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1 Abstract

Bulk crystallization of biopharmaceutical proteins is a promising alternative to
chromatographic separation techniques or traditional formulation processes. It is highly
economical (low-cost operation), unlimited scalable and offers excellent selectivity.
Furthermore protein crystals have been proven to be very stable and preserve proteins
biological activity. Reduced viscosity and extended-release properties compared to liquid
formulations leads to improved syringeability and injectability and facilitate the delivery to
the patients.

We developed a general and practical approach to implement such crystallization processes
for the biopharmaceutical industry using two recombinant proteins recombinant interferon
gamma and a recombinant single chain antibody. The developed approach consist of 5 steps:
(a) initial screening for crystallization conditions, (b) adjustment of crystallization conditions,
(c) generation of phase diagrams as process map, (d) process design regarding impurities,
seeding technique, influence of pH and temperature and (e) scale-up. Three dimensional
crystals for both proteins were generated by microscale crystallization screening methods.
Phase diagrams and solubility curves of the proteins with different precipitants were
generated and compared regarding there suitability to enable a robust, time-effective and
high-yielding crystallization process. Operating points were proven in a scale-up using a
stirred beaker for both proteins. In case of recombinant interferon gamma the crystallization
rate was driven by nucleation and the formation of three dimensional crystals were generated
by Oswald ripening. It could also be shown that determined crystallization conditions could
be applied for impure solution. In case of the single chain antibody an integrated process
design was developed, combining protein extraction and protein crystallization using an

aqueous two-phase system (sodium sulfate and polyethylene glycol 2000).



2 Kurzfassung

Proteinkristallisation ist eine vielversprechende Alternative zu herkommlichen
chromatografischen Trenntechniken oder traditionellen Formulierungsprozessen in der
biopharmazeutischen Industrie. Sie ermoglicht kostengiinstige, hochselektive und unlimitiert
skalierbare Prozesse. Proteinkristalle sind sehr stabil und konservieren die biologisch aktive
Wirkung des Proteins. Eine reduzierte Viskositit, sowie verlingerte Release-Eigenschaften
erleichtern die Verabreichung an Patienten mittels Injektion.

In dieser Arbeit haben wir einen generischen, gesamtheitlichen und praktischen Ansatz
entwickelt um industrielle Proteinkristallisationsprozesse zu implementieren am Beispiel von
zwel rekombinanten Proteinen (Interferon gamma und einem einzelkettigen
Antikorperfragment). Der Ansatz beinhaltet 5 Schritte: (a) Screening von
Kiristallisationsbedingungen, (b) Anpassungen der Bedingungen um 3-dimensionale Kristalle
zu erhalten, (c) Erstellung von Phasendiagrammen als Prozesslandkarten, (d) Erstellen des
Prozessdesigns unter Beriicksichtigung von Verunreinigungen, Verwendung von
Impfkristallen, pH Werten und Temperaturen, (e) Scale-Up. Dreidimensionale Kristalle
konnten fiir beide Proteine im Mikromal@stab erzeugt werden. Phasendiagramme und
Loslichkeitskurven der Proteine mit verschiedenen Fillungsmitteln wurden generiert und
hinsichtlich Robustheit, Kristallisationseffizienz und Ausbeute verglichen. Geeignete
Bedingungen wurden im Scale-up erfolgreich iiberpriift. Im Fall von rekombinantem
Interferon gamma bestimmte die Nukleation den Kristallisationsprozess, die Bildung von
dreidimensionalen Kristallen entstand durch die Oswald-Reifung. Gefundene
Kiristallisationsbedingungen konnten erfolgreich auch auf unreine Losungen iibertragen
werden. Im Falle des Antikdrperfragments wurde ein integriertes Prozessdesign entwickelt,
das Proteinextraktion und Proteinkristallisation unter Verwendung eines wissrigen

Zweiphasensystems (Natriumsulfat und Polyethylenglykol 2000) kombiniert.



3 Introduction

3.1 Advantages of protein crystallization in the biopharmaceutical

industry

High titers in the upstream of production processes of biopharmaceuticals have shifted the
bottleneck towards the downstream process. The purification of biopharmaceuticals is in
general achieved by chromatography, but chromatographic separation steps are not unlimited
scalable and chromatographic resins expensive. The increasing titers of the upstream
processes enhance the pressure to find alternative, more economical, and unlimited scalable
purification processes to chromatography (Gottschalk, 2005; Kelley, 2006; Low et al., 2007,
Roque et al., 2020).

Crystallization processes met all these demands. It is highly selective, unlimited scalable and
can be achieved in low-cost operation procedures using inexpensive ingredients (Etzel, 2006;
Pechenov et al., 2007; Prince and Smith, 2004; Schmidt et al., 2005; Thommes and Etzel,
2007; Vuolanto et al., 2003; Dos Santos et al. 2017). It was also shown that protein
crystallization used as an formulation step has some advantages regarding stability and
controlled slow release (Klyushnichenko, 2003; Pechenov et al., 2007; Shenoy et al. 2001;
Elkordy et al., 2004). However, successful crystallization is dependent on many process
parameters, as for instance pH, temperature, salt concentration, additives. Thus, protein
crystallization was considered more an art than a science (Chayen, 2004; Filho et al., 2011).
The focus within the last decades was set more on protein crystallization for structure
determination than on preparative crystallization (Kim et al., 2011; Peters et al., 2005). The
field of preparative or industrial crystallization nowadays can benefit from this extensive
research. A lot of proteins related to different protein families were successful crystallized and
data about initial crystallization conditions are provided in different data base like the

Biological Macromolecule Crystallization Database (BMCD) (Gilliland, 1988).



3.2 Protein crystallization mechanisms

Protein crystallization is based on phase transition within supersaturated solutions
representing a non-equilibrium state (McPherson, 2004). Supersaturation can be reached by
increase of precipitant or protein concentration, variation of pH, temperature, or additive
concentration (Chayen, 2004). In order to re-establish the equilibrium state, a solid state
(crystals) is built within two distinct steps, nucleation and growth (Etzel, 2006). Protein
solubility plays a significant role within this process and can be demonstrated via a phase

diagram, as shown in Figure 1.1.
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Figure 3.1: Typical phase diagram, the x-axis shows precipitant concentration, the y-axis represents the
corresponding protein concentration; adopted from McPherson, 1999.

The solubility curve is formed by protein concentrations at certain precipitant concentrations
where the system holds an equilibrium state. Thus, existing crystals can further exist (Asherie,
2004) but no new crystals can grow. In the undersaturated zone below the solubility curve, no
crystals can form (nucleation), and existing crystals would dissolve. The metastable zone is
characterized by growth of existing crystals, but without nucleation (Etzel, 2006) since the
level of supersaturation is too low. Formation of crystals occurs in the labile zone where the
supersaturation level is sufficient for spontaneous nucleation (Asherie, 2004; Haire, 2001;
McPherson, 2004). At a high level of supersaturation, the precipitation zone is reached where
amorphous precipitates instead of crystals are formed. However, due to dependency of

nucleation and growth rate, crystal form can be influenced by the level of supersaturation

(McPherson, 2004).



Determination of the overall crystallization rate and estimation of the behavior of nucleation
and growth can be accomplished by the Avrami equation (Avrami, 2004).

X, =1—ekt" (Equation 1)
where X; is the fraction of protein crystallized after time ¢, k is the crystallization rate constant
and n is the Avrami Exponent. The Avrami exponent consists of two terms:

n=N+qC (Equation 2)
where N is the nucleation and is either O if all crystals are nucleated simultaneously at the
beginning of the growth process or 1 if nuclei form at a constant rate. C is the dimensionality
of crystal growth and is 1, 2, 3-dimensional and ¢ describes the time dependence of growth:

q =1 for linear growth and g = 0.5 for diffusion limited growth.

3.2.1 Nucleation

The following chapters of Nucleation and Crystal Growth were also discussed in a similar
way in two master theses under my supervision (Obermair, 2014; Haidinger, 2012).
Nucleation is a first-order phase transition process (McPherson, 2004) leading to an ordered
solid state, the formation of crystalline intermediates of a non-equilibrium state has been
created, enforcing protein molecules to aggregate. Nucleation occurs when nuclei are built out
of the aggregates (Erdemir, 2009). Thus, this step represents the driving force for
crystallization. Nucleation is divided into three types: homogenous nucleation, thus within a
solution, heterogeneous nucleation, caused by solids within the crystallization bulk (seed
crystals) or even caused by the walls of the vessels the solution is kept in or dust (Chayen,
2004), and secondary nucleation, where nucleation is caused by either breakage or attrition of
existing crystals due to collisions or high shear forces (Etzel, 2006). The nucleation rate (B) is
given by (Jacobsen et al., 1998):

B® = kg x MP*x SP (Equation 3)
where M7 gives the mass concentration of crystals, S is the degree of supersaturation, Kp is the
Boltzmann constant. Other variables represent kinetic constants. Alternatively, the nucleation

rate can be described by (Saikumar et al., 1998):

BO =k, (C ; S)a (Equation 4)

where s represents the equilibrium solubility, ¢ the concentration of the solute in the solution
and k, a nucleation constant. The exponent a is the nucleation order. This equation was used

for kinetic modelling by Saikumar et al. (Saikumar et al., 1998).



According to the classical nucleation theory, for the onset of nucleation an energy barrier
must be overcome (Erdemir et al., 2009). This is given by the fact that a crystalline lattice
shows a low entropy-state, causing the activation barrier. Thus, enthalpic conditions favoring
crystal lattice formation have to be set. Cluster formation and deformation happens, as long as
the increase of enthalpy is lower than the decrease of entropy within the system. When
reaching a critical size, volume contribution is more influencing than surface contribution,

enabling nucleation (Saridakis and Chayen, 2009), as depicted in Figure 1.2.
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Figure 3.2: Energy barrier AG for nucleation; Gibbs free energy is dependent on aggregate size (R) (red
unbroken line); broken lines show dependence on surface formation and bulk incorporation; R* shows the size
of a critical nucleus and AG* the corresponding free energy; R>R* critical nucleus can convert into stable
crystal; adopted from Saridakis and Chayen, 2009.

Thus, nucleation is dependent on the free-energy change, which was defined by Gibbs in the
19 century (Erdemir et al., 2009; Vekilov, 2010). The classical nucleation theory is often
considered as a simplified version where nuclei are built within one step as soon as the energy
barrier is overcome due to supersaturation, leading to the formation of aggregates, called
critical nuclei (Erdemir et al., 2009). The two-step nucleation theory describes an intermediate
step where subcritical clusters, thus metastable liquid particles containing a high
concentration of protein are built and result in so called liquid-liquid phase separation,
followed by an organization into an ordered structure (Erdemir et al., 2009; Haas and Drenth,
1999; Vekilov, 2010). The two-step mechanism with two small energy barriers is thought to
be faster than a one-step mechanism, where within one step a high barrier has to be overcome

(Haas and Drenth, 1999). Lomakin et al. showed via numerical simulations that dense liquid



clusters due to surface effects are more stable than crystalline structures, which can only form
when reaching a critical size (Lomakin et al., 2003). However, according to Lomakin’s
findings, this is caused by the fact that when liquid particle clusters grow, fewer particles have
surface contact with the bulk leading to a higher influence of the bulk conditions, which in
turn enables crystalline structures. Moreover, the first step of building metastable dense
clusters is thought to be fast, whereas the second step of formation of crystalline nuclei within
the clusters seems to be rate determining (Vekilov, 2010). The effect of composition of the
precipitant solution on the formation of dense liquid clusters was demonstrated via
mathematical simulations, which showed a minimum in this area of the nucleation barrier
curve (Chernov, 2003). In addition, Galkin and Vekilov demonstrated within their
experiments using two different additives that nucleation could be influenced by precipitant
solution (Galkin and Vekilov, 2000).

As stated, the process of nucleation is mainly based on the interactions between protein
molecules. George et al. created a mathematical approach, referred to as the second virial
coefficient By, representing the “crystallization slot” where due to appropriate conditions,
crystallization can be promoted. Positive values for B, indicate repulsive interactions
between protein molecules, whereas negative values indicate attractive interactions, leading to
crystallization within the slot of -0.8 < B, <-0.1 (George and Wilson, 1994; Wanka and
Peukert, 2006). Thus, the higher the repulsive forces (higher positive values of Byy), the better
solubility of the protein is given, showing the correlation of solubility and the second virial
coefficient. Wanka and Peukert depicted that B,; within this slot is dependent on pH,
temperature as well as ionic strength, demonstrating the importance of these process

parameters for crystallization (Wanka and Peukert, 2006).

3.2.2 Crystal growth

As for nucleation, the key factor for growth is given by the degree of supersaturation. The
process of nucleation is followed by the process of crystal growth where particles add to the
critical nuclei and form an ordered, stable three-dimensional crystal lattice (Russo et al.,
2013). Resulting crystal shape is dependent on the conditions while growth is occurring,
whereas the process seems to be based on random protein-protein interactions (Carugo and
Argos, 1997). The growth process itself shows similarity to that of crystallization of small

molecules. The process can be described by (Filho et al. 2011; Saikumar et al., 1998):



c—S\b .
G =k (T) = k; X ACY (Equation 5)

where k, is the specific growth constant, ¢ represents the concentration of the solute in a
solution and s the solubility at equilibrium state, which is also given as AC. The exponent g
represents the growth order, which lies usually between 1 and 2 for soluble compounds and
>2 for poorly soluble ones (Filho et al., 2011).

Since protein crystallization is based on intermolecular bonds of the macromolecules within a
crystal it is mainly influenced by pH, temperature, and composition of the solution. Different
molecular surfaces are thus accessible for integration, which leads to various crystal structures
(Chernov, 2003). Therefore, the transport of building blocks is the limiting factor within
unstirred vessels or under conditions of microgravity, where diffusion is altered (Jen and
Merkle, 2001).

The resulting protein crystal is a solid material with orderly packed protein units within a
defined lattice groups separated by channels containing mother liquor. The protein units are

bound by hydrophobic interactions, H-bonds, and salt-bridges (Jen and Merkle, 2001).



4 Objectives

The aim of this work was to generate a general and practical approach to develop industrial
crystallization processes either for the purification or formulation of biopharmaceutical
proteins, using two recombinant proteins (recombinant interferon gamma and a single chain
antibody). The approach should cover the crystallization process development procedure from
screening for crystallization conditions, crystal optimization techniques with respect for the
requirements of large scale biopharmaceutical productions, generation of phase diagrams for
crystallization process characterization and to depict appropriate operating points, considering
applicable process integration steps leading to a process design to achieve a scalable

economic process regarding crystallization yield, purity, and process time.

