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Therapeutics based on monoclonal antibody (mAb) represent the most advanced biopharmaceuticals, being able
to treat a wide range of challenging diseases such as cancers and arthritis. As the scale of mAb production
steadily increases with the demand for mAb-based therapeutics, the downstream biopurification continues to
experience significant bottleneck due to the throughput limited nature of the current purification technology.
Over the last decades, significant advances have been made in protein (and especially mAb) crystallisation as an

alternative biopurification technology that offers high product stability and purity as well as scalability. This
review starts with the discussion of general physicochemical properties of mAb before moving on to the in-depth
discussion of the distinct phase behaviour of mAb in comparison with conventional globular proteins such as
lysozyme. The final part of this review presents a summary of successful demonstrations of crystallisation scale-
ups of mAb and discusses the critical factors (i.e. mixing and temperature control) to be considered.

1. Introduction

Monoclonal antibody (mAb) is a type of high value protein in the
pharmaceutical industry. According to the International Union of Pure
and Applied Chemistry (IUPAC) Recommendation 1992, mAbs are
defined as “single species of immunoglobulin molecules produced by
culturing a single clone of a hybridoma cell ..... (that) recognizes only
one chemical structure, i.e. they are directed against a single epitope of
the antigenic substance used to raise the antibody [1].” The high spec-
ificity of mAb towards the biological target is achieved with the antigen
binding site (Fig. 1) that binds selectively to the antigen present on the
biological target. Such high specificity enables the treatment of difficult
diseases with mAb-based therapeutics, which cause significantly less
side-effects as compared with their small molecule counterparts [2,3].

The manufacturing of mAb can be divided into upstream and
downstream (Fig. 2), where upstream refers to the biological synthesis
of mAb and the downstream refers to the purification and formulation of
mAD. In the upstream (Fig. 2 left), mAb is generated with recombinant
technology, where the light and heavy chain antibody genes are cloned
and expressed in mammalian cells, such as Chinese Hamster Ovary
(CHO), NSO and Sp2/0 cells [5,6]. CHO cell is the most popular choice in
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upstream as it has advantages such as fast growth, high expression and
high adaptability in chemically defined media. With nutrients added
periodically to the cells in the bioreactor, a typical batch production
process runs for 1 — 2 weeks to produce mAb at 1-5 g/L titer, but higher
titers (i.e. 10-13 g/L) have been reported [6].

The industrial downstream purification of mAb (Fig. 2 right) starts
with the centrifugation step for cell removal, which is followed by a
series of chromatographic steps for the removal of key impurities
including host cell proteins, DNA and virus. In the final product, the
concentration of host cell proteins must be reduced to parts per million
(ppm), whereas the concentration of DNA must be reduced to parts per
billion (ppb) and the virus content must be reduced to less than one virus
particle per million doses [7]. Traditionally, the most important purifi-
cation step is affinity chromatography (i.e. “Protein A Chromatography”
in Fig. 2 right), where the clarified cell mixture containing mAb and
other impurities passes through a column of resin that binds selectively
with mAb [8]. The resin is functionalised with protein-A, which is a
single chain protein with a molecular weight of 42 kDa and 5 domains
that bind with the Fc of IgG [4]. In order to recover the mAb, an acidic
buffer typically at pH 2.5-4.0 is passed through the column of resin to
weaken the hydrophobic interaction between the Fc of IgG and protein-
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Fig. 1. General structure of IgG (the most common type of mAb) (adapted
from [4]).
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Fig. 2. General manufacturing process of mAb (left: upstream; right: down-
stream) (adapted from [6]).

A to recover the IgG in the solution form [8]. The affinity chromatog-
raphy step is followed by several polishing steps where other types of
chromatography such as ion exchange and hydrophobic interaction
chromatographies are used to remove the remaining impurities.

Since the first approval of mAb-based therapeutic in 1986, the sales
of mAb-based therapeutics have grown steadily over the past three de-
cades (e.g. sales increased from approximately $75 billion in 2013 to
$123 billion in 2017) [5,9]. In 2017, the five top-selling mAb-based
therapeutics generated a total sales revenue of $50.2 billion with each
achieving more than $7 billion (Table 1). mAb-based therapeutics have
become the most important biologics in the pharmaceutical industry,
accounting for more than half of the total sales of biologics between
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Table 1
Five top-selling mAb-based therapeutics in 2017 [2,5].

