields werleieaed from eight
batches conducted under conditions (a) and (b) with coolinggitation, and about
92.5% yield was obtained from four batches conducted undelitmmn (a) with initial
lysozyme concentration of 40 g'L.and around 89% vyield was obtained from four
batches conducted under condition (c) with initial lysozymecentration of 30 g+
In contrast, only about 45% 70% yields were obtained from eight batches carried
out under conditions (c) and (d), without cooling or withoutagin Thus, t can be
concluded thagt a given batch time, high yield can be achieved by thebo@tion
of cooling and agitatianFurthermore, observation from Figure 4 shows that batche
with combined cooling and agitation had high repeatability,eMhibse with cooling
but without agitation or with agitation but without cooling hexbr repeatability.

As has mentioned in previous study, crystal growttontrolled by mass transfer
or molecular diffusio]therefore, good agitation/mixing increases mass and heat
transfer rates. Smejkal et al., have also stresseunitortance of agitation.

Figure 4
3.4 1n situ and Ex situ Observation of Agitated Batch Crystallization of Lysozyme

Online imaging has been proven to be a useful tool for morgtotive

crystallization procegs[37-40]. Figure 5 displays the onlineges of crystallization

drop containing 40 g t lysozyme and 10% (w/w) NaCl. The crystallization was
carried out in a 5-ml crystallizer, at cooling rate of 0.068min? (at which the
temperature was decreased from°€0to 0 °C) with an agitation speedf 210 rpm.

As shown in Figures 5a and 5b, within 2 min after lysozynek MaCl weremixed,

-11-
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very small particles were appeared. This is particularlynmon in lysozyme
crystallization: when lysozymis mixed with NaCl, local supersaturatiaan be so
high that it causes nucleation, and at this point, dmeentration of these very small
particles remained relatively lowAs illustrated in Figures 5b and 5c, these small
particles continuously grew during the following #n. They, however, remained
too small that could not be collected in the sampling or bsrifilg through 0.22:m
membraneAfter about 46 min, the crystals began to grow more ragkyures 5c
and 5d) and the particle concentration sharply incredsgdrés 5d - 8), indicating
that crystal nucleation has been taken place. Nomsthelbecause the crystal
nucleation has in fact occurred (within 2 min after lysozyand NaCl were mixed)
prior, we consider this stages ‘crystallization onsét. In this stageijt is difficult to
determine whether primary or secondary nucleation or beémoccurred. However,
primary nucleation was more likely to dominate due to relgtivewer crystal
concentration prior (low collision possibility) and suféiotly high supersaturation
(secondary nucleation generally occurs at a lower supersa ). After that, the
particle concentration was too high (Fig&#® that the 2D vision probe was not able
to monitor the subsequent crystal growth process. Thughisnwork, the online
imaging was only usetb examine crystals durin¢crystallization onsét (but not
during crystal growth).

We therefore carried out a so-callexisitu observation to monitor the changds
crystal size and morphology. Figure 6 disglthye crystal imageat 50, 180, 420 and
660 min. The samples were taken at various temperatliféss 11.4, 0C and 0°C
held for 240 min. The images indicate that small crystalkowt aggregates were
observed during thécrystallization onsét (Figure 6a). Additionally, continuous
cooling caused the increasing number and size of tetragoystils, as well as
aggregates (Figure 6b). After 420 min @e°C), the number and size of crystals were
further increased (Figure 6¢); however, the number oflsmadtals (sizesf < 10 um)
was still high, which indicated that new nuclei were formeths stage. After 240
min at 0°C (Figure 6d), the number of large crystals (sizes of ri8pincreased; and

similarly, the number of small crystals significantly neased. This observation
-12 -



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

indicated that nucleation continuously took place throughbeat crystallization
process, thus the crystal sizes were largely disperBaitl et al. ] found that
secondary nucleation of lysozyme crystallization geicantly affected by attrition
Thus it is possible that when the above-mentioned primagleation and crystal
growth consumed the supersaturation to a lower level andasentethe crystal
concentration, secondary nucleation was induced. Duringentiee crystallization
process, one crystal fornetragonal crystal, was observed. Overialbppears that
new crystals, which were continuously nucleated during @rygiowth stage, and
tendencyof aggregation led to the broadening crystal size distribution. This
allowed us to investigate the effect of cooling on lysozynystallization; however,
intuitive comparisons with the crystal size distribns measured using SHAPE
software are discussed in section 3.5.
Figure 5