One major aspect was to close the gap between crystallization processes used for the
generation of crystals for X-ray diffraction analysis and crystallization processes for the
generation of crystals suitable for large scale processes. For this purpose, already established
work of the last decades in crystallization screening and optimization techniques were

considered and adopted to achieve robust and scalable crystallization processes.

Another aim was to establish process maps in the smallest reliable scale, on which base
process designs and operating points for future large scale processes could be defined. Given
that process maps or phase diagrams comprise a lot of operating points, it is important to
minimize the required amount of protein since in general it is limited at the start of process
development. Furthermore, various aspects regarding the optimization of process design and
influence of impurities were investigated. Process integration and other opportunities to
enhance the process quality in respect to purity, yield, process time, and process control were

considered.



S Results — Development of a preparative crystallization process

as purification or formulation step for recombinant proteins

Although crystallization processes are implemented in several enzyme purification processes
and widely used in the chemical production of small molecules (Myerson and Toyokura,
1990), it is not a common purification technique in biopharmaceutical processes till now and
the number of such processes like the crystallization of insulin is rare (Hekmat et al. 2015a;
Dos Santos et al., 2017; Chen et al., 2021). This is due to the diversity and complex structure
of biomacromolecules excluding a predictability of crystallization conditions and crystal
properties (Lorber et al., 1993; McPherson, 1999; Lu et al., 2002). Furthermore, the high
quality requirements on pharmaceutical processes and the limited knowledge about
crystallization process development, control, and scale-up have hindered the break-through of
this technique. Some approaches to develop and scale-up crystallization processes were
shown for lysozyme, bovine serum albumin and alcohol dehydrogenase as model proteins
using evaporative crystallizers (Hubbuch et al., 2019; Barros Gro8 and Kind, 2018; Kotodziej
et al., 2018) and also for stirred vessels using ovalbumin (Judge et. al, 1995), lysozyme
(Carbone and Etzel, 2006; Hekmat et al. 2007), lipase (Jacobsen et al., 1998, Hebel et al.
2013), cross-linked enzyme crystals (Lee et al., 2000), recombinant I-methionine y-lyase
(Takakura et al., 2006), an antibody Fab fragment of Canakinumab (Smejkal et al., 2013a), a
single chain antibody (Huettmann et al., 2014) and two full length antibodies IgG4 (Zang et
al., 2011) and IgG1 (Smejkal et al., 2013b). Nowadays also some new approaches arising
using tubular crystallizers to facilitate continuous crystallization processes (Pu and Hadinoto,
2020; Hekmat 2017). However most of the approaches were done with pure protein and even
with the shown approaches including impurities in the product solution there is still a lack for
a general, systematical approach to implement crystallization processes as a purification step
or as a formulation step in biopharmaceutical manufacturing processes. In this work a
systematic and practical approach to implement a crystallization process at different steps in a
biopharmaceutical manufacturing process was shown using two biopharmaceutical relevant
proteins (recombinant Interferon gamma (rhINF-y) and a single chain antibody).

The approach presented containing the following steps:

1. Screening of initial crystallization conditions

2. Optimization of crystalline state and crystal habit

10



3. Generation of phase diagrams as process map
4. Development of process design
a. Choice of operating point
b. Amplification of phase diagrams by pH or temperature
c. Crystallization of process intermediates without loss of the nucleation zone
d. Crystallization of process intermediates with loss of the nucleation zone
e. Control of the degree of supersaturation and the speed to achieve
supersaturation
f. Application of an integrated processes

5. Scaleup

5.1 Initial Screening to determine crystallization conditions

The aim of the initial screen is the investigation of different precipitants in combination with
different pH values to crystalize the target product. In general, salts, polymers, organic
solvents, and small weight polyalcohols are used as precipitants. Also, the successful use of

non-ionic detergents as precipitants was reported (Mustafa et al., 1998).

5.1.1 Precipitants

In general, salts increase the solubility of proteins at low concentrations (salting in effect) but
can strongly reduce protein solubility at higher concentrations (salting out effect) (Hofmeister,
1888). The salting out effect is caused by the competition of protein molecules and salt ions
for water molecules since they have to be hydrated to stay in solution. The ability of salts to
salt out or salt in proteins is classified in the Hofmeister series and salts are either kosmotrope
or chaotrope. Chaotrope salts disorder the structure of water and force protein denaturing
(Duong-Ly and Gabelli, 2014; Von Hippel and Wong, 1964).

Polymer precipitants like polyethylene glycol (PEG) are chemical inert and have non-
denaturing properties to proteins. They reduce the solubility of proteins by sterically exclude
proteins from their hydrate shell due to their large molecular weight. The reduction of the
protein solubility has a linear dependence to the concentration of used PEG. PEG is
manufactured in different length and the slope of the described linear dependence is reduced

by lowering the length of used PEG (Atha and Ingham, 1981).
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Organic solvents and small molecular weight polyalcohols lower the dielectric constant of the
solution and enhance electrostatic interactions of the protein (Affleck at al., 1992; De Souza et
al., 2007). Repulsive interactions lead to partial denaturing of the protein and create new
surface areas which can lead to self-assembly of the protein (Zhou and Pang, 2018).
Detergents are amphiphilic and contain a hydrophobic alkyl chain with a hydrophilic head
group (Neugebauer, 1990). Since the protein consist also of hydrophobic and hydrophilic
parts they can interact and alter protein structure as well as change the solubility of proteins
forcing protein self-assembly or build protein-detergent complexes (Breibeck and Rompel,
2019; McPherson et al., 1986; Privé, 2007).

The pH alters the protein net charge, and the isoelectric point (pl) is the pH at which the net
charge is zero. The solubility of a protein is strongly reduced at its pI and was first considered
as a promising pH for crystallization, but the majority of proteins have been crystallized at
different pH values (Kantardjieff and Rupp, 2004; Kirkwood et al., 2015; McPherson and
Cudney, 2014).

5.1.2 Appropriate screening techniques and methods

All these precipitants influence the solubility and / or structure of the protein in different
ways, sometimes the best results was achieved with combinations of them. The optimal
screening technique is either a complete random screen or, due to the high number of
samples, an incomplete factorial design to achieve highest success (DeLucas et al., 2003;
Rupp and Wang, 2004). Today commercially available initial protein screenings are sparse
matrix screens. They comprise either the investigation of single precipitants or a variety of
combinations of precipitants, e.g., PEGs and salts, based on previous success (Cudney et al.,

1994; Jancarik and Kim, 1991; Luft at al., 2011).

There are several ways to reach supersaturation within crystallization experiments, given by
the influence of pH, ionic strength, and temperature on protein solubility (Chayen, 2004;
Gavira, 2016; Judge et al., 1999; Wanka and Peukert, 2006).

From a practical view and also the most widely used method is the vapor diffusion method
(Matthews et al., 2009). In this case a small droplet (2-10 pl) comprises the target protein and
the mother liquor (precipitant solution) is slowly concentrated by vapor diffusion against a
larger reservoir (500-1000ul) containing only the mother liquor in a sealed chamber. The

difference in concentration between the droplet and the reservoir drives the system toward

12



equilibrium by diffusion through the vapor phase (Benvenuti and Mangani, 2007). Figure 2.1
shows the schematic course of action in a successful vapor diffusion experiment. The initial
concentrations of protein (Cj,) and precipitant (C;) in the droplet are in the undersaturated
phase (A) and will rise into the supersaturation zone where crystallization can take place (B).
Crystals will grow until the solubility limit is achieved at equilibrium (C) with the final

soluble protein concentration (Cs,) and final precipitant concentration (Cy) (Chirgadze, 2001).

| Predpitation zone|

-«— Precipitation curve

Protein concentration

-« Solubility curve
|

Ci Cv
Crystallising agent concentration

Figure 5.1: Schematic crystallization process using the vapor diffusion method. Starting with the initial
concentration of protein (Cj,) and precipitant (C;) in the undersaturated zone (A), slightly concentrated by vapor
diffusion into the supersaturated zone where crystallization takes place (B) and crystal growth until the solubility
limit is reached at equilibrium (C) with the final soluble protein concentration (Cg,) and precipitant concentration
(Cyp); adopted from Chirgadze, 2001.

The droplet is either placed on a pedestal (sitting drop) or hanging from a siliconized glass
cover slip (hanging drop) or is placed between two cover slips (sandwich drop) to reduce

exposure to air.

In the initial screen, pure product (>95 %) is used to determine crystallization conditions and
to exclude interferences with impurities. Given that in general at the starting point of a
development process the amount of pure protein is limited initial screens are performed in
nanoliter or microliter scale.

In this work the composition of the crystal screen I and II of Hampton Research as well as the
JB Screen classic from Jena Bioscience was used as initial screen carried out as a vapor
diffusion method (sitting drop) using Greiner Crystalquick 96 well plates. Compositions

containing harmful ingredients were not tried.
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Three hits for interferon gamma and one hit for the single chain antibody were found listed in

Table 2.1.

Table 5.1: Overview of found crystals and crystallization conditions of the initial screening

Microscopic Initial Time until
‘ma ep Protein concentrations of crystals Morphology
& the droplet appeared
2 g/l protein, 0.88
Int:rrr{f;zn M ammonium 4d Ellipsoid
& phosphate pH 6.0
2 g/l protein, | M
Interferon sodium sulfaFe, 0.1 24t Cubic
gamma M ammonium
acetate pH 6.0
& 2 g/l protein, 1 M
Interferon ammonium sulfate, .
&5 . 24 h Cubic
& gamma 0.1 M sodium
acetate pH 6.0
. . 2¢/l prot.em, Sea urchins,
Single chain 1 M sodium 24h bundle of
antibody sulfate, 0.1 M Tris
needles
pH 8.5

5.2 Adjustment Screen

The adjusted screen is used to optimize the crystal habit and achieve uniformity of crystals.
For this purpose, the initial conditions will be defined further. The initial screen was
performed using the vapor diffusion method hence the correct concentrations when
crystallization occur are not known. To determine these distinct protein and precipitant
concentrations a different screening method has to be used, the microbatch method. In case of
the microbatch method the droplet containing protein and precipitant is placed at the bottom
of a well of a 96-well plate and overlaid with oil (D’Arcy et al., 2004). Paraffin oil should be
used for determination of distinct conditions since it is air-impermeable and will conserve the
generated conditions in the droplet. In Figure 2.2 the possible processes using a microbatch

method and a grid screen are shown.
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Figure 5.2: Schematic process using microbatch method and a grid screen. The points A, B and C are the initial
adjusted conditions with the initial protein concentration C;p. The point A is in the undersaturated phase and the
drop will stay clear. In the case of B nucleation occurs and crystals will grow until the solubility limit is reached
with a final soluble protein concentration of Cgp. In case of C precipitation will occur; adopted from Chirgadze,

2001.

First a grid screen (Cudney et al., 1994) should be performed with the used protein
concentration and pH of the initial screen and varying the precipitant concentration. After
distinct crystallization conditions are determined these conditions will be amplified by
addition of additives and variation of the pH and buffer substances to investigate their impact
on crystal habit and homogeneity. In general, as additives, all chemicals from the initial
screen are used but also other ingredients, e.g., detergents can be tested (McPherson and

Cudney, 2014).

As previously mentioned, over the last decades a lot of crystallization conditions for many
proteins were identified (Kim et al., 2011; Luft at al., 2011) to determine the three-
dimensional structure of proteins (Kim et al., 2011; Watson et al., 2011). These published
results could be used as starting conditions for development of an industrial crystallization
process, but the demands for large-scale crystallization are different than those for structure
determination (Etzel, 2006; Kougoulus et al., 2006). An overview of the different demands is

listed in Table 2.2 (Peters et al., 2005).
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Table 2.2: Overview of requirements on crystals generated for structure determination and crystals generated for
bulk crystallization, adapted from Peters et al., 2005

Criterion Crystals for structure determination  Crystals for industrial processes
Excipient Not important Important (e.g., no
toxic/hazardous compounds)
Excipient costs Not important Important
Crystal size Very important (large) Important (moderate)
Crystal lattice quality Important (high resolution needed) Not important
Crystallization yield Not important Very important (high yields)
Growth kinetics Not important (days to months) Very important (hours to days)
Process compatibility Not important Very important
Scalability of Not important Very important
conditions
Redissolution Not important Important
conditions

Bulk crystallization demands inexpensive, pharmaceutically acceptable compounds, fast
growth kinetics, and high crystallization yields. Crystal grid irregularities and a large single

crystal habit are not as important as purity and scalability of the process (Peters et al., 2005).

The goal of the adjusted screen is to achieve 3-dimensional crystals of moderate size (>10
pm). The crystal habit should be uniform and other solid states like amorphous precipitates
should be avoided. This would facilitate crystal harvest and demonstrate that the transition of
the target protein from the soluble phase to the solid phase is homogenous. The 3-dimensional
form of the crystals prevents them from breakage during stirring in the large scale and avoids
second nucleation, which leads to a broad size distribution of the crystals (Kougoulus et al.,

2006). Needle crystals are more sensitive to shear stress.

In case of the single chain antibody fragment, the found crystallization conditions from the
initial screen resulted in heterogeneity of crystal forms (sea urchins and bundle of needles)
and precipitates. An exchange of the buffer system to HEPES, but maintaining the pH,
resulted in uniform needle crystals without precipitates. This condition was used for the next
screening round and the addition of PEG-2000 resulted in 3-dimensional crystals shown in

Figure 2.3 (Huettmann et al., 2014).
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100 pm

Figure 5.3: Results of the adjusted screen for the single chain antibody fragment. Starting conditions from the
initial screen (A), exchange of Tris buffer with HEPES buffer (B) and HEPES buffer and PEG as additive;
adopted from Huettmann et al., 2014 (C)

5.3 Phase diagrams

The generation of phase diagrams is the basis of robust and scalable crystallization processes
(Klijn and Hubbuch 2020; Huettmann et al., 2015). Phase diagrams characterize the
interaction of the protein of interest and the chosen precipitant under constant conditions.
Different precipitants could result in different phase diagrams. Hence it is an advantage to
generate several phase diagrams and compare them regarding process suitability. The
requirement of an appropriate precipitant is to cause a broad crystallization zone. The
solubility curve below the crystallization area should go against zero to assure high
crystallization yields and a minimum of protein which will stay soluble in the mother liquor
after the crystallization process. The amount of precipitant which has to be used to achieve
crystallization conditions should be low to avoid high dilution rates of the used protein
solution.