Name Antibody Brand Approval Sales revenue
format name year in 2017

Adalimumab Human IgG1 Humira 2002 $18.9 billion

Etanercept Fc fusion Enbrel 1998 $8.3 billion
protein

Rituximab Chimeric IgG1 Rituxan 1997 $7.8 billion

Infliximab Chimeric IgG1 Remicade 1998 $7.8 billion

Trastuzumab  Humanised Herceptin 1998 $7.4 billion
1gG1

2011 and 2018 [5].

The high efficacy of mAb-based therapeutics comes with high sales
price, which creates tremendous financial burdens to the patients. For
example, two of the top-selling mAb-based therapeutics, Rituxan and
Enbrel, have a sales price of $4000 per gram and a patient requires
several grams per treatment [6]. As the demand of mAb-based thera-
peutics continue to grow, the current high sales price creates a market
for biosimilars, which are “highly similar replicate products of a thera-
peutic antibody that has already received marketing approval” [3] and
have significantly lower sales price compared to the original product.
Since 2006, 27 mAb-based biosimilars have been approved and all of
them are replicates of the six top-selling mAb-based therapeutics in 2017
[5].

The rise of biosimilars means the production of mAb-based thera-
peutics will increase in scale to provide more affordable mAb-based
therapeutics for patients. In order to benefit from the economy of
scale, pharmaceutical companies will require more cost-effective
manufacturing technologies of mAb, especially for replacing the affin-
ity chromatography step that typically accounts for more than half of the
downstream purification cost due to the high cost of protein-A resin
[6,10,11]. “Anything but conventional chromatography” is a concerted
effort in the academia and industry to develop alternative bio-
purification technologies including crystallisation [12-14], precipita-
tion [15], filtration [16-18] and extraction [19-23] to achieve the same
high product purity as protein-A chromatography, while overcoming the
throughput limited nature of chromatography and avoiding the use of
expensive consumables (i.e. resin) [7,24,25].

Among the emerging technologies, crystallisation is advantageous in
terms of scalability, product purity and stability as demonstrated in the
manufacturing of small molecule therapeutics [26], but also the most
technically challenging due to the complex and flexible nature of protein
in general [27,28]. Although protein crystallisation is difficult even at
small scale, significant advancement for protein crystallisation as a
scalable purification technology has been made over the past few de-
cades in terms of the fundamental understanding of the phase behaviour
of protein, the development of materials that promote crystallisation (i.
e. heterogeneous nucleants) and process development of protein crys-
tallisation [27,28].

This review focuses on the crystallisation of mAb based on the
fundamental understanding of the phase behaviour and successful case
studies for the scale-up of mAb crystallisation. The article starts with the
discussion of the general properties of mAb as the background infor-
mation before moving on to the in-depth discussions of the phase
behaviour (especially crystallisation) of mAb under different external
factors such as temperature and additive concentration and several
successful examples of mAb crystallisation scale-ups from the engi-
neering perspective.

2. General information of mAb

Most of the mAbs belong to immunoglobulin (Ig), which is defined as
“a protein of the globulin-type found in serum or other body fluids that
possesses antibody activity” [1]. Ig consists of two light and two heavy
polypeptide chains linked by disulphide bonds. Based on the antigenic
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and structural differences in the heavy chains, human Ig can be further
divided into five general classes (A, D, E, G and M) [29], among which
IgG provides most of the antibody-based immunity. Therefore, the dis-
cussion of mAb in this article mainly refers to IgG (Fig. 1).

Generally, IgG has a molecular weight of ~150 kDa, with each light
chain and heavy chain accounting for ~25 kDa and ~50 kDa respec-
tively. IgG has a Y-shape structure that consists of the antigen-binding
and crystallisable fragments (Fab and Fc) (Fig. 1) [4]. The antigen-
binding region locates at the top of the Fab and has the variable heavy
(Vg) and variable light (V1) segments. On the other hand, the Fc consists
of three constant heavy segments (Cyi, Cya, and Cys) and is responsible
for mediating immunal responses.

Since Kohler and Milstein reported an efficient production method
for mADb in 1975 [30], the design of therapeutic mAbs has evolved to
meet the medical needs [2]. The first generation of mAb (Fig. 3) failed to
achieve the therapeutic purpose as they were based on murine mole-
cules and caused significant rejection by the human body. As the
antigen-binding region of mAb only accounts for a small section of the
molecule, the amino acid sequence of mAb has been gradually replaced
with the human version to make the second generation of mAb (Fig. 3)
in order to reduce the rejection by human body while maintaining the
capability of specific binding.