Figure 6

3.5 Effect of Cooling Rate on 5-ml Agitated Batch Crystallization of Lysozyme

We further examined the effect of the optimal cooling @.03—- 0.2 °C min™)
on the crystallization of lysozyme in a 5-ml crystat. The crystallization conditien
were as follows: mixture, 40 g'Llysozyme, 10% (w/w) NaCl and 0.1 M sodium
acetate buffer, pH 4.5; stirring speed, 210 rpm; tempegtaomtinuous decreas
from 20 to 0°C; cooling rates0.111, 0.048 and 0.03@ min?; cooling times, 180
420 and 660min. After the temperature was decreased tt&CQOat cooling rates of
0.111 and 0.048C min?, it was then kept at ®C until the total time reached 660 min.
In thermostatic experiment (control), the temperaturealsss maintained at 2W for
660 min, in which the cooling rate was considered to B& @in™. Figure 7 shows
the crystallization onset determined by online imaging. ieoscofic images of
lysozyme crystal(at 660 min) obtainedt cooling rates of 0.111, 0.048, 0.030 an_0

min't are shown in Figure 8, and the changes in crystal sigdbdions at different

-13-
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time intervals are shown in Figure 9.
Figure 7
Figure 8
Figure 9

These results indicated that lysozyme underwent thetadligation process
following the results presented in Figure 5, irrespeativerystallization conditions
However, the crystallization onset time (Figuretfg degree of aggregation (Figune 8
and crystal size distribution (Figure 9) were different different cooling rates.
Specifically, as demonstrated in Figure tiie crystallization onset time (and the
corresponding error) decreased with increasing cooling Téie crystallization onset
time at a cooling rate of 0.08 min! was nearly half of the thermostatic experiment.
It appears that high cooling rate causes high supersatutaiamesult, the nucleation
was induced during the early stage of the crystalliz@ Moreover because
the rate of nucleation is high at high supersaturatioth@rate of nucleation is low at
low supersaturation) while the stirring rate is fi@, the particle concentration
changed more quickly, thus the crystals were more redoilgroed.

Tetragonal crystals and crystal clusters were obtaimedall batches. As
demonstrated in Figure 8, when the cooling rate was incretsedverage sizes of
crystals were larger and the aggregation of crystalsnecaore apparenand the
proportions of the large and small crystals seemed toddehiThis may be due to
higher supersaturation, which promotes more rapid crystal gr@m[ﬁhﬂle more
nucleation continues to be induced (sinijlaio Figure 6). In additiorthe increasing
number of large and small crystalso increases the probability of collision and
attrition between these crystailvhich eventually leads to secondary nucle [41]
and aggregation.

It can be inferred from the results shown in Figure & the cooling process
causes the crystal size distribution to be gradually widesied high cooling rate of
0.111°C min with short crystallization onset time, the crystlemed prior to the
crystallization onset were relatively small. Because drngtupersaturation leads to

higher nucleation ra3], larger numbers of crystalsewarcleated within such
-14 -
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short period of time. Thus, the size distribution meakbwvéhin the crystallization
onset time was narrower than that observed in other expets. Subsequently,
crystallization onset was reached and nucleation occulethentioned earlier, high
supersaturation leads to rapid crystal growth and aggregatioie continuously
formed new nuclei and increased the crystal concemtrathis could lead to wider
size distribution (Figure 9a). Meanwhile, from the enagairpower law expressions of
nucleation rate, it is proportional to the stirring speeqstal concentration and
supersaturatiS]. Thus, with both higher crystal cotmaéion and supersaturation,
the nucleation rate was higher which also made the distibwider. On the contrary,
at a low cooling rate of 0.03%C min, the crystals g more slowly due to a longer
crystallization onset time, their sizes thus weretinagddy larger. In addition, since the
supersaturation was lower at this cooling rate, fewer numbersystals were
nucleated at the early stage of crystallization; assaltrethe crystal size distribution
during the crystallization onset was wider (Figure 9c). FHoe thermostatic
experiment, the supersaturation that was more gradually @ty silonsumed due to
no cooling caused the crystalsgmw more slowly almost without further nucleation
after the crystallization onsetherefore, the width of its crystal size distributifom
the thermostatic experiment was nearly unchanged (Figurengiddssembled those
grown at slow cooling rate (Figure 9c). These findings demonsthatehigh cooling
rate causes shorter crystallization onset time, laagerage crystal sizes and wider
crystal size distribution. It is generally accepted thwtintaining the temperature
(after the cooling was completed) for extended period rag tcan result in the
dissolution of small crystals, while promote growth of largeystals, thereby lead to
narrower crystal size distribution. This, howewssntrasts with the results observed
in the present work (Figures 9a and 9h).validate such potential error, which may
be caused by the measuring or sampling method, the partededstribution was
further examined using the Malvern method, whitliscussed in section 3.6.