An economical way to obtain phase diagrams for large scale processes is the millibatch
method. In this case, batch crystallization of approximately 1 ml volumes is performed under
slight shaking. This method needs only limited starting material and at the same time mimics
the stirred tank crystallization (Huettmann et al. 2014; Huettmann et al., 2015). This is an
advantage compared to the microbatch method since the energy input due to stirring can alter
a phase diagram (Hekmat, 2015a, Castro et al. 2016). In addition, the solubility curve after a
distinct crystallization time can be determined, which enables the correct calculation of the
crystallization yield. In Figure 2.4 a schematic picture of the method is shown. However,
sometimes the available amount of pure protein is too low to use the millibatch method. In
this case coarse phase diagrams can be generated using microbatch method and on demand

further amplified by a solubility curve generated from a few single millibatch experiments.
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The microbatch method can also be used to predetermine the relevant precipitant and protein

concentrations for the millibatch method as shown in Figure 2.5.
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Figure 5.4: Schematic procedure of the millibatch method
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Figure 5.5: Phase diagrams generated with microbatch method to determine the relevant concentrations (left) and
millibatch method with the associated solubility curve; adopted and adapted from Huettmann et al., 2015 (right).
All batch crystallization experiments were investigated after 24 hours by microscopic analysis and in case of the

millibatch method by UV,g to determine the protein content in the supernatant. Experiments were performed at

room temperature.

The generated phase diagrams fit very well and showed a large well-defined nucleation zone.

The phase diagram generated with millibatch method also depicted the solubility limit after

24 hours crystallization and a small metastable zone. The metastable zone is in the region of

26-29 % ammonium sulfate and a protein concentration below 3 g/l, determined by two

experiments above the solubility limit without the appearance of crystals.
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5.4 Process design

Industrially applied crystallization methods are commonly batch crystallization processes
using precipitants, cooling or evaporation to achieve nucleation (Giuletti et al., 2001; Hekmat
et al., 2007; Kougoulus et al., 2006, Hubbuch et al., 2019). In addition, seeding is also
frequently used either to overcome a nucleation hindrance or to avoid high degrees of
supersaturation and spontaneous nucleation for a better control of crystal homogeneity and
size (Barros Grof3 and Kind, 2017; Liu et al., 2010).

The degree of supersaturation plays a major role for nucleation as well as for crystal growth
and currently new technologies were developed to investigate crystallization kinetics
(Poplewska et al., 2018).

However, there is a challenge to find the optimal degree of supersaturation, given the fact
that, according to a typical phase diagram, the optimum conditions for formation of
crystalline nuclei are contrary to those needed for optimum conditions at the subsequent
crystal growth phase. Thus, for nucleation, a high degree of supersaturation is needed for
spontaneous formation of crystalline nuclei. Within the growth phase, for formation of large,
ordered crystals, a slow growth rate requiring low to moderate levels of supersaturation is
preferred (Bergfors, 2003).

In addition, crystallization is facilitated at high protein concentrations and low impurity
contents, but in early process steps of biopharmaceutical productions the protein
concentration is often rather low, and the impurity amount high (Skuori et al., 1995).
Impurities could also influence the phase diagram and can lead to loss of the nucleation zone

(Skuori et al., 1995).

5.4.1 Crystallization of process intermediates maintaining the nucleation zone

Mechanical parameters like stirring speed (Kougoulus et al., 2006; Skuori et al., 1995) and
impurities can diminish the nucleation zone, as well as ingredients in the matrix of the process
intermediate can alter the solubility properties of the protein (Skuori et al., 1995; Hekmat et
al., 2007). Hence, the working point, here the chosen precipitant and protein concentrations,
of a crystallization process should be selected at a stable point of the nucleation zone with
sufficient distance to the undersaturated and the precipitation zone to ensure process
robustness. The solubility curve should be at a minimum to achieve optimal crystallization

yields.
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To investigate the crystallization behavior of process intermediates the crystallization process

of interferon gamma was introduced at different process steps in ml scale. In Figure 2.6 a

schematic process flow of the first purification steps of an established recombinant interferon

gamma process using E.coli as host cell at Boehringer Ingelheim RCV GmbH & Co KG is

shown.

Primary Recovery

Capture

Intermediate |

Intermediate Il

Figure 5.6: Schematic process flow of the first process steps of the interferon gamma purification process,

established at Boehringer Ingelheim RCV GmbH & Co KG. Primary Recovery: cell breakage and clarification;

Capture, Intermediate I and Intermediate II: First three chromatographic purification steps.
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Figure 5.7: Phase diagram of interferon gamma and sodium sulfate with the depicted working point to crystallize
the intermediate I Pool (27.5% sodium sulfate and ~ 0.5 g/l protein); adopted from Huettman et al., 2015 (left).
Silver stained SDS-PAGE analysis (method provided by Boehringer Ingelheim RCV GmbH & Co KG, details
not shown): I 2: Intermediate I Pool of the chromatographic process, C: dissolved crystals of the crystallized
intermediate I pool, S: supernatant of the crystallized intermediate I pool, I 1: Intermediate I pool used as starting
material of the crystallization process (right)

Crystallization of the intermediate I pool was achieved by batch crystallization using sodium
sulfate as precipitant. Given that the pool concentration was below 1.5 g/, and the dilution
factor by addition of the precipitant will strongly decrease the protein concentration, the
working point was selected at 27.5 % sodium sulfate resulting in a protein concentration of
approximately 0.5 g/l. Crystallization process was carried out as described in Huettmann et
al., 2015. The phase diagram and the SDS-Page analysis of the process are shown in Figure
2.7. The achieved purity by crystallization of the intermediate I pool was comparable to the
intermediate II pool of the chromatographic process. The crystallization yield was 80 %
whereas the chromatographic intermediate II step yield was 60 %. In both cases the process
times were 15 hours. In this case the crystallization process could replace the intermediate II
step without loss of purity and would have the benefit of a higher step yield at same process
times. Additionally, the cost of goods could be reduced since no chromatographic resin is
needed. The crystallization yield could be further enhanced by selecting a working point with

a higher precipitant concentration.
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5.4.2 Crystallization of process intermediates with loss of the nucleation zone

Impurities can strongly alter the phase diagram and can lead to a loss of the nucleation zone.
Despite the loss of the nucleation zone, crystal growth must not be affected (Bergfors, 2003;
Giuletti et al., 2001; Judge et al., 1998; Vuolanto et al., 2003). In such cases seeding
techniques can close the gap between the loss of the nucleation reaction and crystal growth to
achieve a successful crystallization process.

Seeding is a technique where prior produced crystals (micro-crystals or macro-crystals) are
added to the crystallization batch. At an appropriate degree of supersaturation, the soluble
protein will attach on the surface of the added crystals and crystal growth takes place
(McPherson and Gavira, 2014; Pusey et al., 1986).

The capture pool (pool of the first chromatography step) of the interferon gamma process had
also a protein concentration of < 1.5 g/, hence the same working point as for the
crystallization of the first intermediate pool (pool of the second chromatographic step) was
chosen. The batch crystallization experiment resulted in amorphous precipitate instead of
crystals. In a second attempt, addition of seed micro-crystals resulted in large single 3-
dimensional crystals accompanied by some amorphous precipitates. Micro-crystal seed
solutions were generated by crushing macro-crystals suspended in 31% sodium sulfate
solution with an T25 Ultra Turrax, Ika Werke GmbH & Co KG, Staufen, Germany (1 min,
13500 rpm). The macro-crystal interferon gamma concentration in the solution is 0.1 mg/ml.
The volume of the added micro-crystal seed solution for seeding is 6-8% of the final
crystallization batch volume.

Seeding could replace the lost nucleation reaction resulting in successful crystallization, but

also other solid forms like amorphous precipitates are still present as shown in Figure 2.8.
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Figure 5.8: Microscopic images of crystallization experiments of the capture pool of the interferon gamma
process after 15 hours. Batch process without seeding (left) and with seeding (right)

In case of crystallization of the crude homogenate the same effect was observed. Given that
the concentration in the crude homogenate was below 1 g/l the operating point was chosen at
a sodium sulfate concentration of 30 % resulting in a protein concentration of approximately
0.2 g/l. In this case, more amorphous precipitate was observed and the crystals size was

smaller as shown in Figure 2.9.

Figure 5.9: Microscopic images of batch crystallization of the crude homogenate of the interferon gamma

process. After 15 hours. Batch crystallization without seeding (left) and with seeding (right)

The range of successful seeding was investigated for both process intermediates. In both cases
interferon gamma could be crystallized with the help of seeding in the original crystallization
zone predicted by phase diagrams. Hence, it could be said the phase diagrams of interferon
gamma could predict crystallization conditions not only for pure protein solution, but also for

impure protein solutions. The challenge is that not only crystals occur, but also other
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structures, most likely host cell proteins, which precipitates in the same salt concentration
range where interferon gamma crystallizes, resulting in low purities, when crystal harvest is
performed by centrifugation. The purity could be increased by optimization of the harvest
method resulting in a higher degree of separation of amorphous precipitate and crystals, e.g.,

filtration and sieving techniques.

Investigation of the different solid phases (amorphous precipitates and crystals of different
sizes) was done for the crude homogenate using a working point for crystallization of 31 %
ammonium sulfate and seeding instead of 31% sodium sulfate in 1ml scale. After
crystallization the crystals and precipitates were harvested by centrifugation (20 min, 13.400
rpm), resuspended in 100 pl 31 % ammonium sulfate solution and put as a layer on 1 ml 29 %
sodium sulfate solution in an 1 ml Eppendorf tube. Centrifugation was carried out for 1.5 h at
3000 g using an Eppendorf centrifuge S8 10R with swinging bucket and fractions were slowly
taken from the bottom of the tube using a pipette. It could be shown that the grown crystals
from the crude homogenate had a high purity. The amorphous precipitate and small crystals
are accumulated in the top phases whereas the larger crystals are located in the middle and

bottom phases shown in Figure 2.10.
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Figure 5.10: Microscopic analysis and coomassie blue stained SDS-PAGE analysis (method provided by
Boehringer Ingelheim RCV GmbH & Co KG, details not shown) of the collected fractions after centrifugation.
Lanel: top phase, lane 2-10 intermediate phases, lane 11: bottom phase

5.4.3 Overcome co-precipitation of impurities in crystallization processes

Co-precipitation of impurities during crystallization and how to overcome it is not often
reported. Recrystallization is often used to reduce impurities (Liu et al., 2020, Meenan et al.,
2002, Takakura et al., 2006). This technique may work well if only small amounts of certain
impurities will co-precipitate with the target protein but will not work if the bulk of the
impurities are co-precipitate.

In a first step of development the precipitation dependency of the impurities and the used
crystallization agent should be investigated. In case of the crude homogenate of interferon
gamma the majority of impurities precipitate at lower precipitant concentration as needed for

crystallization. Hence, the precipitant addition was done in two steps, the first step to achieve
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host cell precipitation and the second step to achieve crystallization conditions, as shown in
Figure 2.11. The crystals were harvested by centrifugation and two times washed at a high
precipitant concentration with the same volume as the crystallization batch volume for one
hour under slightly shaking. After each wash step the crystals were harvested again by

centrifugation and the supernatant was discarded.
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Figure 5.11: Schematic process of host cell precipitation followed by crystallization (left). (®): operating point
for host cell precipitation, ( %): operating point for subsequent crystallization of recombinant interferon gamma.
Coomassie blue stained SDS-PAGE analysis (method provided by Boehringer Ingelheim RCV GmbH & Co KG,
details not shown) of the subsequent crystallization.

In case of crystallization of the crude homogenate, the crystallization step yield and also the
achieved purity were above 80 %, which was significant higher compared to the step yield of

the chromatographic capture step of approximately 55 %.

The same procedure was used in case of the crystallization of the capture pool and again high
yields and purities (~95 %) based on coomassie blue stained SDS-PAGE (method provided by
Boehringer Ingelheim RCV GmbH & Co KG, details not shown) could be obtained. The
crystallization step yield is more than twice of the step yield of the first intermediate step of
~40 %, but silver stained SDS-PAGE analysis revealed that the first intermediate step of the
chromatography process achieved a higher purity. The dissolved crystals of the crystallized
capture pool were further purified using the second intermediate column, as in this case the
crystallization process replaces the first intermediate step. The results show that the additional
upper and lower bands of the crystallization process were successfully depleted. The residual
upper band could be also detected in the second intermediate pool (I 2) of the

chromatographic process, even if it is significantly lower. (Figure 2.12).
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Figure 5.12: SDS-PAGE (silver stain) analysis (method provided by Boehringer Ingelheim RCV GmbH & Co
KG, details not shown) of the crystallization process of the capture pool compared with the conventional
process. CP: Capture Pool used for crystallization, C: dissolved crystals after crystallization of the capture pool, I
1: intermediate I pool of conventional process, I 2 cryst.: intermediate II pool generated of dissolved crystals as
load, I 2: intermediate II pool of the conventional pool.

5.4.4 Optimization of pH and temperature

pH and temperature are strongly influenced by the solubility properties of the target protein
and, hence, can alter the phase diagram. In addition, both parameters can also affect crystal
growth behavior (Chayen, 2004; Wanka and Peukert, 2006). Dependency of the solubility of
interferon gamma from temperature and pH are depicted in Figure 2.13. In both cases, the
solubility could be strongly reduced. A reduction of the temperature below 15°C at 25 %
ammonium sulfate decreases the solubility limit of 12.2 g/l at room temperature to below

2 g/1, but crystal growth is prolonged to 48 hours (instead of 5-20 h which was shown by
Huettmann et al., 2015) and grown crystals have an unfavorable shape (needles).

A shift of pH in the basic range as well as in the acidic range also decreases the solubility of
interferon gamma without altering the process time. The crystal shape of a cubic form was
maintained in a pH range above 4.5 and below 9.5. Outside of this range heterogeneous

crystal forms were detected (needles and cubic crystals). Temperature and pH shifts could be
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used to further increase crystallization yields or reduce the needed amount of the used

precipitate. In addition, these parameters can also have an influence on impurities in solution

and can be used to achieve higher purities.
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Figure 5.13: Temperature and pH dependency of the solubility of interferon gamma and the impact of crystal
growth. Lowering of the temperature to 4 °C leads to elongated process times of 48 hours until crystals appear
and alters the crystal habit to small needle crystals. pH values below 4.5 and above 9.5 resulted also in
heterogeneous crystal morphology (needles and cubic crystals)

5.4.5 Control of the degree of supersaturation in the process by fed batch processes

Not only the degree of supersaturation but also the speed of supersaturation development has
a strong impact on crystallization processes. A sudden rise of free energy can lead to
precipitation instead of crystallization (Bergfors, 2003; McPherson, 2004). The use of fed
batch processes instead of batch processes has some advantages like the control of the degree
of supersaturation over time and the possibility to vary the speed of supersaturation
development. This could be used to start at operating points just above the metastable zone to
trigger nucleation followed by crystal growth in the metastable zone. This favors the growth
of large crystals but is usually uneconomical since a lot of protein stays soluble at the end of a
batch process. The adjustment of an appropriate feed rate of the precipitant would prevent the
termination of growth by slowly increasing the precipitant concentration and would drive the
crystallization process through the metastable zone until the solubility limit is rather zero. In
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case of the single chain antibody, the solubility curve has a shallow progression and the
solubility limit below the crystallization area is rather high. Also, the crystal growth is slow
compared with interferon gamma where equilibrium is achieved in some hours. Introduction
of a fed batch process significantly shortened the process times and increased the
crystallization step yield. A batch crystallization process in a 150 ml scale using a stirred
beaker glas as described in Huettmann et al., 2014 was started and terminated after 42 hours
with ~50 % crystallization yield. The precipitant concentration was raised again as a second
batch process and terminated after 24 hours again with ~50 % crystallization yield. In a last
step a fed batch process was started rising the precipitant concentration slowly to 28 %
sodium sulfate in 3.5 hours resulting in a crystallization step yield of nearly 100 % shown in
Figure 2.14. The dilution caused by the fed batch process would result in a final protein

concentration in the supernatant of 1 mg/ml if no crystallization would take place.
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Figure 5.14: Phase diagram of the single chain antibody; adopted from Huettmann et al., 2014 (left) and
crystallization times of batch and fed batch processes. The process times could be shortened significantly and the
crystallization yield enhanced using a fed batch process.