The second generation of mAb includes chimeric, humanised and
fully human mAb in ascending order of similarity to human mAb
(Fig. 3). A chimeric mAb has 70% human amino acid sequence with a
fully human Fec, whereas a humanised mAb has 85 — 90% human amino
acid sequence [2]. As the name suggests, fully human mAb has 100%
human amino acid sequence and causes the least immunogenic reactions
in human body. Four out of the five top-selling mAb-based therapeutics
(Table 1) belong to the second generation of mAb. As mAb technology
continues to improve, the third generation of mAb (e.g. antibody frag-
ments, Fc fusion proteins, bispecific antibodies and intrabodies) has
been developed to offer enhanced therapeutic performances. One of the
five top-selling mAb-based therapeutics, etanercept, is a Fc fusion pro-
tein and belongs to this class of mAb (Table 1).

3. Protein-protein interaction and phase behaviour

Protein purification technologies such as crystallisation, precipita-
tion and extraction are based on the phase behaviour of the target
protein, which is the macroscopic manifestation of protein—protein
interaction at the molecular level [31]. Electrostatic forces, van der Waal
forces, hydrophobic forces, volume exclusion effect by polymer mole-
cules, hydration layer and specific ion effects all play important roles in
protein—protein interaction [32]. With respect to the target protein,
these forces are dependent on both internal factor (i.e. the amino acid
sequence of protein) and external factors (i.e. temperature, pH, types of
solvent, types and concentration of additives). The amino acid sequence
decides the physicochemical properties of the protein, including size,
isoelectric point (pI) and 3D structure (e.g. shape and location of
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hydrophobic patches on the surface). Based on these physicochemical
properties, external factors can be adjusted within a relatively narrow
range to achieve the desirable protein—protein interaction, while
maintaining the stability of the protein (i.e. protein is correctly folded
and has its intended bioactivity) [27].

Compared to small molecules, proteins are highly complex due to
their anisotropy in terms of shape and charge distribution. Efforts have
been made to quantify protein—protein interaction by the osmotic sec-
ond virial coefficient (Bg2) and the viscosity & viscoelasticity of the
protein/additive mixture (Fig. 4 (left)). By can be experimentally
determined with static light scattering [33-35] and self-interaction
chromatography [36], where the first method is suitable for dilute
protein/additive mixtures to avoid the formation of oligomers and the
second method is suitable for dealing with higher concentrations. By is
used to calculate the osmotic pressure under non-ideal conditions (Eq.
(1a)), where the magnitude of Byg is proportional to the extent of de-
viation from ideality (Eq. (1b)) [36]. Negative Bys means that the pro-
tein molecules are attractive towards one another and highly negative
By, means that the protein molecules tend to precipitate. Conversely,
positive Bys means that the protein molecules repel one another and the
protein solution is stable and remains clear.

Previous studies have shown that the determination of Bos is useful
for identifying a general protein crystallisation region, which is often
referred to as the “crystallisation slot” [37,38]. In this crystallisation
region, By is slightly negative as protein molecules are weakly attrac-
tive to one another. Beyond this range of Byy in the negative direction,
protein molecules are strongly attractive to one another and tend to
precipitate instead of crystallising. As the suitable range of Bjgy for
crystallisation is very narrow, high throughput screening of experi-
mental conditions such as temperature, pH and additive concentrations
is often conducted for identifying the suitable crystallisation conditions
[39]. Similar to crystallisation, the occurrence of LLPS indicates the
overall attractive nature of protein—protein interactions (i.e. negative
B, but less than that for precipitation).

H:k><T><(c+Bzz><c2+---) (1a)

By > 0TI > iy (i.e.repulsiveinteraction)
By = 011 = I,y.u(i.e.neutralinteraction)
By < 0-11 < I;geu(i-e.attractiveinteraction)

(1b)

I~ gy +k XT X By

where II is osmotic pressure, k is Boltzmann’s constant, T is tem-
perature, c is protein concentration and By is osmotic second virial
coefficient which is determined experimentally.