The ex situ sampling method was adopted to determine the condentsatd the

supersaturation profiles of the crystallization procass larger crystallizer (100 ml).
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Similarly tothat in 5-ml crystallizer, cooling rates of 0.110.048 0.030°C min*
were used for the crystallization in 100-ml crystalliz&dditionally, all other
conditions were the same except for stirrer speed. rdowp to the scale-up rulef
constant impeller tip speed as well as, the stirrer sped®0-ml crystallizer was
adjusted to 100 rpm (compared with 210 rpm in 5-ml crysta)lider addition, a
study, which conducted isothermal crystallization of lysozyand lipase in
water-soluble substituted alkyl ammonium-based ionic liquids,réported that the
influence of agitation rate on crystallization kiestican be neglected when the
stirring speed is maintained between 1000 rp ] At certain time interval
the crystallization solution was sampled and theneliluity 50 times. After that, its
UV absorbance at 280 nm was measured, and the lysozyme ttaticercurves
were obtained.

The solubility data of HEWLhas been previously obtained and fitted by Lin et
aI.. The empirical equation of lysozyme solubility (10%/vw) NaCl) can be
expressed as follows:

InC, = 7.827 — 8339.738/T + 3.959InT (1)
Where Cs is the solubility of HEWin mg of HEWL/mI of solvent and T is the
temperatureUsing the concentration measured off-line and the salkihe
supersaturation was calculated as follows:
p=(C—-C/Cs (2)
Wherep is the supersaturation (dimensionless) ang @e immediate concentration
of lysozyme in solution. Figure 10 shows the crystallizatoset time measured by
online imaging in 100-ml crystallizer, and Figure 11 showsti@nges in crystal size
distributions of the crystallization solutions sampléddéferent time intervals. The
changes of lysozyme concentration and supersaturatitre isampled solutions are
shown in Figure 12.
Figure 10
Figure 11
Figure 12

The results obtained from the 100-ml crystallizer weoengarable to those
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obtained from the 5-ml crystallizeifetragonal crystals and crystal clusters were
observed in all batches (data not shown). At slower mgalate, the crystallization
onset times were proload (with larger error between each batch) (Figure 10) hed t
crystal size distributions were similarthose of the thermostatic experiment (Figures
11c and 11d) At higher cooling rate, he crystal size distribution during the
crystallization onset was narrower, while later becandem(Figure 11)

As shown in Figure 12a, prior to the crystallization ongée solution
concentrations slowly decress This may be due to nucleation and growth of small
crystals (similar to Figures 5b and 5c), which consumellsamaount of solution
lysozyme As anticipakd when the crystallization progressed to the crystaitina
onset, the concentration of solution lysozyme was mateeously dropped. However,
when the temperature was dropped t&CQthe solution concentration in each batch
was similar. Yieldsmeasured when the temperature reach&d, 6f about 91% were
obtained from all cooling rates (>°@ min). Therefore, comparison of sizes of the
crystals obtainedt different cooling rates can be meaningful. At a high cgpfiate
of 0.111°C min? and after the OC temperature was maintained for 240 min (or at a
total of 420 min) the yield increased to 94%t¢ A cooling rate of 0.048C min* and
after the 0°C temperature was maintaid for 240 min (or at a total of 660 min), the
yield increased to only 92%. The observation indicates dhaower cooling rate,
longer temperature holding time may be required to achieveihigeld.