5.5 Integrated Process

Process integration seems to be a powerful tool to combine two or more process steps in one
step by maintaining the advantages of each single step, resulting in an economical process
with enhanced selectivity (Huettmann et al., 2014). Given that in crystallization screens often

high salt concentration and low concentration of polymers or high concentration of polymers
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with low amounts of salts are combined to achieve successful conditions, often phase
separation could be detected. In general, these phase separations are not of interest in the
generation of crystals for X-ray analysis, but in case of industrial crystallization processes,
phase separations are an additional process which has to be controlled (Kee et al., 2020;
Pereira et al. 2020). Phase separations are aqueous two-phase systems (ATPS) and detailed
described in literature. Especially their use to separate biomolecules is important,
biomolecules will either accumulate in the top or in the bottom phase of such systems (Walter
et al., 1972; Igbal et al., 2016; Torres-Acosta et al., 2016). In case of the single chain
antibody, successful crystallization conditions were achieved using high salt concentrations
(sodium sulfate) and low amounts of polyethylene glycol 2000 as additive, resulting in 3-
dimensional crystals and phase separation (Huettmann et al., 2014). The nucleation takes
place in sodium sulfate rich phase or at the border to the polyethylene rich phase, but the
crystal growth takes place in the polyethylene rich phase shown in Figure 2.15. Also, possible
impurities will accumulate in one of the two phases, offering the chance, by adjusting the
optimal ratio of polyethylene glycol and sodium sulfate, to achieve an additional separation of

impurities and crystals.
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Figure 5.15: Accumulated crystals of the scFv in in the polyethylene glycol reach phase (1-3) and release of
them in the surrounding salt rich phase (4); adopted from Huettmann et al., 2014.
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5.6 Consideration for a Scale-up

Preparative crystallization processes are generally developed at small scale to reduce cost of
goods and the limited amount of available product (Chayen, 2004; Filho et al., 2011). The
successful scale up of mixing processes in stirred reactors is based on the similarity of reactor
geometry and on the similarity of shear forces and flow fields. Important mixing parameters
are the solids suspension to achieve the maximum contact area between solid and liquid
phase, and controlled shear stress to avoid crystal breakage and secondary nucleation. Power
input per volume and heat transfer are furthermore important (Kougoulus et al., 2006;
Smejkal et al., 2013; Tait et al., 2009).

Given that it is not possible to keep all influencing forces and flow fields constant at both
scales, only one parameter can be kept constant, the others will vary (Am Ende, 2010;
Kougoulus et al., 2006; Prince and Smith, 2004). Hence a scale up could be either based on a
constant solid suspension (homogeneity of suspension), constant tip speed (maximum shear
stress), constant power input (power of mixing) or constant mixing time. The appropriate
parameter for a scale up of a crystallization process has to be determined experimentally. A
successful scale-up of crystallization processes of both proteins from 1 ml-scale to a stirred

system in 100-200 ml scale were shown in Huettmann et al., 2014 and Huettman et al.,2015.
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6 Discussion

In this work an economical strategy to develop preparative crystallization processes for the
purification of recombinant proteins was investigated. Given that crystallization has some
benefits compared to conventional chromatographic separation techniques, since it combines
unlimited scalability, very high selectivity, and low cost of goods, a general and practical

approach to develop such processes is a high demand of the biopharmaceutical industry.

The different established techniques used to produce suitable crystals for X-ray analysis were
investigated and adopted to meet requirements for development of an industrial crystallization
process. Two recombinant proteins, interferon gamma and a single chain antibody, were
successfully crystallized and crystal morphology was adjusted to achieve moderate 3-
dimensional crystals in microliter scale. It could be demonstrated that the combination of
vapor diffusion technique as initial screen, followed by microbatch technique as adjustment
screen, 1s an appropriate strategy to find reproducible crystallization conditions and crystal
morphology. As a third technique the millibatch method was established. This method closes
the gap of unknown scalability because vapor diffusion and microbatch method are performed
under conditions which are far from stirred tank crystallizations. Both methods are dedicated
by an exorbitant surface volume ratio since they are performed in small droplets of only some
microliters. The main area of the droplet surface is exposed either to air or oil, which is not
the case in large scale. In addition, mechanical stress, which is caused by stirring in the tank,
could not be considered in both methods. The millibatch method can partially mimic the large
scale process since the surface volume ratio is in favor of the large scale process.
Furthermore, millibatch method is carried out in tubes with a more appropriate ratio of height
and diameter (~3:1) than the droplets (~1:1). Mechanical stress was introduced by shaking of
the tubes.

In a following step, phase diagrams with different precipitants were established. Phase
diagrams are crucial for robust crystallization processes since they describe the interactions of
the precipitant and the target protein. In case of interferon gamma three phase diagrams were
generated depicting the undersaturated, metastable, nucleation and precipitation zone. The
advantages and disadvantages of each phase diagram were discussed regarding the size of the
nucleation and metastable zone, progression of the solubility curve and process times. It could
be shown that ammonium phosphate is an inappropriate precipitant since the nucleation zone

is rather small and crystallization time takes two days. In addition, the nucleation zone could
32



only be reached using a high amount of ammonium sulfate, which will lead to high dilutions
of the protein solution resulting in low protein concentrations. In contrast, the use of
ammonium sulfate or sodium sulfate as crystallization agents lead to phase diagrams with
broad nucleation zones and short crystallization times (5 hours). Both precipitants have
advantages, in case of sodium sulfate, a significant metastable zone could be detected in
which optimal growth of large crystals is favored. In case of ammonium sulfate as precipitant,
the dilution factor is reduced and the progression of the solubility curve is rather steep, which
favors high crystallization yields already at moderate protein and precipitant concentration as

shown in Figure 4.1.
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Figure 6.1: Phase diagrams of interferon gamma with ammonium sulfate (left) and sodium sulfate (right). In case
of ammonium sulfate the steep progression of the solubility curve will assure high crystallization yields at
moderate concentrations. In case of sodium sulfate a metastable zone between the solubility limit and the

nucleation zone could be detected where optimal crystal growth can be achieved; adopted from Huettmann et al.,
2015.

Based on the phase diagram different process designs and operating points were selected and
investigated, also in impure solutions. In case of interferon, gamma crystallization could be
performed in crude cell homogenate with support of seeding. Here, the crystallization area
determined with the millibatch method was also confirmed by the seeding processes. A major
challenge in crystallization of impure solutions was identified, the co-precipitation of host cell
proteins. Investigation of the precipitation behavior of the host cell proteins in dependence of
the crystallization agent revealed that the majority of impurities precipitate at lower amounts
of crystallization agent than needed for crystallization conditions. In this case, the
crystallization process was performed in two steps. In a first step, precipitant concentration
was raised to a concentration before the solubility of the target protein was affected. After

clarification of the precipitates the precipitant concentration in the supernatant was raised to
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achieve crystallization conditions. The achieved crystallization yields were significantly
higher than in the conventional interferon gamma process. In case of the crystallization of the
crude homogenate and the second intermediate pool, the achieved purity was comparable or
even higher than in the conventional process. In case of the crystallization of the capture pool,
the achieved purity was lower than in the conventional process but could be compensated by
the following purification step.

The change from batch processes to fed batch processes enabled the control of the degree of
supersaturation as well as the speed to achieve supersaturation during the process. In case of
the crystallization of the single chain antibody, the process time could be dramatically
decreased, and the process was driven through a large metastable zone to a precipitant
concentration where the solubility limit was close to zero.

Amplifying the phase diagrams by varying the pH and temperature show the potential to
lower the needed amount of precipitant and can also alter the solubility properties of
impurities. This can support to separate crystallization conditions of the target protein from
conditions where impurities precipitate. It was also shown that variation of pH and
temperature can alter growth behavior of the target protein and must be carefully checked
regarding process times and crystal morphology.

Process integration was performed in the crystallization process of the single chain antibody.
Due to the high content of sodium sulfate and the presence of polyethylene glycol an aqueous
two-phase system was generated similar to the crystallization process. It could be shown that
nucleation and growth of the scFv takes place in different phases. Nucleation takes place in

the sodium rich phase and crystal growth in the polyethylene glycol rich phase.
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Figure 6.2: Accumulated crystals of the single chain antibody in in the polyethylene glycol reach phase (1-3) and
release of them in the surrounding salt rich phase (4); adopted from Huettman et al., 2014.

Varying of the concentration of sodium sulfate and polyethylene glycol can lead to
accumulation of the soluble protein either in the top or bottom phase. Increasing of the
polyethylene glycol content from 2 % to 9 % leads to a crystallization yield of nearly 100 %.
Given that host cell proteins will also accumulate in the top or in the bottom phase, the
separation of soluble impurities and protein as well as crystals can get further enhanced by

optimal adjustment of the aqueous phase system.

35



7 Conclusion

In this work a general practical approach to develop industrial crystallization processes was to

be generated and in summary it can be said that this was fulfilled:

e A systematical and practical approach to develop industrial crystallization process
from screening of initial crystallization conditions in microliter scale to robust stirred
crystallization processes in a several hundred milliliter scale was demonstrated using

interferon gamma and a single chain antibody as model proteins.

e The importance of the selection of appropriate precipitants regarding crystal habit,
crystallization yield, process time, and robustness was shown in the crystallization of

interferon gamma.

e The key role of phase diagrams for process characterization and process knowledge
was depicted and advantages and disadvantages of generated phase diagrams were
discussed in detail. The reliability of the determined crystallization zone was also
proven in the crystallization of impure solutions. In addition, the benefits and
drawbacks of amplifying the generated phase diagrams by variation of pH and

temperature were presented.

e The power of crystallization as purification step was demonstrated by achieving high
yields and purities after crystallization of real process intermediates. Seeding
technique was used in crystallization processes with loss of the nucleation zone. In
addition, the advantages of fed batch processes compared to batch processes were

shown by significantly shortened process times and enhanced crystallization yields.

e Process integration was identified as a promising tool to further improve the
crystallization processes. Liquid-liquid extraction was integrated in the crystallization
process of a single chain antibody. It was shown that nucleation and growth of crystals
takes place in different phases. Optimal adjustment of the conditions can significantly
increase the crystallization yield and furthermore can enhance separation of impurities

and target protein in the phases.
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ABSTRACT: A simultaneous crystallization and aqueous two-
phase extraction of a single chain antibody was developed,
demonstrating process integration. The process conditions
were designed to form an aqueous two-phase system, and to
favor crystallization, using sodium sulfate and PEG-2000. At
sufficiently high concentrations of PEG, a second phase was
generated in which the protein crystallization occurred
simultaneously. The single chain antibody crystals were
partitioned to the top, polyethylene glycol-rich phase. The
crystal nucleation took place in the sodium sulfate-rich phase
and at the phase boundary, whereas crystal growth was
progressing mainly in the polyethylene glycol-rich phase. The
crystals in the polyethylene glycol-rich phase grew to a size of
>50 pwm. Additionally, polyethylene glycol acted as an anti-
solvent, thus, it influenced the crystallization yield. A phase
diagram with an undersaturation zone, crystallization area,
and amorphous precipitation zone was established. Only
small differences in polyethylene glycol concentration caused
significant shifts of the crystallization yield. An increase of the
polyethylene glycol content from 2% (w/v) to 4% (w/v)
increased the yield from approximately 63—87%, respectively.
Our results show that crystallization in aqueous two-phase
systems is an opportunity to foster process integration.
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Introduction

Bulk crystallization and aqueous two-phase extraction can be
integrated into a single process, and may be an alternative for
the purification of therapeutic proteins, such as single chain
antibodies. Small molecule pharmaceuticals and industrial
enzymes are routinely purified by crystallization (Myerson
and Toyokura, 1990), but the purification of biopharma-
ceuticals is rarely applied on the industrial scale, with the
exception of a few well-known examples, such as insulin.

Indeed, the crystallization of proteins has gained a reputation
for being an exacting and difficult task (McPherson, 1990). This
is due, in part, to the many solution parameters that must be
taken into account, such as pH, temperature, buffer type and
concentration, effects of different precipitants, and effects of
impurities (Lorber et al., 1993; McPherson, 1999). Some
examples for bulk crystallization or crystallization of proteins
from impure solutions are the crystallizations of lipase
(Jacobsen et al., 1997; Lee et al., 2000), lysozyme (Judge
etal., 1998; Lorber et al., 1993), ovalbumin (Judge et al., 1995),
L-methionine vy-lyase (Takakura et al., 2006), an aprotinin
variant (Peters et al., 2004), and an intact monoclonal I1gG,
(Zang et al., 2011).

Protein crystals are also stable (Shenoy et al., 2001), and,
therefore, an excellent intermediate form for storage.
Crystallization also represents an alternative formulation
(Basu et al., 2004; Govardhan et al, 2005) to costly
lyophilization procedures (Webb et al., 2002). Optimized
bulk crystallization can provide high yield and purity,
considerable volume reduction, short process times, nearly
unlimited scalability, and low cost of goods, due to
inexpensive chemicals (Etzel, 2006). Some proposals for a
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general approach to generate a bulk crystallization process
have been described (Lee et al., 2000; Schmidt et al., 2004;
Zang et al., 2011).

Liquid-liquid extraction, using an aqueous two-phase
system in particular, is also an effective, alternative purification
technique to chromatography (Azevedo et al., 2009; Rosa
et al,, 2010). Two-phase systems occur when two polymers,
one polymer, and one kosmotropic salt, or two salts, one
chaotropic salt and one kosmotropic salt, are mixed together at
appropriate concentrations or at a particular temperature. The
two-phases are mostly composed of water (60-80%), and the
formation of the distinct phases is affected by pH, temperature,
and ionic strength.