In the case of highly concentrated protein/additive mixture, viscos-
ity and viscoelasticity are more suitable for the study of protein—protein
interaction as previous studies have shown that protein—protein inter-
action at high concentration is the result of multiple forces such as van
der Waal force, electrostatic force and volume exclusion effect, and the
net force is highly consistent with the viscosity and viscoelasticity of

Humanized Human

YOY

Fig. 3. mAb development: first generation = murine; second generation = chimeric, humanised and fully human where yellow regions are non-human amino acid

sequences and blue regions are human amino acid sequences (adapted from [2]).
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Fig. 4. (left) Strategy for experimentally determining protein—protein interaction and (right) protein viscosity over a range of pH at protein high concentration

(based on the results of [40]).

protein solutions [32,40,41]. For instance, a case study of bovine serum
albumin (BSA) showed that the protein-protein interaction was the
strongest at pH = pl, where the protein molecules were neutral, elec-
trostatic repulsions were the minimal and strong short-range attractive
interactions became dominant. This was reflected in the viscosity mea-
surement, where the viscosity was the highest at pH = pI and decreased
with protein concentration at high protein concentration range (i.e. 40 —
300 mg/mL) (Fig. 4 (right)) [40]. As pH moves away from pI, the pro-
tein—protein interaction decreases as protein molecules have stronger
electrostatic repulsions. The viscosity of protein solution decreases
correspondingly. On another hand, the protein—protein interaction de-
creases with protein concentration and this is also reflected by the vis-
cosity of protein solution (Fig. 4 (right)).

3a. General phase bahaviour

Table 2 summarises the existing studies on the phase behaviour of
mAbs, which are mostly intact IgG1, IgG2 and IgG4. Although their
molecular weights (MWs) are relatively similar (144 — 151 kDa), their
pls vary widely (4.6 — 9.2) as slight variations of the amino acid
sequence in the Fab region can cause significant changes in the pI [42].
A wide range of pH, temperature and additives were tested in these
studies, enabling the construction of a general phase diagram (Fig. 5),
where solubility is defined as the overall mAb fraction in the dissolved
state (i.e. clear mAb solution) at equilibrium with condensed phases (i.e.
precipitate, crystal, dense droplet/network). In general, higher tem-
perature (up to 60 °C as proteins start to unfold at approximately 70 °C
[43]) can disrupt the protein—protein interaction (i.e. increasing Bs in
the positive direction) and favour the solution state of protein mole-
cules. As a result, mAD solubility increases with temperature in general
(Fig. 5). A supersaturated protein solution (i.e. mAb fraction > solubil-
ity) can be created by adjusting the external conditions such as reducing
temperature (i.e. moving vertically down in Fig. 5) to promote phase
separation [44].

Based on the literature (Table 2), mAb in general often undergoes
liquid-liquid phase separation (LLPS) together with or before the
appearance of crystals [35,46,47]. This is represented as regions C and D
in Fig. 5, where the binodal curve provides information about the mAb
fraction in the light and heavy phases at a fixed temperature, similar to
the spinodal curve. In region C (i.e. between the binodal curve and
spinodal curve), binodal demixing occurs (i.e. droplets of protein heavy
phase appear after an induction period) [48,49]. In region D (i.e. within
the spinodal curve), spinodal decomposition occurs (i.e. networks of
protein heavy phase appear instantly). As demonstrated in a study [50],
the enrichment of mAb in the heavy phase could result in orders of
magnitude difference between the concentrations in the heavy and light
phases. By dialysing a protein solution with 8 — 65 mg/mL IgG1 against a
dilute buffer (5 mM sodium phosphate, 10 mM sodium chloride, 5%
sucrose, pH = 5.5) at 5 °C, LLPS was induced. The IgG1 concentrations

in the heavy and light phases were 215 mg/mL and 2 mg/mL respec-
tively regardless of the IgG1 concentration before LLPS. Another study
also confirmed the huge difference of mAb concentration in heavy and
light phases [51].

The most important factor for the general phase behaviour of mAb
(Fig. 5) is the size of mAb molecule relative to the effective range of
protein-protein interactions, including hydration, hydrophobic, van der
Waals and electrostatic interactions as well as ionic bridges [48]. The
effective range of these interactions vary from a few Angstroms to
approximately one nanometer [52-60], which is significantly shorter
than the hydrodynamic diameter of mAb (~10 nm) [35,50,61]. As a
result, mAb molecules resemble colloidal particles with short range in-
teractions in terms of phase behaviour as demonstrated by simulation
studies [38,45,62-66].