To verify the statement about supersaturation mentionédvea the
supersaturation profiles were obtained and analyzed. As iliedtia Figure 12p
which shows the supersaturation profile of each batchsupersaturatiof§ rapidly
increased (after the cooling process was started) and deadiiening point, wherp
was sharly drop. The turning point indicates nucleation, while the taoteé tiequired
to reach such point (from when the cooling process was stastdte crystallization
onset time The results indicad that the higher the cooling rate, the shorter the
crystallization onset time and the higher tfevalue at nucleation point. The
observation was consistent with theoretical analysgh kboling rate leads to high

supersaturation (prior nucleation) and short crystallimabmset Although a few
-17 -
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crystals are formed prior to the crystallization onsggherp value at nucleation point
can result in higher number of nuclei; thus, the alysize distribution is narrower
This explanation aligns with the results displayed iguFé 11, which shows that the
crystal size distribution at the crystallization dnisenarrower at higher cooling rate.
At highest cooling rate of 0.119%C min?, the highest supersaturation, which was
maintainedat over 1.0 for 300 min, promoted rapid primary nucleatiod arystal
growth while continuoudg induced secondary nucleation. As a result, the numbers of
both small and large crystals as well as the degree oé@ajipn increased, causing
the crystal size distribution to be the broadé&sirthermore, at about 180 min, the
supersaturation was largely fluctuatétcording to the Iiteratul], the upward
trend may be due to cryssathat are grown at inappropriate rates (insufficiently
consume supersaturation), whereas the downward trend neubed by secondary
nucleation Compared with a cooling rate of 0.048 min, the supersaturation was
lower at 0.03C°C min', thus the nucleation rate and crystal growth rate wawverlo

In addition, similar fluctuation was also observed betwkgthto 300 min. However,
the cooling rate of 0.038C min! had lower supersaturation at the nucleation point
thus fewer numbers of crystals were nucleated and ttstatrsize distribution was
relatively narrower. As a result, the crystal sizeritigtions shown in Figures t1

and 11d were similar.
3.6 Crydstallization of Lysozymein 1-L Crystallizer

As mentioned earlier, in small moleaul crystallization maintaining the
temperature for extended period of time can lead to ids®ldtion of small crystals
and the promotion of growth of larger crystals; and azsalt, the crystal size
distribution became narrowerhis is in contrast with lysozyme system. To validate
potential errors, which may be caused by the measuring @lisgrmethod, Malvern
method was used to further determine the crystal size kdistm. Because
measurement in Malvern method requires larger samplenejlthe crystallization

was carried ira larger crystallizer (1 L) that have similar geometred-up to other
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smaller crystallizers, and the same crystallizati@md@ions was appliedinitial
crystallization solution contained 40 g'llysozyme, 10% (w/w) NaCl and 0.1 M
sodium acetate buffepH 4.5. The stirrer speed, estimated according to the sgal
rule of constant impeller tip speed, wasa&=i0 rpm The temperature was decreased
from 20 to 0°C at a cooling rate of 0.048C min. After the temperature reaath0 °C,
the stirrer speed was adjusted to 50 rpm, and tiaet@mperature was maintained for
additional 240 min. The solutions were sampled for arabfsiotal times of 540 min,
600 (540+60) min and 660 (540+120) min.

Well-defined tetragonal crystals with a yield of 91.7% were obtainker @he
temperature reached°Q (at a total time of 42@nin). The yield was increased by 0.4%
after the 0°C temperature was maintained for 2#ih. This minor increasef yield
(from a total time of 420 min to 660 mimjas consistent with the nearlyvisible
change®f solution concentration and supersaturation (Figuredll squares).

Figure 13 shows the size distributgoof crystals sampled at 540, 600 and 660
min. The proportionof small crystals increased from 540 min to 600 min and to 660
min while those of medium size decreased (Figure 13, ayrdivis however not fully
understood what caused these changes and whether or setchi@nges are of
significance. According to a study by Dai et[44] whigbomted that at appropriate
NaCl concentration, large aggregates formed in the lysozsohation could be
disaggregated. As shown Figure 6d clear aggregates of large and small crystals
were observedThus, the observation in Figure 13 could be due to the disgajgre
of the crystals that were aggregated when the temperaasreold at OC.