Aqueous two-phase systems provide mild conditions, which
are more appropriate to partitioning biomolecules than
conventional water-organic solvent systems (Philipson et al.,
1960; Walter et al., 1972). The interfacial tension between both
phases is much lower than in the water-organic solvent
systems, hence, the integrity of the molecules and their special
activity is maintained (Kim and Rha, 2000a,b; Wu et al., 1996).
Since these phase components are inert towards biological
materials, they can easily be employed to partition biomole-
cules. The partitioning coefficient (K) is a characteristic used to
evaluate the partitioning of the protein in the phases.

The basis of partitioning depends upon surface properties of
the particles and molecules, which include size, charge, and
hydrophobicity (Walter and Johansson, 1994). The small
droplets, which are generated in a stirred-phase system, also
produce short distances and large surface areas, facilitating
mass transfer of biomolecules. The most salient feature of the
two-phase system 1is its high water content, which, when
complemented with suitable buffers and salts, provides a
suitable milieu for biological materials, and can easily be scaled-
up (Cascone et al., 1991; Kroner et al., 1982; Veide et al., 1983)
to produce high yields (Fauquex et al., 1985; Kula et al., 1981).

Here, we have investigated a combined extraction and
crystallization process of a single chain antibody. The aqueous
two-phase system was generated using polyethylene glycol as
an additive to improve crystal shape in a salt-induced
crystallization process. This process consisted of crystallization
with concurrent extraction. The dissolved protein was first
partitioned into the separated phases at a distinct ratio, then,
during the crystallization, when the protein undergoes a state-
change from liquid to solid, partitioning in the single phases
changed. The results from this study show how an integrated
process of crystallization and aqueous two-phase extraction
can be implemented and optimized to produce greater purity
and yield of protein crystals, appropriate for industrial uses.

Materials and Methods

All methods were carried out at room temperature.

Reagents

Polyethylene glycol was purchased from MERCK-Schu-
chardt, Hohenbrunn, Germany. Sodium sulfate (anhydrous),

ammonium acetate, sodium chloride, sodium acetate tri-
hydrate, and HEPES were purchased from Merck KGaA,
Darmstadt, Germany. The single chain antibody was
provided by Boehringer Ingelheim RCV GmbH & Co KG.
Water was purified using a euRO 20 DI reverse osmosis
system, obtained from SG Water, Barsbiittel, Germany.

Determination of the Binodal Curve and Tie-Lines

Determination of the binodal curve was carried out using the
cloud point method. Five tubes of different PEG concen-
trations (10, 20, 30, 40, and 50% (w/w)) and five tubes of
different sodium sulfate concentrations (25, 22.5, 20, 18, 16%
(w/w)) were prepared. The tubes containing PEG were
titrated with a 27.8% (w/w) sodium sulfate solution and the
tubes containing sodium sulfate with a 46% (w/w) PEG
solution until the appearance of turbidity. After clouding,
water was added until turbidity disappeared. The amount of
added solutions and water was gravimetrically determined.
The associated concentrations of PEG and sodium sulfate at
these points were calculated and plotted.

Each tie line could be divided in two segments: one
segment is the distance between the point on the binodal
curve depicting the composition of the top phase (T) and the
point depicting the total composition of the immiscible
solution (A), and the other segment is the distance between
point A and the point on the binodal curve depicting the
composition of the bottom phase (B). The ratio of segments
was calculated, as follows:

Vo, AB

o (1)

Vo, AT

where Vand p are the volume and the density of the top (t) or
bottom (b) phase. The density was measured using a density
meter, DMA 4500, from Anton Paar (Graz, Austria). The
phase volumes were visually determined using the scale of the
plastic tubes. Knowing the total compositions of the solutions
and the associated ratios of segments, the tie-lines were
graphically determined.

To verify the compositions of the top and bottom phases,
the PEG concentration of the top phase and the salt
concentration of the bottom phase were measured, respec-
tively. The PEG-2000 concentrations were measured using a
programmable DV-II 4 viscosimeter from Brookfield (Stutt-
gart, Germany), and the sodium sulfate concentrations were
measured by conductivity, using an inoLab pH/Cond 720
from WTW (Weilheim, Germany). The associated compo-
sitions of sodium sulfate and PEG-2000 in the poor phases
could be calculated with the following equation:

Voo _ KXo —Xo
Voo, Xo— X

(2)

where X denotes the concentration of the particular
component in the phases (t:top, b: bottom) or in the total
system (0).
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Determination of the Crystallization Phase Diagram

A protein stock solution (40 g/L) was mixed with different
amounts of a precipitant stock solution containing 33.6% (w/v)
sodium sulfate, 0.09M ammonium sulfate, and 0.1M
HEPES pH 7.0, 50% (w/v) PEG-2000 and distilled water in
1.5mL Eppendorf tubes. The PEG-2000 concentration was
held constant in all trials at 2% (w/v). Twenty 1 mL batches with
different protein and precipitant concentrations were prepared
as initial conditions. The batches were incubated at room
temperature with gentle mixing for 20h. After incubation,
samples were investigated for crystals, precipitates, or other
structures by light microscopy. The batches were centrifuged
using a Minispin Eppendorf centrifuge (20 min; 13,400 rpm),
filtered (0.22 um), and protein concentrations in the filtrates
were measured by UV spectroscopy at 280 nm using a Power
Wave HT plate reader from Bio-Tek (Bad Friedrichshall,
Germany).

Next, precipitant stock solution and PEG-2000 was used to
raise the concentration of the precipitant in the filtrates, and
the new batches were incubated and analyzed in the same
manner as the prior batches. This procedure was carried out
three to four times. Protein concentrations in the initial
batches and in the filtrates were plotted against the associated
precipitant concentrations. In this way, a two dimensional
graph was generated, depicting solubility, crystallization, and
precipitation area of the protein in relation to the precipitant
concentration.

Partitioning of a Single Chain Antibody

Two sets of experiments with total compositions above the
binodal curve were performed in the same manner as
described in the section about the determination of the
binodal curves, using similar solutions of the determination
of the phase diagram. The produced solutions were weighed,
incubated for half an hour, and centrifuged at 1,000¢ for
30 min, using an Eppendorf centrifuge 58 10R with a swinging
bucket of the type A-4-6-2. The protein concentrations in
both phases were spectrometrically measured. The partition
coefficient K was calculated with the following equation:

K = Pt (3)
CPb

where cp is the protein concentration in the top phase (t) or
bottom (b) phase. The natural logarithms of the different
partition coefficients were plotted against the differences of
PEG-2000 and sodium sulfate contents between the phases.
The contents of these components were calculated, as follows:

) =af "

W. \4

where X is the amount of phase-forming components in
percent of weight per weight (w/w) or percent of weight per
volume (w/v), and p is the density of the solution. Here, p is
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calculated by dividing the weight of the solution by the
respective volume, which was 10 mL in all experiments. The
partition ratio G, which is the ratio of the whole amount of
protein in the phases, is defined by:

Vi
G=K— 5
" )

with V being the volume of the top phase (t) and bottom (b)
phase.

Results and Discussion

Crystallization Phase Diagrams

Developing an industrial crystallization process requires
crystals of moderate size and uniformity. Therefore, fragile,
needle crystals or thin plates are undesired because they tend
to break at increased shear stress, which is generated in stirred-
tank reactors, and leads to heterogeneity in size. Furthermore,
a large nucleation zone is desired, with sufficient distance to
unfavorable zones, such as the precipitation area.

Another important factor for crystallization is the solubility
curve slope, which indicates the end of the crystallization
process, and thus, appoints the crystallization yield. Solubility
curves with a steep slope are favorable because it allows a high
yield at the beginning of the crystallization zone. Crystalliza-
tion conditions of a single chain antibody were found using
sodium sulfate as precipitant, resulting in thin needle crystals.
Addition of small amounts of PEG-2000 led to a more
appropriate shape of the crystals, which changed from needles
to a more compact, bipyramidal form, shown in Figure 1.
Theoretically the partition coefficient would further increase
with increasing molecular mass of PEG with the risk of
reduction of solubility and further increase of viscosity.
Therefore we refrained from further screening of larger PEG
molecules.

A phase diagram was generated to get information about the
crystallization area. The single chain antibody was crystallized
with sodium sulfate as precipitant, and PEG-2000 as additive.

Figure 1. Single chain antibody, crystallized without (left) and with PEG-2000
(right). Crystallization without PEG-2000 resulted in small, thin needles. Crystallization
with PEG-2000 resulted in three dimensional, medium-sized crystals.
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Figure 2. Phase diagram of the single chain antibody and sodium sulfate with 2%
(w/v) PEG-2000 as additive. The solubility curve was fitted using a polynomial
regression. The protein is soluble to the left of the solubility curve. On the right side of
the solubility curve, a sufficient, large crystallization area is depicted. The unfavorable
precipitation zone is marked in gray.

Figure 2 shows the deduced phase diagram with the solubility
curve, the crystallization area, and the zonal border between
the crystallization area and precipitation zone. The protein
could be crystallized at sodium sulfate concentrations in the
range between 19.5% (w/v) to 24.5% (w/v); hence, the
crystallization area was large and appropriate to develop
preparative crystallization processes. At sodium sulfate
concentrations above 24.5% (w/v), the crystal quality
decreased. Crystals at these high salt concentrations were
characterized by blurred edges and large, thin agglomerates,
furthermore amorphous precipitates were observed.

The solubility curve in this case is flat, and plateaus at
values of 1 g/L at the end of the crystallization area. In order to
achieve high crystallization yield, the starting protein
concentration must be sufficiently high. Crystallization has
to be accomplished at salt concentrations above 22% (w/v)
and below 24% (w/v) to achieve phase transition, without
inducing precipitation.

Determination of the Binodal Curve and Tie-Lines

The generated, binodal curve had a steep slope at high
polymer concentrations, which flattens with increasing salt
concentrations. Hence, as expected, the binodal curve has a
concave pattern.

The highest, miscible salt concentration at high polymer
concentration was determined at 1.28% (w/w) sodium sulfate
and 45.5% (w/w) PEG-2000. The highest miscible polymer

concentration at high salt concentration was determined at
0.092% (w/w) PEG-2000 and 16.94% (w/w) sodium sulfate.
Therefore, mixing PEG-2000 with sodium sulfate at
compositions above the binodal curve resulted in PEG-
2000-rich phases, with salt concentrations equal or above
1.28% (w/w) sodium sulfate, whereas the PEG-2000
concentration in salt-rich phases could be easily depleted
below 1% (w/w).

Tie-lines are commonly parallel; however, here, the tie-
lines are not completely parallel. This effect may have been
caused, on the one hand, by the inaccuracy of the cloud point
method, which was used to determine the binodal curve
(primarily in regions with high PEG-2000 or sodium sulfate
content), and, on the other hand, by small changes in
temperature or differences in the molecular weight distribu-
tion of PEG-2000 by which tie-lines close to the critical point
could be strong influenced.

The calculated PEG-2000 contents, based on viscosity
measurements, in the top phases were higher, as expected,
than the graphically determined tie-lines. The determination
of higher PEG-2000 concentrations resulted in higher
inaccuracies, due to the exponential devolution of the
calibration curve. Figure 3 shows the binodal curve and tie-
lines. The differences of the graphically determined and
measured contents of PEG-2000 and sodium sulfate are
shown in Table I.

Partitioning of the Solved Single Chain Antibody

The natural logarithms of the partition coefficients were
plotted as a function of the differences between the sodium
sulfate concentrations of the phases (Fig. 4B). The dissolved
single chain antibody was enriched in the bottom phase at a
critical concentration difference of sodium sulfate between
the phases. Increasing the sodium sulfate concentration in the
trials with constant PEG-2000 concentrations, the partition
of the single chain antibody shifted in favor to the top phase.

w
o
L

N
o

Reec-2000 [% (WAW)]

-
o

Ruiazsos [% (Wiw)]

Figure 3. Equilibrium diagram of PEG-2000 and sodium sulfate at room
temperature.

2195

Huettmann et al.: Crystallization in Aqueous Two-Phase System

Biotechnology and Bioengineering



Table I. Graphically determined composition of PEG-2000 and sodium
sulfate in top and bottom phases.

PEG-2000 PEG-2000 Na,SO4 Na,SO4
Total top phase top phase  bottom phase bottom phase
composition (graphically (determined (graphically (determined by
PEG/Na,SO, determined) by viscosity) determined)  conductivity)
[% (wiw)] [% (wiw)]  [% (wiw)] [% (w/w)] [% (w/w)]
20/10 37.5 39.7 18.9 18.9
20/8 33 38.5 16.9 16
15/10 31.7 35.2 16.5 15.7
15/8 25.4 29.3 13.5 13.5
12/8 21.5 222 10.8 9.3

At sodium sulfate concentration differences above the
critical concentration difference, the single chain antibody
enriched in the top phase. Hence, crystallization at different
sodium sulfate concentration influenced the partition of the
solved single chain antibody in the phases, and could be used
to separate the single chain antibody from other impurities
like host cell proteins and DNA by only adjusting the sodium
sulfate concentration. If most of the impurities accumulate in
the bottom phase, it is advisable to increase the sodium

sodium sulfate content: 14 % (Wiv)

In (K)
N

0 .\./%/1
30 32 34 36 38 40 42 44
PEG-2000 concentration difference [% (wiwj]

PEG-2000 content: 2 % (W/v)
04

02 1 /
0

0.2 1
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0.4 A

0.6 1

0.8 1
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dium sulfate ation diff [% (Ww/w)]

Figure 4. Partitioning coefficient of the single chain antibody as a function of
differences in (A) PEG-2000 and (B) sodium sulfate concentrations between the
phases. The dotted line depicts the state in which the target protein concentration of
both phases is the same.

sulfate concentration to enrich the single chain antibody in
the top phase; whereas, if most of the impurities accumulate
in the top phase, the sodium sulfate concentration could be
lowered to enrich the single chain antibody in the bottom
phase.

It is also possible to influence the partitioning of the single
chain antibody in the phases by controlling the PEG-2000
concentration. At a critical PEG-2000 concentration differ-
ence of approximately 36.8% (w/w), the single chain antibody
was enriched in the bottom phase; whereas, concentration
differences above the critical concentration difference resulted
in higher concentrations of the single chain antibody in the
top phase. The devolution of the partitioning coefficient
against the PEG-2000 concentration differences is flat for
concentration differences at 34.5% (w/w), but becomes
steeper with increasing PEG-2000 concentration difference
between the phases.

At a concentration difference of 42.9% (w/w), the whole
amount of protein was in the top phase. Therefore,
controlling the PEG-2000 concentration is a strong tool to
influence the partitioning of the single chain antibody in the
phases. Figure 4A shows the results of the single chain
antibody partitioning at different PEG-2000 concentration
differences between the phases. At higher values the whole
amount of protein is accumulated in the top phase.