Although mAb shares similar phase behaviour (Fig. 5) with other
globular proteins, there are subtle differences that must be considered
for the successful crystallisation of mAb. The origins of differences are
the relatively larger size and high flexibility of mAb. Firstly, as proteins
consist of amino acids with different side chains that have different
physicochemical properties, larger proteins in general have higher de-
gree of anisotropy (e.g. the distribution of surface charges and hydro-
phobic patches). Due to the large size of mAb (molecular weight ~ 150
kDa vs 15 kDa (lysozyme) and 68 kDa (bovine serum albumin) [67,68]),
mAb in general has high degree of anisotropy that hinders crystal-
lisation, as it is more difficult to arrange these molecules in an orderly
structure [34]. For example, the high degree of anisotropy can be
demonstrated by the vastly different physicochemical properties of the
Fab and Fc of mADb [43]. Secondly, compared with other globular pro-
teins such as lysozyme (hydrodynamic diameter ~ 4 nm) [67], mAD is
relatively larger in size (hydrodynamic diameter ~ 10 nm) [35,50,61].
As a result, the protein—protein interactions mentioned above are even
more short-range for mAb than other globular proteins and LLPS tends
to occur at substantially lower protein concentration for mAb (e.g. 87
mg/mL for an IgG2 vs 230 mg/mL for lysozyme) [69,70]. Thirdly, mAb
has a high degree of flexibility due to the hinge region that connects Fab
and Fc (Fig. 1). It was shown previously that deleting the hinge could
reduce the flexibility of mAb and increase the success rate of crystal-
lisation [71,72]. Although this approach is useful in the study of 3D
structure of mAb, it is not feasible in the crystallisation of mAb for pu-
rification purposes, where the structure of mAb must remain intact.

Although crystallising mAb is more challenging than other globular
proteins, the tendency of mAb to undergo LLPS can be a useful char-
acteristic for improving the success rate of crystallisation as crystal-
lisation of mADb often occurred together with LLPS in existing literature
(Table 2). In Fig. 5 (both left and right), region B refers to the crystal-
lisation region where no LLPS occurs and nucleation follows the classical
nucleation theory [45]. In region C and D, LLPS occurs and there is a
significant enrichment of mAb in the heavy phase (also referred to as the
“protein-rich phase” and “dense phase” during LLPS [50,51]. It was
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Table 2
Summary of phase behaviour studies of mAb.
Types of mAb* Experimental conditions Observed phase changes Ref.
Buffer type pH Temperature Protein Additives concentration
concentration
mAbMW = 145 e 100 mM HEPES 6.8 20°C < 60 mg/mL e Na,SO,4 (<1.51 M) e Liquid-liquid phase separation [35,46]
kDa - e (NH4)2S04 (<1.5 M) promoted by PEG400 and NaySOy4,
8.2 o LiS04 (<1.5 M) Li»SO4 and (NH,),SO4.
o MgSOy e Crystallisation occurred after or
e ZnSO4 simultaneously with liquid-liquid