Figure 13

4. Conclusions

In the crystallization of solution containing 40 ¢ lysozyme and 10% (w/w) NaCl in
non-agitated micro-batch crystallizer, the optimédyg cooling rates of 0.03 to 0L
min? resulted in crystals with proper morphology and sizgribution. At a higher

cooling rate, spontaneous primary nucleation seemed to focdine second time and

led to the formation of very fine particles in large rnars The effect of such optimal
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cooling rate was investigated 5- and 100ml, and 1-L agitated crystallizer. The
results showed that crystallization with combined coolind agitation resulted in
suitable crystals with high yield, and the entire cllistdion was completed withia
considerably short time. In contrast, crystallizatiathveooling but without agitation
or crystallization with agitation but without coolingudd lead to poor repeatability
and low yield. The in situ observation and the determinadiocrystallization onset
were conducted using online imaging. The ex situ observatiowhich solutions
were sampled from crystallization mixture, was also sethpo examine the changes
in crystal morphology, size distribution, concentratisupersaturation and yield. The
data indicated that the cooling process in crystallizatmumd cause the crystal size
distribution to be wideWhile higher cooling rate could lead to shorter crystailrat
onset time, larger crystal size, larger amount of aggi@n and wider crystal size
distribution, lower cooling rate resulted in crystalsatthassembled those of
thermostatic experimeniThis work demonstrates that temperature is an important
factor in the success of protein crystallization proc@3ss can be particularly
challenging in some scale-up crystallizations, whose temyerest difficult to contral
Furthermore, in contrast to small molemutrystallization, when the system was
cooled down to the set temperature and maintained fortairc@eriod of time, the
crystal size distribution was not becoming narrower. lzashe future work may
focus on the validation of experiments and the explanaif phenomena observed in

this work.
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Table 1 Crystallization conditions in 5-ml crystallizer

n%?r:(t:)gr Cgﬂg‘;\rl]:?'ast?gz’rgeﬁ Cooling rate°C mint Stirrer speed, rpm
(a) 40 0.048 210
(b) 30 0.048 210
(c) 40 No cooling, constant T 210
(d) 30 0.048 No agitation

"Mixture of 10% (w/w) NaCl and 0.M sodium acetate buffer, pH 4.5 was
used; the temperature was regldifrom 20 to 0°C.

ol L1

1

&
3
®

Lysozymeg L™
i

\

EASEEERAENERSRNNASENERENNEE]
T T T
20 30 40 50 60 70 80 90 100 110 120 130 140 150

Sodium chloride,% (w/w)

Figure 1: Phase diagram of lysozyme obtained from parallekrienents carried out at 2C¢
using 0.1 M sodium acetate buffer, pH 4.5. Open circles, clear drop; solasctetragonal
crystals were formed; triangle, both tetragonal ‘@seh urchiii crystals were formed; and crosses,
“sea urchiii crystals were formed. The square represents the initial coricamdraf lysozyme
and NacCl selected for subsequent experiments.
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concentrations: (a) clear drop obtained from 10'dyisozyme and 3.5% (w/w) NaCl; (b) small
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number of tetragonal crystals with large sizes oletdirom 30 g L lysozyme and 6.5% (w/w)

NaCl; (c) large number of tetragonal crystals with small sizesiradat from 40 g 1 lysozyme
and 10% (w/w) NacCl; (d) both tetragonal drsgta urchiii crystals obtained from 5L
lysozyme and 10% (w/w) NaCl; and (ejea urchi crystals obtained from 60 g'ilysozyme and
15% (w/w) NacCl.

Figure 3: The microscope images of crystals obtained from thaltigagion in quartz crucible,
in which the temperature was decreased frofC2® 0°C at different constant cooling rates: (a)
before the cooling was started; (b) 0203min?; (c) 0.2°C min'%; (d) 0.3°C min'%; (e) 0.6°C

95

min%; and (f) 1.0°C min'™.

920

85

80

75

—m— (a):40g L ", agitated at 210 rpm, cooling at 0.048 °C min™
—e— (b):30g L™, agitated at 210 rpm, cooling at 0.048 °C min™
—0—(c):40g [ agitated at 210 rpm, no cooling

—O—(d):30g L™ no agitation , cooling at 0.048 °C min™
© 04— ‘
IS
T 65 ﬁ\ /é’\
T —— -
>. 60
55
]
. T~
45
40 T
1 2 3 4

Batch number

Figure 4 The yields obtained within 417 min of the crystallizatiorb#mL crystallizer using

10% (w/w) NaCl, 0.1 M sodium acetate buffeH 4.5 and different conditions.
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Figure 5: The online images of crystals grown from 40'dysozyme and 10% NacCl with
cooling from 20 to GC at 0.048°C min? in a 5-ml crystallizer, agitated at 210 rpm. The images
were taken at different time intervals: a-b, fine particles;$esyly grown fine particles; c-d,
rapidly grew grown particlesand d-f, further grown particles with sharply increased solid

concentration.