The different partitions of a solute in ATPS are character-
ized by the partition ratio, or G value. Since the phase volumes
could be very different, the partition ratio is important to
calculate the mass balance of the single chain antibody. G
values achieved by varying the sodium sulfate concentration at
a constant PEG-2000 content are shown in Table II, and G
values achieved by varying the PEG-2000 concentration at a
defined sodium sulfate concentration are shown in Table III.

The G values achieved by varying the sodium sulfate
concentration are very low compared with the values
achieved by varying the PEG-2000 concentration. Only a
little amount of PEG-2000 (2% (w/v)) and large amounts of
sodium sulfate, in the range of 21-26% (w/v), are used in
these batches, hence, the top phase volumes are only
approximately 0.5 mL, whereas the bottom phase volumes
are 9.5mL. Although the partitioning coefficient achieved
values above 1, the partition ratio remained below 0.1.
Therefore, the majority of the single chain antibody (>90%)

Table Il. Overview of partition coefficients and ratios, according to
sodium sulfate concentration difference.

Sodium sulfate  Total amount

concentration of sodium Natural
difference sulfate Partition Partition logarithm
[% (w/w)] [% (w/v)] ratio G coefficient K of K
22.13 26 0.079 1.3 0.261
20.8 25 0.057 0.99 —0.015
20.15 24 0.040 0.83 —0.192
19.45 23 0.036 0.65 —0.432
18.1 22 0.029 0.61 —0.500
17.3 21 0.029 0.54 —0.611
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Table Ill. Overview of partition coefficients and ratios according to
PEG-2000 concentration difference.

PEG-2000

concentration  total amount natural
difference of PEG-2000  partition partition logarithm
[% (w/w)] [% (w/v)] ratio G coefficient K of K
42.92 20 — — —
40.82 18 8.519 10 2.303
37.42 16 1.146 1.46 0.37
36.52 14 0.616 0.92 —0.079
34.52 12 0.380 0.71 —0.359
32.62 10 0.251 0.59 —0.534
31.55 9 0.255 0.66 —0.422

remained in the bottom phase, independent of the sodium
sulfate content.

The variation of PEG-2000 in the batches at constant
sodium sulfate concentration (14% (w/v)) caused differing the
partition ratios over a wide range. At a PEG-2000 concentra-
tion difference of approximately 37% (w/w), the single chain
antibody accumulated in the bottom phase, whereas, at higher
concentration differences, the single chain antibody accumu-
lated in the top phase. At very high PEG-2000 concentration
differences (>42% (w/w)), the whole amount of the single
chain antibody was in the top phase. The amount of the single
chain antibody in the bottom phase could be enriched to

approximately 80% by lowering the PEG-2000 concentration
caused a corresponding concentration difference between the
phases in the range of 31.6 onto 32.6% (w/w). Therefore,
controlling the content ratios of sodium sulfate and PEG-2000
could be used to enrich either the concentration of the single
chain antibody or the total amount of the single chain
antibody in a distinct phase.

Crystallization of the Single Chain Antibody in an
Aqueous Two-Phase System

Based on the crystallization phase diagram of the single chain
antibody (Fig. 2), further investigation of the single chain
antibody crystallization in aqueous two-phase systems was
done. Only experiments using sodium sulfate, as opposed to
PEG-2000, as precipitant, without additives, resulted in crystals.
Hence, it was assumed that, in crystallization experiments using
an aqueous two-phase system, nucleation takes place in the
sodium sulfate-rich, bottom phase. However, each time crystals
appeared, they accumulated in the PEG-2000-rich phase.
Therefore, crystal growth must primarily take place in the top
phase, with lower single chain antibody concentration
(Table II).

The nucleation of the single chain antibody causes a
concentration decrease of the solved single chain antibody in
the sodium sulfate rich phase, whereas the crystal growth
causes a concentration decrease of the dissolved single chain

Figure 5. Accumulated crystals in a PEG-2000-rich droplet, and release of them into the surrounding sodium sulfate-rich phase (1-4).
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Figure 6. Influence of PEG-2000 concentration on crystallization yield in the top
phase.

antibody in the PEG-2000 rich phase. Hence, an imbalance of
the protein partition equilibrium in the phases occurs for
which it must be compensated by mass transfer of the single
chain antibody from one phase to the other, according to the
partition coefficient. In the following, and due to a stirred
system, large droplets of the PEG-2000-rich phase, packed
full of crystals, were generated.

The dense packaging of crystals in the PEG-2000-rich
phase resulted in high crystal agglomerates, which are grown
together. The enlargement of the droplets, caused by crystal
growth and the accumulation of crystals, resulted in a more
energetically unfavorable state of the droplets, and addition-
ally increased their sensitivity to shear forces. Therefore, the
droplets tended to burst, releasing the crystals into the
circumfluent sodium sulfate-rich phase, shown in Figure 5.

The property of the crystals that accumulate in the PEG-
2000-rich top phase offers an option to harvest the crystals.
At the end of the crystallization, the stirrer is stopped, and

after phase separation, the large bottom phase, containing no
crystals, is drained. Then, the small, crystal-rich, top phase
can easily be filtered.

Influence of PEG-2000 on Crystallization Yield

PEG-2000 acts simultaneously as inducer for the extraction
process and former of crystal shape, but also as anti-solvent.
Therefore, with increasing content of PEG-2000, the
solubility of the protein will decrease. Experiments were
carried out with 22% (w/v) sodium sulfate and a total protein
concentration of 3 g/L. The PEG-2000 concentration was in
the range of 0-9% (w/v).

Figure 6 shows yield of the crystallization process after
15 hours, depending on the PEG-2000 content in the batches.
Crystallization yield increases with increasing content of PEG-
2000. At a PEG-2000 content of 9% (w/v), no more protein
could be detected in the supernatant; hence, the crystallization
yield was nearly 100%. However, the quality of crystal shape
declined with increasing PEG-2000 concentration, repre-
sented by decreased crystal sizes and blurred edges. Therefore,
an increase of PEG-2000 has a direct influence on the
crystallization phase diagram, and achieves high crystalliza-
tion yields, even at low sodium sulfate concentrations.

Scale-Up

A scale-up experiment was carried out to proof the accuracy
and appropriation of bulk crystallization in an aqueous two-
phase system. About 27.5mL of protein stock solution
(c=40g/L) was added to a mixture of 147 mL precipitant
stock solution, containing 33.6% (w/v) sodium sulfate,
0.09M ammonium sulfate, 0.1 M HEPES, pH 7.0, 8.8 mL
stock solution of 50% (w/v) PEG-2000, and 36.7 mL
deionized water in a 250 mL glass beaker. The total volume
was 220 mL, the protein concentration in the batch was 5 g/L,
the sodium sulfate concentration was 22.5% (w/v), and the

Figure 1. Bulk crystallization in an aqueous two-phase system, stirred (left) and unstirred (right), with phase separation.
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PEG-2000 concentration was 2% (w/v). The stirrer speed was
200 rpm.

Figure 7 shows the stirred crystal suspension after 20 h.
The white flocks are the droplets of the PEG-2000-rich phase,
densely packed with crystals. In the upper region of the
beaker, the stirring was not sufficient, thus, crystals could be
adsorbed at the glass wall. If stirring was stopped, the two-
phases dispersed, and the crystals accumulated in the small
top phase, exception the crystals, which were adsorbed at the
glass wall.

Conclusion

This study demonstrates that it is possible to generate a
process where a sufficient concentration of PEG-2000 in salt
induces protein crystallization, and causes an extraction
process, which takes place simultaneously. This additional
extraction process offers new possibilities to increase the
efficiency and economy of crystallization processes, and is an
opportunity for process integration.

The content of PEG-2000 has an effect on crystallization
yield, since it also acts as anti-solvent. Higher PEG-2000
content in the crystallization batches strongly increased
crystallization yields. The ability of the crystals to accumulate
in the top phase facilitates the crystal harvest, since the top
phase is much smaller than the bottom phase. Therefore, in a
first step, the bottom phase could be drained very quickly
without filtration, and in a second step, only the small top
phase has to be filtrated. Based on these facts, it should be
possible to develop a process, comprising conditions, which
enables nucleation in a phase of higher purity, followed by
shifting the PEG-2000 or sodium sulfate content to
conditions, which favor higher purity in the phase where
crystal growth takes place.

We conclude that this process has a high potential, and that
combined extraction and crystallization processes can be
effective protein purification tools in downstream operations.
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e Phase diagrams are the key factor to design robust crystallization processes for industrial applications.

¢ Homogeneous nucleation is the driving force of the crystallization of rhINF-y.

e Formation of uniform crystals takes place by Ostwald ripening instead of growth out of the liquid phase.
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Phase diagrams and solubility curves for engineering of crystallization for interferon gamma have been
developed by small scale precipitation and crystallization experiments. A scale up was carried out to
proof the accuracy and the suitability of the created phase diagram with sodium sulfate for bulk
crystallization. To provide nucleation and a high yield the operating point was chosen at a protein
concentration of 6 mg/mL and a sodium sulfate concentration of 25% [w/v]. Crystallization was
completed within 5 h with a yield of > 95%. The double logarithmic plot of crystallized fraction versus
time yielded in an overall kinetic crystallization constant of 5.79 x 10~2 min~'. Regular cubic crystals
can be observed which contradicts the low Avrami coefficient. The Avrami coefficient of 1 is interpreted
that nucleation takes place throughout the entire crystallization process and larger crystals are formed
by Ostwald ripening instead of growth out of the liquid phase. The established process with its
conditions is suited for industrial protein crystallization.
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1. Introduction

Phase diagrams and solubility curves are the basis for engineering
of crystallization processes. Batch crystallization has the potential to
become an efficient recovery and concentration process in manufac-
turing of biopharmaceuticals (Przybycien et al., 2004). Development of
crystallization conditions for a protein suitable for bioprocessing is still
difficult and requires knowledge about the thermodynamic properties

Abbreviations: rhINF-y, recombinant human Interferon gamma; PEG 4000,
Polyethylene glycol 4000; HCP, host cell proteins; HTP-techniques, high through-
put techniques; UVyg, ultraviolet light with a wavelength of 280 nm
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of the protein solution. Crystals should be formed in a reasonable time
less than 24 h, relatively pure and with a size, shape and mechanical
strength that they can be easily separated from the mother liquid. This
is different to the search of crystallization conditions for structural
biology purposes. The high demand in crystallization conditions suited
for bioprocessing may have discouraged a lot of engineers to apply
batch crystallization as a recovery process. For the structural biology
applications these criteria except crystal size and purity are not
important. High throughput techniques (HTP-techniques) for crystal-
lization became a powerful tool for finding optimal conditions
(Joachimiak, 2009). Such techniques provide crystallization conditions,
but do not provide phase diagrams, which are important to optimize
and engineer crystallization conditions.

Crystals for structure analysis differ from those for bulk crystal-
lization. For structure analysis large single crystals without grid
irregularities and high packing quality, which diffract highly, are
required, but no phase diagrams and induction kinetics. All kinds of
chemicals and additives can be used for generating crystals and


http://dx.doi.org/10.1016/j.ces.2014.12.018
http://dx.doi.org/10.1016/j.ces.2014.12.018
http://dx.doi.org/10.1016/j.ces.2014.12.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.12.018&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.12.018&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2014.12.018&domain=pdf
mailto:hhuettman@gmx.de
mailto:susanne.zich@boku.ac.at
mailto:matthias.berkemeyer@boehringer-ingelheim.com
mailto:wolfgang.buchinger@boehringer-ingelheim.com
mailto:alois.jungbauer@boku.ac.at
http://dx.doi.org/10.1016/j.ces.2014.12.018

342 H. Huettmann et al. /| Chemical Engineering Science 126 (2015) 341-348

optimizing their structure (Mueller et al., 2007; Peters et al., 2005).
Excipient, costs, yield and scalability are not relevant and growth
kinetics could take months. A method published for successful
crystallization of rhINF-y for structure analysis lasts one week and
additionally a harmful additive, benzamidine, a serin proteinase
inhibitor, had to be used (Landar et al., 2000). For bulk crystallization
the objectives of the process are different. Precipitants must be
inexpensive, the compounds should be of pharmaceutical grade, the
growth kinetics should be fast, within several hours, the crystal-
lization yield must be high and the protein must not lose its potency
after crystals are redissolved (Jacobsen et al., 1997). Crystal grid
irregularities and a large single crystal shape are not as important as
purity and scalability of the process (Peters et al., 2005). For that
reason the crystallization time, solubility and precipitation range of
the target protein is important, when implementing it into a
purification process, e.g. as a purification or formulation step. But
complete phase diagrams for prediction of crystallization are rarely
available. A general strategy to implement protein crystallization
into a purification process was proposed as follows (Lee et al., 2000;
Schmidt et al., 2004): (a) screening for appropriated crystallization
conditions with vapor diffusion techniques and pure protein (pur-
ity > 95%), (b) optimization of the conditions (addition of additives,
exchange of buffers, etc.), (c) generating a phase diagram of protein
and precipitant concentration with microbatch method,
(d) amplifying of the phase diagram with other parameters like
temperature and pH, (e) fitting of the phase diagram range with or
without the help of seeding for contaminated protein solutions and
(f) finally scale up to pilot or large scale process. The number of such
implemented processes is rare (Przybycien, 1998). Only a few reports
have been published so far about bulk protein crystallization
(Hekmat et al., 2007). Some examples for that or crystallization of
protein from impure solutions are the crystallization of lipase
(Jacobsen et al., 1998), lysozyme (Lorber et al., 1993; Judge et al.,
1998), ovalbumin (Judge et al., 1995), .-methionine y-lyase (Takakura
et al, 2006), insulin (Schlichtkrull, 1956) and an aprotinin variant
(Peters et al., 2005). We present a systematic approach to establish a
crystallization step of a biopharmaceutical relevant protein, recom-
binant Interferon gamma (rhINF-y) as a purification step. The
human interferon gamma is a cytokine produced by activated
T-cells and natural killer cells. The active form is a 45 kDa hetero-
dimer, which contains a 20kDa and a 25kDa glycopeptide. It
exhibits pleiotropic biological activities (Dijkmans and Billiau,
1988) and is particularly used in clinics for treatment of visceral
leichmaniasis and chronic granulomatous.

In order to evaluate precipitants to be adequate for preparative
batch crystallization solubility curves of rhINF-y were determined
to find the point in time, when the solubility reach the equilibrium
and how this can affect the establishment of the phase diagram
and further the protein crystallization. The obtained phase dia-
grams with different precipitants will be compared and discussed.
Based on the generated phase diagrams, a favorable operating
point for batch crystallization was selected and the crystallization
was performed as 150 mL batch crystallization.