e PEG 400 (<12% w/v) phase separation.
18G4 (x1) e 100 mM HEPES 7.5 4-18°C < 9 mg/mL e LizSO4 (<2 M) e No crystal formation without PEG or [47]
1gG4 + antigen e PEG 400 (<2.5%) Jeffamine.
(x1) e PEG 550 MME e Co-existence of crystal and
Fab (x4) e PEG 600 liquid-liquid phase separation
e PEG 1000 (<2.5%) observed.
e PEG 2000 e Ideal crystallisation conditions
e PEG 3350 (<10%) identified (i.e. Li;SO4 (1 — 2 M), PEG
e PEG 8000 (<2.5%) 3350 (0.1 - 0.3%) or Jeffamine ED
e PEG 20,000 (<2.5%) 2000 & 4000 (0.1 - 0.3%)
o Jeffamine ED 90 o Jeffamine ED 2000 was the most
o Jeffamine ED 600 promising additive
e Jeffamine ED 2,000
(<2.5%)
e Jeffamine ED 4,000
(<2.5%)
e MPD (<2.5%)
e Polyvinylpyrolidone 15
e Polyacrylic Acid 5100
e Ultra low Visc.
Carboxymethylecellulose
e Medium Visc.
Carboxymethylecellulose
e High Visc.
Carboxymethylecellulose
e Polyvinyl alcohol 15,000
e Polypropylene glycol P400
e Polyacrylic Acid 2100
mAb(type e 10 mM sodium 4.2 30 °C <100 mg/mL o (NH4)2S04 (<1.5 M) e Precipitation as salt and PEG 400 [31]
unspecified) phosphate - e NaCl (<4.5 M) concentration increased.
e MW = ~ 144 9.5 e PEG 400 (<25% v/v)
kDa
epl=~38
mAb(type e 10 mM sodium 3-7 23°C < 70 mg/mL e (NH4)2S04 (<1.4 M) e Liquid-liquid phase separation and [36]
unspecified) formate e LizSO4 (<1.4 M) then precipitation as sulphate salt
e MW = ~ 144 e 10 mM sodium e MgSO4 (<1.6 M) concentration increased.
kDa acetate e NaCl (<2.0 M) e No phase change in NaCl.
e pl=~38 e 5 mM bis-tris e PEG 3350 (<8 wt%) e Liquid-liquid phase separation and
*same molecule as crystallisation in (NH4)SO4 and Li;SO4
in the row above at pH 5.
e Liquid-liquid phase separation and
then crystallisation in (NH4)SO4 as
PEG 3350 concentration increased.
1gG1 (x4) e 700 mM sodium 5.5 22°C < 100 mg/mL e NaySO4 (1 M) e Liquid-liquid phase separation for IgG1 [104]
e pl=7.4-9.2 MES - e PEG 3350 (25% v/v) at high protein and salt concentrations.
o MW =145 - e 850 mM sodium 9.0 e Liquid-liquid phase separation and
150 kDa citrate crystallisation in the presence of PEG
1gG2 (x16) e 1 M sodium 3350 for 7 out of 16 IgG,.
e pI =5.8-8.8 phosphate e Liquid-liquid phase separation in the
e MW = 144 — e 1 M Tris acetate presence of Na;SO4 for the remaining 9
151 kDa e 2 M Tris chloride of 16 IgG,.
Fe-fusion protein e Liquid-liquid phase separation for Fc-
(x2) fusion protein when pH approached pl.
e pl=46-57 e Liquid-liquid phase separation and
e MW =76 - 102 crystallisation in salting-in regions.
kDa
1gG1 (x3) e 50 mM citric acid 3.0 4 -37°C < 5 mg/mL e PEG 3350 (<24%) e Crystallisation in the presence of PEG [95]
18G2 (x2) e 50 mM sodium - e PEG 8000 3350 apparently more than PEG 8000.
citrate 9.0 e Detergents (x49) e Crystallisation in low PEG 3350 (4 -
e 50 mM MES 12%).
e 50 mM bis-tris e Liquid-liquid phase separation
e 50 mM imidazole observed frequently.
e 50 mM HEPES e Liquid-liquid phase separation could
e 50 mM Tris turn into crystallisation.
e Crystallisation enhanced by
detergents.
IgG1 e 100 mM MES —-2-35°C < 20 mg/mL [61]