Figure 6: The microscapimages of crystals grown from 40 ¢ lysozyme and 10% NaCl
with cooling from 20 to GC at 0.048°C mint in a 5-ml crystallizer agitated at 210 rpm. The

images were taken at different time: (a) 50 min; (b) 180 min; (c) 420amih(d) 660 min.
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Crystallization Onset Time, min
3

T

T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

1 Cooling rate, °C min™

2 Figure 7: The crystallization onset time (determined fronothime images) of solution

3 containing 40 g I lysozyme, 10% (w/w) NaCl and 0.1 M sodium acetate buffer, pH 4.5 as a
4 function of cooling rate. The crystallization was carried out%anal crystallizer agitated at 210

5 rpm.

6

8 Figure 8: The microscopimagesof lysozyme crystals (at 660 min) obtained at different
9 cooling rates: (a) 0.11°C min%; (b) 0.048°C min%; (c) 0.030°C min%; and (d) 0°C min™. The

10 crystallization was conducted in a 5-ml crystallizer sthiat 210 rpm using a solution containing

11
12

40 g ! lysozyme, 10% (w/w) NaCl and 0.1 M sodium acetate buftér4.5.
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2 Figure 9 The crystal size distribution obtained at different cooling rg<0.111°C min; (b)
3 0.048°C min'?; (c) 0.030°C min%; and (d) °C min. The crystallization was carried out in a
4 5-ml crystallizer, stirdat 210 rpm from using a solution containing 40'glysozyme, 10%
5 (w/w) NaCl and 0.1 M sodium acetate buffeid 4.5.
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9 Figure 10: The crystallization onset time (obtained from orifiteges) as a function of cooling
10 rate. The crystallization was conducted in a 100-ml crystallizeredat 210 rpm using a solution
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containing 40 g ! lysozyme, 10% (w/w) NaCl and 0.1 M sodium acetate buyfigr4.5.
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Figure 11: The crystal size distribution obtained at differentiogoates (a) 0.111°C min%; (b)
0.048°C min'?; (c) 0.030°C min%; and (d) C°C min. The crystallization was carried out in a
100-ml tankstirredat 210 rpm using a solution containing 40 ylysozyme, 10% (w/w) NaCl
and 0.1 M sodium acetate buffpH 4.5.

i; * —#—0.111°C min* bl‘ —=— 0111 °C min’
W —#—0.048°C min” . —#— (.048 °C min”
alﬁ —&—0.030°C :]J:‘ > —4&—0.030°C 2::’
16 H \\ —¥— thermostatic 25 —%¥— thermostatic
T.J 14 u \k .E 2.0 ﬁ\
al AN g W S s
& }& \ \_ 3 15 -
g 10 g -]
< L\ \. \v\ £ 10 *\K /'M /A/
i’_ . \.\ ‘v\\ q;; N WH
W—F#‘ﬂ—v 5
= 4 L\v\:L\j\ « \
, e 0.0 v
S s ] Ty
0 T T T T T T T T T T T T T T 0.5 - T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Crystallization duration, min Crystallization duration, min

Figure 12: Lysozyme concentration profiles (after mixivith precipitant) (a) and supersaturation

profiles (b) obtained from the crystallization at differentloaprates in a 100-ml crystallizer.

Squares, 0.119C min; Circles, 0.048C min; Triangle, 0.030C min?; and Inverted triangle,
0°C min™.,
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Figure 13: The size distributions of lysozyme crystals obtaindifarent crystallization
durations: squares, 540 min; circles, 600 min; and triangle, 660 mircryidtallization was
conducted in a 1-crystallizer, stiredat 210 rpm using a solution containing 40 Ylysozyme,

10% (w/w) NaCl and 0.1 M sodium acetate buffed,4.5.
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