2. Materials and methods
2.1. rhINF-y

rhINF-y was produced in Escherichia coli (not glycosylated) and
obtained from the pilot plant at Boehringer Ingelheim RCV GmbH
& Co KG, Vienna, Austria.

2.2. Chemicals

Acetic acid, ammonium acetate, ammonium phosphate dibasic,
hydrochloric acid, Polyethylenglycol 4000, sodium acetate tri-hydrate,

sodium chloride, sodium hydroxide and sodium sulfate were pur-
chased by Merck KGaA, Darmstadt, Germany. Ammonium sulfate was
obtained from Mallinckrodt Baker Inc., New Jersey, USA.

2.3. Generating of protein stock solutions by ultra-and diafiltration

Ultra- and diafiltration of rhINF-y was performed using Amicon
Ultra-15 Centrifugal Filter Units with Ultracel-3 membranes from
Millipore GmbH, Vienna, Austria. Ultrafiltration was performed by
centrifuging the filter units several times at 5000 rcf for 10 min
(Centrifuge 5810R from Eppendorf AG, Hamburg, Germany) until a
protein concentration of approximately 40 mg/mL was achieved.
Diafiltration was performed by adding the same volume of
diafiltration buffer (0.1 M ammonium acetate pH: 6.0), followed
by a twofold concentration. This procedure was repeated
seven times.

2.4. Buffer preparation

All buffers were prepared with water deionised and purified
using an ultra-pure water system (SG Water, Barsbiittel, Germany)
or a Millipore Milli-Q system (Millipore Corp., Bedford, MA, USA).
The pH of these buffers was adjusted with hydrochloric acid,
sodium hydroxide or acetic acid.

2.5. Determination of protein concentration

Protein concentration was determined by UV absorption at a
wavelength of 280 nm using a Genios Pro TM UV plate reader from
Tecan Crailsheim, Germany. An extinction coefficient 415 of 0.75
for rhINF-y was used for calculation of the protein concentration.

2.6. Determination of solubility curves

A constant volume of rhINF-y stock solution with a concentra-
tion of 40 g/L was mixed in 1.5 mL tubes (Eppendorf tube,
Eppendorf, Hamburg, Germany) with different volumes of the
adequate precipitant stock solution (40% [w/v] PEG 4000, 30%
[w/v] sodium chloride, 30% [w/v] di-ammonium hydrogen phos-
phate, 50% ammonium sulfate, 37.5% [w/v] sodium sulfate) result-
ing in different salt and protein concentrations. After mixing, the
solutions were incubated for 1-4 days using an end over end mixer
(Stuart SB 3 Blood Tube Rotator Mixer, Bibby Scientific Limited,
Stone, Staffordshire, UK) with 20rpm at room temperature.
Formed precipitates were separated by centrifugation of the
samples at 16,110g at 25 °C for 30 min (Centrifuge 5415R, Eppen-
dorf AG, Hamburg, Germany). The supernatant was removed and
protein concentration measured by UV,go. The initial and obtained
protein concentrations were plotted against the belonging salt
concentrations to get the solubility curves.

2.7. Determination of phase diagrams

The protein stock solution was mixed with different amounts of
the precipitant stock solution and distilled water respectively in
1.5 mL tubes (Eppendorf tube, Eppendorf, Hamburg, Germany) to
get the desired protein and precipitant concentrations. 1 mL batches
with different protein and precipitant concentrations were generated
as initial conditions. The batches were incubated at room tempera-
ture with gently mixing (Assistent 348 Roller, Karl Hecht GmbH & Co
KG, Sondheim, Germany) for 20 h, in case of using di-ammonium
hydrogen phosphate as precipitant for 4 days. After incubation
samples are investigated for crystals, precipitates or other structures
by light microscopy (Labovert FS microscope, Leitz, IL, USA). The
batches are centrifuged (20 min; 13,400 rpm; MiniSpin centrifuge,
Eppendorf AG, Hamburg, Germany), filtrated (0.22 um) and measured
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by UVyg0. The filtered supernatant was used again and the precipitant
concentration in the filtrates was raised by adding precipitant stock
solution. The new batches were incubated and analyzed in the same
manner as the batches before. This procedure was carried out three
up to four times. In this way the phase properties of a wide range of
precipitant and protein concentrations could be empirically deter-
mined. A phase diagram was assembled by depicting undersatura-
tion, crystallization and precipitation area of the protein in relation to
the precipitant concentration.

3. Theory

Crystallization processes consist of two major mechanisms:
nucleation (formation of the solid phase) and crystal growth. Both
mechanisms were studied and described in the past for small
molecules and also for proteins using kinetically and thermodyna-
mically based models (Dixit et al., 2001; Galkin and Vekilov, 1999;
Lindenberg and Mazotti, 2009; Vetter et al., 2013). Nowadays
population balance models are used to predict and optimize crystal-
lization processes (Aoun et al.,, 1999; Basu et al., 2004; Kougoulos
et al,, 2005; Leyssens et al., 2011; Shi et al., 2005). However, in all
cases nucleation is assumed as the formation of single nuclei of a
critical size at a more or less constant supersaturation followed by
crystal growth out of the liquid phase causing a strong decrease of
the supersaturation until solubility equilibrium is reached.

In our case we observed a strong decrease of the supersatura-
tion directly at the start of the nucleation reaction resulted in an
irregular shaped microcrystalline precipitate with dense and less
dense regions. Crystal growth of single 3-dimensional crystals has
primary happened on the expense of the microcrystalline pre-
cipitate than from the liquid phase. Due to the fast phase transition
process, the irregular shape and agglomeration behavior of the
microcrystalline precipitate and growing crystals caused by hydro-
phobic surface patches (Fig. 5B) a determination of particle sizes
and also of nucleation and growth rates could not be accurately
performed. Therefore a simpler model was used to describe the
crystallization kinetics and to depict that the nucleation was the
driving force, which causing the main drop of protein concentra-
tion in the liquid phase whereas 3-dimensional crystal growth has
happened from the nucleated material.

The crystalization kinetics can be described by an exponential
function using the Avrami equation (Avrami, 1939)

Xi=1—e K" (1)

where X, is the fraction of protein crystallized after time ¢, K is the
crystallization rate constant and n is the Avrami exponent. The
Avrami exponent consists of two terms:

n=N+qC @)

where N is the nucleation and is either O if all crystals are
nucleated simultaneously at the beginning of the growth process
or 1 if nuclei are formed at a constant rate. C is the dimensionality
of crystal growth and is 1, 2 or 3-dimensional and q describes the
time dependence of growth: g=1 for linear growth and ¢=0.5 for
diffusion limited growth.

The Avrami equation can be transformed in following equation:

X = COC_ICS =1-e K 3)
where Cy represents the initial protein concentration, C; is the
protein concentration in the crystalline phase at time t and C; is
the protein concentration at the solubility limit.

The protein concentration in the crystalline phase at time t can
be calculated from following equation:

Ct = CO - Csup.,t (4)

where Cy,, . represents the protein concentration in the super-
natant at time t.
The double logarithmic form of Eq. (3) results in

Ce _
1n<—ln<C0_CS>>_an+nlnt (5)

Plotting of In( —In((C,)/(Co—Cs))) vs. In t will result in a straight
line with a slope of n and an intercept of In K. For comparison of
crystallization rates of processes with different crystal morphology
or nucleation properties, it makes sense to use a modified form, n-
independent crystallization rate (Khanna and Taylor, 1988)

K =K/m )

4. Results and discussion
4.1. Determination of solubility curves

For the determination of the solubility curves of rhINF-y the
protein solution was mixed with different precipitant solutions
and incubated up to 4 days. Then the mixture was centrifuged and
the supernatant was measured by UV,go. The measured protein
concentrations were plotted against the precipitant concentration
for every incubation period, to show if the equilibrium of dissolu-
tion process is reached. The results for two different precipitants
are shown in Fig. 1 as an example.

Experiments carried out with PEG 4000 as precipitant showed
that the equilibrium was reached after the first day, because the
remaining protein concentration in the supernatant did not
change in the subsequent days (Fig. 1A). In the case of sodium
chloride the used salt concentrations were too high to reach
equilibrium, in all experiments the whole protein was precipitated.
But it is clearly seen that it needs 4 days to precipitate the whole
protein (Fig. 1B). With these examples it was shown that the
velocity to reach a solubility limit depends on the precipitant used.
In the next part of this article the effect of the velocity of
equilibrium achievement on phase diagrams is described.

4.2. Effects of different precipitants on phase diagrams

Phase diagrams give information about the relevant range of
precipitant and protein concentration. They depict the under-
saturation, metastable, crystallization and precipitation zone. The
solubility curve marks the equilibrium of protein in solid and
liquid states. Hence it depicts the amount of protein, which will
stay in solution at the end of a crystallization process and can be
used to calculate the crystallization yield for different operating
points.

In Fig. 2 the phase diagrams of rhINF-y with two precipitants,
after different incubation periods, are shown. The comparison of
different phase diagrams depictures the advantages and disadvan-
tages with regard to industrial use. The problem to get a suitable
phase diagram for industrial processes is the determination of
crystallization kinetics and phase equilibrium (Moretti et al.,
2000). Precipitants like salts or polymers will have different
impact on protein solubility and time to reach equilibrium could
vary from hours to days (Ries-Kautt and Ducruix, 1989). A predic-
tion of time needed to reach equilibrium for different precipitants
is therefore difficult and has to be determined experimentally.

The first investigated precipitant was di-ammonium hydrogen
phosphate and the equilibrium was reached after 4 days (Fig. 2A).
The time to reach the solubility equilibrium also correlates with
the time to get crystals. This was the point of time where crystals
have appeared and no further growth was observed, hence
solubility equilibrium seemed to be reached. The phase diagram
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Fig. 1. Solubility of rhINF-y in 0.1 M ammonium acetate buffer pH 6.0 at different
(A) PEG 4000 concentrations and (B) sodium chloride concentrations. (®) Protein
initial protein concentration, (©) remaining protein concentration after 1 day, (A)
remaining protein concentration after 2 days, and (®) remaining protein concen-
tration after 3 days.

indicates that di-ammonium hydrogen phosphate is not a suitable
precipitant for industrial bulk crystallization, because the time to
reach the solubility equilibrium and to get crystals is not econom-
ical and the area, where crystals grow is not clearly separated from
where precipitates are formed.

In contrast sodium sulfate is a suitable precipitant (Fig. 2B),
because the equilibrium was reached very fast. Solubility equili-
brium and formation of crystals was attained within a few hours.
In the phase diagram a broad nucleation area can be found clearly
separated from the area of precipitation. This is one criterion why
sodium sulfate can be used as a precipitant for industrial bulk
crystallization. Another advantage is the low solubility after
adding the precipitant. Thus a high yield can be expected, because
less protein remains in solution after crystallization equilibrium
has been reached.

Crystallization of a protein involves reduction of the solubility
of the protein. This can be achieved by elimination of the surface
charges of a protein (due to counter ions) or reduction of the
circumfluent solvation layer of the protein. The solvation layer will
be reduced by kosmotrope ions like sulfate and phosphate and
increased by chaotrope ions like ammonium. The surface charge of
a protein can be reduced by appropriate counter ions. Chaotrope
anions and kosmotrope cations can easily form inner sphere ion
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Fig. 2. Comparison between phase diagram and solubility curve of rhINF-y in 0.1 M
ammonium acetate buffer pH 6.0 with (A) di-ammonium hydrogen phosphate and
(B) sodium sulfate. The stable crystallization area appropriate for industrial
crystallization processes is surrounded. (©) Solubility curve, (®) amorphous pre-
cipitate, (4) crystals, (o) empty drops, and (-) fitted solubility curve.

pairs with the positive (chaotrope) and negative (kosmotrope)
charges of proteins and reduce the surface net charge of a protein
(Collins, 2004). In case of the use of sodium chloride as precipitant,
the strong decrease of the solubility of rhINF-y is achieved due to
the direct binding of the weakly hydrated chloride ions to the
positive charges of the protein. The effect of different ions on the
solubility of proteins are described in the Hofmeister series
(Hofmeister, 1888) and is mainly dominated by anions (Yang,
2009). The order of such ions can also be reverse depending of
the pl of the protein and the chosen pH (Ries-Kautt and Ducruix,
1997; Retailleau et al., 1997). The pI of rhINF-y is above pH 9.0 and
hence the net surface charge is positive at pH values below the pl.
In case of the crystallization with di-ammonium hydrogen phos-
phate the pH was between 8.0 and 8.3 and for all other used
precipitants approximately pH 6.0 resulting in a positive net
surface charge of the protein in all experiments.

Knowing from crystallization experiments at different pH values
using sodium sulfate the remaining soluble protein concentration
was highest at neutral pH and decreasing with acidic and basic pH
values. Hence in case of the use of di-ammonium hydrogen
phosphate (pH 8.0-8.3) the pH is closer to the pl than in the other
experiments and the solubility of the protein was strongly reduced.
Apart from this the cubic crystal form was maintained in the range
of pH 5.0-9.0, at lower or higher pH values single needles and
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cluster of needles was also detected (data not shown). At pH values
of 4.0 and 9.5 only amorphous precipitate was detected.

Given that the net surface charge of rhINF-y was in all
experiments positive the anions of the used salts could have
directly interacted with the protein, but the positive charges on
proteins (derivatives of ammonium) are weakly hydrated in
opposite to the used anions in the crystallization solution (sulfate
and phosphate), this circumstance hindered the formation of inner
sphere ion pairs. Nevertheless due to the high amount of the used
precipitants salt bridges could be build between the sulfate or
phosphate ions and the protein (Chakrabartie, 1993). Hence sulfate
or phosphate ions could be involved in the crystal binding sites
and influenced the crystal morphology, resulting in rod shaped
crystals in case of bound phosphate ions and cubic shaped crystals
in case of bound sulfate ions.

The successfully used precipitants for crystallization of rhINF-y
dissociated in ammonium (chaotrope), sodium (kosmotrope),
sulfate (kosmotrope) and phosphate (kosmotrope) ions.

The strength of sodium sulfate and di-ammonium hydrogen
phosphate to reduce the solubility of rhINF-y seems to be compar-
able. In both cases crystallization has been started at a salt concen-
tration of approximately 1.5 M. Phosphate is a more kosmotrope
anion than sulfate compared with their Jones-Dole viscosity B
coefficients (0.59 for phosphate and 0.208 for sulfate), but sodium
is more kosmotrope than ammonium (0.086 for sodium and -0.007
for ammonium) (Krestov, 1991; Robinson et al., 1981). The strength of
ammonium sulfate to reduce the solubility of rhINF-y is much lower
compared with di-ammonium hydrogen phosphate and sodium
sulfate. Crystallization was induced at a salt concentration of
approximately 23 M. It is assumed that the chaotrope cation
(ammonium) increased the solubility of rhINF-y resulting in an
increased concentration of ammonium sulfate compared with
sodium sulfate and also counteract against the higher kosmotrope
impact of the phosphate ion resulting in comparable crystallization
slot of di-ammonium hydrogen phosphate and sodium sulfate.