(continued on next page)
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Table 2 (continued)

Types of mAb* Experimental conditions Observed phase changes Ref.

Buffer type pH Temperature Protein Additives concentration
concentration
e pl = 4.7 (room e 100 mM Glycine- 6 — e PEG 1000 (5 -11% w/v e Liquid-liquid phase separation
temperature) HCl 7 (mg/mL)) promoted by higher PEG concentration
e PEG 1500 (5-11% w/v and molecular weight.
(mg/mL)) e Crystal formation (co-existing with
e PEG 3350 (5 - 11% w/v liquid-liquid phase separation) in PEG
(mg/mL)) 1000.
e PEG 6000 (5 - 11% w/v
(mg/mL))
IgG1 (x2) e 10.1 mM MES, 5- room < 30 mg/mL o (NH4)2S04 (<1.6 M) e No liquid-liquid phase separation [94]
e pl =8.2-89 16.6 mM acetic 9 temperature e LizSO4 (<1.4 M) observed.
18G4 (x1) acid,8.9 mM e NaySO4 (<0.6 M) e Success rate of crystallisation
e pI=8.3-8.8 MOPSO0,12.3 mM e NH,CI increased when pH ~ pl.
HEPPSO, e NaCl (<2.6 M) e Crystallisation and then precipitation
e 14.4 mM CHES occurred as salt concentration
increased.
o Gelation instead of crystallisation
could occur before precipitation.
o Needle-crystal formation at low Li;SO4
(0.5 M).
IgG1 (x4) e 10 mM sodium 3- room < 70 mg/mL e (NH4)2S04 (<1.2 M) e Phases changes occurred in sulphate [92]
1gG2 (x2) formate 7 temperature e LizSO4 (<1.0 M) salts, while only one (out of eight) IgG
18G4 (x1) e 10 mM sodium e NaCl (<4 M) had phase change in NaCl.
1gG acetate e PEG 3350 (<6%) e Liquid-liquid phase separation and
(unspecified) e 5 mM bis-tris crystallisation promoted by high salt
1) and PEG concentrations.
1gG1 (x2) e 10.1 mM MES, 5- room < 10 mg/mL e PEG 400 (<20 m/V%) e Crystallisation and precipitation [33]
18G4 (x1) 16.6 mM acetic 9 temperature e PEG 1000 (<15 m/V%) promoted by increasing molecular
acid,8.9 mM e PEG 3350 (<12.5 m/V%) weight of PEG.
MOPS0,12.3 mM e PEG 8000 (<12.5 m/V%) e Crystal size dependent on molecular
HEPPSO,14.4 mM weight of PEG (1000 and 3350
CHES promoted the formation of larger
crystals compared to PEG 400 and
8000) and PEG concentrations.
e Liquid-liquid phase separation
promoted by larger PEG.
1gG1 (x2) e 10 mM MES 5- room < 10 mg/mL e (NH4)2S04 (<1 M) e Crystallisation more successful in [34]
1gG4 (x1) 9 temperature e LiSO4 (<1 M) (NH4)2S04.
18G2 (x5) e Phosphate buffered 5- -5-30°C < 2 mg/mL e PEG 3350 (<21% w/w) e Liquid-liquid phase separation [96]
saline 7.4 e PEG 4600 (<11% w/w) occurred in the presence of PEG.
e 20 mM sodium e PEG 6000 (<11% w/w) e Liquid-liquid phase separation
acetate e PEG 8000 (<11% w/w) occurred at lower temperature as
molecular weight of PEG increased.
18G2 e 22 mM potassium 5.3 -10-3°C < 90 mg/mL e KF e Liquid-liquid phase separation at pH [69]
e pl=72 phosphate - e KCl close to pI not affected by anion type of
e MW = ~ 148 7.1 e KSCN salt at low ionic strength.
kDa e Liquid-liquid phase separation at pH
close to pl affected by anion type of salt
at high ionic strength (following direct
Hoffmeister series where F~
encouraged separation more than CI°
and SCN).
e Liquid-liquid phase separation at pH
below plI affected by anion type of salt
(following inverse Hoffmeister series
where SCN” encouraged separation
more than Cl" and F).
e Crystal formation in buffer at pH near
pI at high protein concentration (i.e.
90 mg/mL).
1gG1 e 5 mM sodium 5- 5-50°C < 165 mg/mL e NaCl (<40 mM) e Liquid-liquid phase separation [50]
e pl =6.5 phosphate 7 e Polysorbate 80 promoted by lowering the temperature
(protein concentration in the heavy
phase increased with lower
temperature).
e Liquid-liquid phase separation
promoted by bringing pH close to pl.
1gG1 (x2) e 20 mM sodium 3.5 4-80°C < 25 mg/mL e NaCl (<1 M) e No aggregation up to 60 °C. [43]
e pI =8.9-9.0 phosphate - e Caprylic acid e Temperature-induced aggregation
1gG2 (x3) e 100 mM sodium 6.8 o Heptanoic acid behaviour was similar between Fab
e p[=6.8-8.8 acetate and intact IgG.

.

Aggregation occurred under rigorous
agitation.
Aggregation promoted by low pH.

(continued on next page)
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Table 2 (continued)
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Types of mAb* Experimental conditions

Observed phase changes Ref.

Buffer type pH Temperature Protein

concentration

Additives concentration

100 mM tris-HCl 7.4 -7-0°C

1gG2

IgG1 (x8) 7.4 -10-35°C

Phosphate saline
buffer

IgG1 (x4)

e pI=7.5-9.0
IgG2 (x4)

e pl=7.2-88
IgG4

20 - 500 mM
sodium acetate
20 mM phosphate

5.0 4-21°C

100 mM imidazol 7

room

temperature
mAb(unspecified) 5-20°C
e MW = 145 kDa

e pI =83

< 100 mg/mL

< 100 mg/mL

< 100 mg/mL

Aggregation induced by fatty acids (i.e.
caprylic acid & heptanoic acid).
Liquid-liquid phase separation
occurred at low temperature (Fc had
similar concentrations in heavy and
light phase; Fab enriched in the heavy
phase).

Liquid-liquid phase separation
occurred at low temperature.
Liquid-liquid phase separation
unfavoured by human serum albumin
(human serum albumin enriched in the
heavy phase).