Phase diagrams using ammonium sulfate or sodium chloride as
precipitants were also generated for lysozyme (Cheng et al., 2006;
Tam et al., 2011; Watanabe et al., 2009) and ovalbumin (Tam et al.,
2011). Generally the time to reach equilibrium was set to 24 h for
experiments at room temperature and 96 h for experiments at
lower temperatures. But time to reach equilibrium depends on the
initial salt concentration (Cheng et al., 2006). A study of precipita-
tion kinetics reveals that higher initial salt concentrations cause an
extended need of time to reach equilibrium. In case of lysozyme
and high ammonium sulfate concentrations equilibrium was not
reached after 96 h. Experiments to determine solubility equili-
brium using vapor diffusion method refer to typical times to reach
equilibrium of less than 3 days depending on kind of protein and
precipitant (Talreja et al., 2010).

4.3. Process design

On the base of phase diagrams appropriated precipitant con-
centrations and corresponding crystallization yields and sizes
could be depicted for different protein concentrations. Detailed
and reliable phase diagrams are a requisite for optimal process
design, enabling process control either in open or closed loop
control applications. Different control mechanism considering
either product, temperature or precipitant or both concentrations
combined with population balance models was investigated for
batch and semi-batch crystallization processes for small molecules
(Fujiwara et al, 2005; Nagy et al., 2008; Nagy, 2009). Also
combined antisolvent addition and temperature gradient crystal-
lization was investigated (Lindenberg et al., 2009). A good over-
view of the development of control and design of crystallization
processes are described by Nagy and Braatz (2012).

Here we compare the phase diagrams achieved with ammo-
nium and sodium sulfate. In the phase diagram using sodium
sulfate as precipitant (the three zones) undersaturation, crystal-
lization and precipitation are clearly depicted (Fig. 3A). Further-
more the crystallization zone could be subdivided into a
metastable and a nucleation zone. The borderline between meta-
stable and nucleation zone is more diffuse than really well-
defined, in this region nucleation could occur caused by different
circumstances, e.g. vibrations, small shifts in temperature or small
foreign particles. Generally nucleation must not occur in the
metastable zone, but already existing crystals could grow inside
this zone.

The occurrence of crystals and precipitates in the intermediate
range of the nucleation and precipitation zone is caused by
concentration differences until the protein solution and the pre-
cipitant solution are totally mixed. Therefore there are regions
with different degrees of supersaturation, which can forward the
formation of crystal seeds as well as the formation of precipitates.

Using ammonium sulfate as precipitant resulted in a phase
diagram, which shows the three expected zones undersaturation,
crystallization and precipitation, but a significant metastable zone
could not be detected (Fig. 4A). The nucleation zone is larger
compared to the nucleation zone of the phase diagram with sodium
sulfate. Both precipitants ensure a stable crystallization process
because the operating point could be in the nucleation zone with
sufficient distance to the undersaturation and precipitation zone. An
advantage of ammonium sulfate is the steep solubility, so that high
yields could be achieved at low salt concentrations. The absence of a
significant metastable zone ensures that nucleation takes place as
soon as the operating point is just above the undersaturation zone.
Therefore crystallization at salt concentrations of 30-35% [w/v] and
protein concentrations of 0.5-15 g/L would result in yields of nearly
100%. In the case of using sodium sulfate as precipitant, the
advantage is the opportunity to control the crystal size. Choosing
operating points above the metastable zone or seeding inside the
zone will result in different crystal sizes. The more distant the
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Fig. 3. (A) Phase diagram and solubility curve of rhINF-y in 0.1 M ammonium
acetate buffer pH 6.0 with sodium sulfate. The stable crystallization area is
surrounded. (©) Solubility curve, (®) amorphous precipitate, (4) crystals, (@) empty
drops, (-) fitted solubility curve. (B) Microscopic images of crystals grown in different
phases. From left to right: 1. metastable phase, 2. nucleation zone, 3. interphase
between crystallization and precipitation zone, and 4. precipitation zone.
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Fig. 4. (A) Phase diagram and solubility curve of rhINF-y in 0.1 M ammonium
acetate buffer pH 6.0 with ammonium sulfate. The stable crystallization area is
surrounded. (©) Solubility curve, (®) amorphous precipitate, (4) crystals, (&) empty
drops, (=) fitted solubility curve. (B) Microscopic images of crystals grown in
different areas. From left to right: 1. at the beginning of the nucleation zone, 2.
directly in the nucleation zone, 3. interphase between crystallization and pre-
cipitation zone, 4. precipitation zone.

operating point is from the metastable zone the higher the super-
saturation and the smaller the crystal size will be (Mersmann et al.,
2000). But operating points above the metastable zones also means
that a part of the protein will stay soluble caused by the shallow
progression of the solubility curve in this area, hence a crystal-
lization yield of nearly 100% could only be reached for salt
concentrations above 25% [w/v]. The crystal size will also decrease
if the salt concentration or the protein concentration respectively is
raised. The power of this effect depends on the type of salt. Figs. 3B
and 4B show crystals grown at different salt concentrations.

Protein crystals grown in sodium sulfate (20.5% [w/v]) at an
initial protein concentration of 11 g/L achieved sizes of 150 pm,
whereas protein crystals grown at an initial protein concentration
of 5¢g/L and 22% [w/v] ammonium sulfate achieved only sizes of
20 um. Further increase of the sodium sulfate concentration at
the same protein concentration yielded in crystal sizes of 8 um
(25% [w/v]) and 5 um (29% [w/v]). The crystallization yields changed
with increased precipitant concentration from 57% (20.5% [w/v]
sodium sulfate) to nearly 100% (>25% [w/v] sodium sulfate).
Crystals grown in ammonium sulfate (26% [w/v]) and an initial
protein concentration of 5 g/L have achieved sizes of 20 um. An
increase of the ammonium sulfate concentration at the same initial
protein concentration yielded in crystal sizes of 8 um (30% [w/v]) and
5 um (35% [w/v]). The belonging crystallization yields were 30% for
an ammonium sulfate concentration of 26% [w/v] and nearly 100%
for ammonium concentrations of or above 30% [w/v]. Tables 1 and 2
show the crystallization yields and related crystal sizes at different
operating points for sodium sulfate and ammonium sulfate.

The use of ammonium sulfate has also the advantage of a lower
dilution of the protein solution resulting in reduced buffer con-
sumption and higher protein concentrations. Ammonium sulfate
has a higher solubility compared with sodium sulfate and there-
fore a higher stock solution concentration can be generated
(approximately 4 M ammonium sulfate versus 2.6 M sodium
sulfate stock solutions).
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Fig. 5. (A) Devolution of the protein concentration in the liquid phase during bulk
crystallization (e), the data was fitted with an exponential decay (-) and the
associated rhINF-y crystallization isotherm based on the fitted function of the
protein measurement (UV,g0) in the liquid phase (——). (B) Microscopic images of
the formation of rhINF-y crystals during the associated bulk crystallization in 0.1 M
ammonium acetate buffer pH 6.0 and 25% [w/v] sodium sulfate as precipitant.

Table 1
List of operating points and the corresponding crystal sizes and yields for rhINF-y
with sodium sulfate as precipitant.

Precipitant Precipitant Protein Crystal size Crystallization
concentration concentration  [pm] yield [%]
[% wiv] [mg/mL]
Sodium 20.5 1 150 57
sulfate
Sodium 220 5 20 74
sulfate
Sodium 25.0 5 8 >95
sulfate
Sodium 29.0 5 5 >99
sulfate

4.4. Scale up experiment

A scale up was carried out to proof the accuracy and the
suitability of the created phase diagram with sodium sulfate for
bulk crystallization. To provide nucleation and a high yield the
operating point was chosen at a protein concentration of 6 mg/mL
and a sodium sulfate concentration of 25% [w/v]. 25 mL protein
stock solution of a concentration of 37 g/L was added to 125 mL
sodium sulfate stock solution of a concentration of 30% [w/v] in a
200 mL glass beaker. The stirrer speed was 200 rpm. By adding the
protein solution turbidity appeared immediately. A microscopic
view directly after the addition detected the solid phase as cloudy
precipitate. After 1h less than 1 mg/mL remained in the liquid
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Table 2
List of operating points and the corresponding crystal sizes and yields for rhINF-y
with ammonium sulfate as precipitant.

Precipitant  Precipitant Protein Crystal Crystallization
concentration  concentration size [um] yield [%]
[% wiv] [mg/mL]
Ammonium 26.0 5 20 30
sulfate
Ammonium 30.0 5 8 >99
sulfate
Ammonium 35.0 5 5 >99
sulfate

phase. Further samples taken over time showed a continued
reduction of precipitate and an enhanced formation of crystals.
After 1 h the first crystals could be clearly detected and after 5 h
no more precipitate was observed and the solubility equilibrium
was achieved. We assume that the process of crystallization was
driven by a strong nucleation resulting in a microcrystalline
precipitate, followed by a fast Ostwald ripening process resulting
in single 3-dimensional crystals grown on the expense of the
microcrystalline precipitate (Ostwald, 1900). At the start of the
crystallization the supersaturation ratio was very high (theoreti-
cally ~200) and most of the protein nucleated as clusters of
microcrystalline precipitates. These microcrystalline precipitates
were of irregular shape with dense and less dense regions and
their formation was kinetically favored compared with single 3-
dimensional crystals. The microcrystalline precipitate had a high
surface to volume ratio resulting in a high surface energy. This is
thermodynamically unfavorable and molecules of the surface were
tend to detach, especially since the high start supersaturation ratio
was tenfold reduced after the formation of the microcrystalline
precipitate. The dense structures of the microcrystalline precipi-
tate had an advantage compared with the less dense regions since
their surface to volume ratio was lower and as a result they
attached more molecules at their surfaces as detached from their
surface. If a critical size of such a microcrystalline particle is
reached it will directly dissolve. Hence the less dense microcrystal-
line structures were dissolved and the dense structures had grown
to the final single 3-dimensional crystals (Ng et al., 1996; Vetter
et al,, 2013).

The final average crystal size was 10 um and the crystallization
yield was 96%. Fig. 5A shows the decrease of the protein concen-
tration in the liquid phase measured by UV,go. This curve was
fitted by an exponential decay. In Fig. 5B the associated progres-
sion of crystal formation is depicted. After 5h regular cubic
crystals with uniform size are formed. The microscopic picture
supports the assumption that the protein precipitate has been
converted into crystals.

Fig. 6 shows the double-logarithmic plot of -In [1—X;] versus t
for the crystallization of rhINF-y at room temperature. The overall
crystallization rate constant K and the Avrami exponent n can be
derived from the intercept and the slope of the straight line (see
Eq. (5)). The fraction crystallized as a function of time was
calculated from the fitted data of residual protein in solution
(Fig. 5A) using Eq. (4). Crystallization directly started after addition
of sodium sulfate without any induction or lag phase, which is
often detected in the crystallization of polymers (Chen et al., 2013;
Dibildox-Alvarado and Toro-Vazquez, 1998). The half-time crystal-
lization value, 7y, is 0.3 h and depicts the time when 50% of the
protein is crystallized.

The overall crystallization rate constant (K) is 5.79+
0.05x 1072min~" and the Avrami exponent is 1. The Avrami
exponent reflects the details of nucleation and growth mechanism
and the obtained value would suggest that nucleation takes place
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Fig. 6. Graphical determination of the overall crystal growth rate ke and the
Avrami exponent n. (®) Double-logarithmic plot of -In [1-X,], (A) crystallized
fraction of rhINF-y over the time, (=) straight line fit value (R>=0.997).

instantaneous at the beginning of the crystallization process
(N=0) with a 1-dimensional crystal growth (C=1). However,
investigation of the crystallization process by microscopic view
and protein measurement in the supernatant (Fig. 5) reveal that at
the start of crystallization a lot of nuclei forms instantaneously,
seen as a dark cloud of solid material, containing more than 90% of
the protein. Subsequently these nuclei disappear and 3-
dimensional crystals occur. The transformation of the solid mate-
rial from precipitate to 3-dimensional crystals is not represented
by the Avrami exponent since the calculation is based on the
remaining protein amount in the supernatant during the crystal-
lization. Changes in the solid phase are not considered. Due to the
fact that more than 90% of the crystallizable material is crystallized
immediately as nuclei the nucleation rate is the driving force
(homogeneous) in the Avrami equation and growth can be
neglected resulting in an Avrami exponent of 1 (N=1 and C=0).
Here the modified overall crystallization rate (K’) is equal to the
overall crystallization rate of 5.79 4+ 0.05 x 10~?min~" at 25 °C
since n=1 and is in the same magnitude of crystallization rates
known from oils or fats at similar temperature (Chen et al., 2013;
Dibildox-Alvarado and Toro-Vazquez, 1998). Determined crystal-
lization growth rates of canavilin are in the range of 0.56-
0.7x103min~! and for lysozyme in the range of
1.9x 103 min~"! and are one order of magnitude slower (Baird
et al., 2013; Carbone and Etzel, 2006). The crystallization kinetics
strongly depends on parameters like supersaturation, temperature
and the net charge of the protein (Schmit and Dill, 2012).

5. Conclusion

With the general equilibration and kinetic information it can be
predicted if a precipitant is suitable for industrial bulk crystal-
lization. The time, which is necessary to reach the solubility
equilibrium, is as important as the remaining protein concentra-
tion in the liquid phase or the amount of precipitant required for
nucleation. So the protein should have a low solubility (high yield),
which could be reached fast (within 24 h) with the precipitant of
choice. It could be shown that if the equilibrium between solid and
soluble protein was quickly reached, also the formation of crystals
could be seen within hours. But not only the solubility curve is
essential for the decision to select a certain precipitant in a
crystallization process, also the phase diagram is important. Small
nucleation zones are critical in industrial scale because only a
minimal change in buffer preparation can lead to precipitation
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instead of crystallization. Appropriate precipitants yield phase
diagrams with a broad nucleation range, high crystallization yields
and moderate crystal sizes. The decision criteria to select appro-
priate precipitants for industrial crystallization of rhINF-y were
shown. Phase diagrams were established and compared regarding
advantages and disadvantages. Two appropriate precipitants for
bulk crystallization of rhINF-y could be characterized. As last step,
a scale up experiment was successfully carried out to proof the
accuracy and the appropriation of phase diagrams for bulk
crystallization.
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