Liquid-liquid phase separation
promoted by PEG 3350.
Crystallisation observed after
liquid-liquid phase separation.
Liquid-liquid phase separation induced
by high PEG 8000 concentration as pH
moved away from pI (pH < pI).

e Human serum albumin

[51]

e PEG 3350

[49]

PEG 8000

[99]

Calcium acetate (0.2 M) .
PEG 8000 (<10% w/v)
e NaCl

Citrate

Crystallisation directly from clarified
cell culture.

Liquid-liquid phase separation
occurred at pH close to pl.
Liquid-liquid phase separation
promoted by low temperature and salts
(even at low ionic strength).

[105]

[106]

" Intact unless stated otherwise.

Temperature

mADb fraction

Region A: Dissolved mAb
Region B, C & D: Dissolved mAb + mAb crystal

(note: LLPS appears and disappears in C & D)

Temperature

mAb fraction

Region A: Dissolved mAb

Region B: Dissolved mAb + mAb crystal

Region C: Dissolved mAb + mAb crystal + mAb dense droplet
Region D: Dissolved mAb + mAb crystal + mAb dense network

Fig. 5. General phase diagram of mAb with liquid-liquid phase separation (LLPS) (i.e. regions C & D) that is transient (left) and stable (right) (adapted from [34,45]).

demonstrated previously that for LLPS induced by salt and suitable
temperature, there was no partitioning of salt in the light and heavy
phases (i.e. the salt concentrations were the same in both phases) [66].
Therefore, the high concentration of mAb within the heavy phase (i.e.
dense droplets) creates a significantly higher degree of supersaturation
that enhances the nucleation. The nucleation follows the two-step
mechanism with the formation of the dense droplets followed by the
nucleation within the droplets [45,48,73]. It was shown previously that
protein nucleation rate was the highest in conditions where the system
transitioned from a clear solution to LLPS [74]. Interestingly, when a
soluble polymer such as polyethylene glycol (PEG) is used, the droplet
periphery has been observed as the first site of crystal appearance,

indicating a different nucleation mechanism that requires more inves-
tigation efforts in the future [35,75].

3b. Effect of temperature on phase behaviour

From the perspective of thermodynamics, the change of Gibbs free
energy (AG) must be negative for a phase change to occur. Under
isothermal conditions, the change of Gibbs free energy is related to the
change of enthalpy (AH) and change of entropy (AS) by Eq. (2). In the
current context, the initial state refers to the solution state, where pro-
tein molecules are dissolved completely in a solvent system at a specific
temperature under atmospheric pressure, and the final state refers to the
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phase separated state, where the protein molecules in the dissolved form
co-exist with protein molecules in the condensed forms (i.e. dense liquid
droplet and/or precipitate and/or crystal) under the same temperature
and pressure.

AG=AH-T x AS (2)

In general, if only the protein molecules are considered, the transi-
tion from the solution state to phase separated state means AS < 0 as the
protein molecules are more closely arranged in space. This means the
phase separation process must be sufficiently exothermic (i.e. AH < 0)
for the process to take place. In this case, the protein has an upper
critical solution temperature (UCST) behaviour which means lowering
temperature favours phase separation (Fig. 6 (left)). For protein crys-
tallisation, lysozyme has a UCST behaviour in general and is easily
crystallisable due to the highly negative AH_ciystaliisation Over a broad
range of conditions (e.g. AH_crystallisation = -100 kJ/mol in 0.2 - 0.6 M
NaCl at 4.2 < pH < 4.7 and 15 - 30 °C [76]).

For proteins whose AH_crystallisation 1S close to zero (e.g. apoferritin
[79] and lumazine synthase [80]) or even positive (e.g. haemoglobin
[81]), the overall change in entropy during crystallisation (i.e.
AS_¢rystallisation) must be positive, which is possible with the release of
water molecules originally bound to the additive and protein molecules
as the result of strong binding of additive molecules to protein molecules
[82]. In this case, the protein has lower critical solution temperature
(LCST) behaviour which means raising temperature favours phase sep-
aration (Fig. 6 (right)).

Based on the literature (Table 2), mAb in general has a UCST
behaviour (Fig. 6 (left)). As a plasma protein, mAb is usually highly
soluble at physiological conditions and only undergoes LLPS below 0 °C
[49]. Increasing the temperature reduces the extent of partitioning and
hence the mADb concentration difference between the heavy and light
phases until the critical point, above which LLPS disappears and a clear
solution is obtained (Fig. 6 (left)). In a previous study [50], increasing
the temperature caused the IgG1 concentrations in the heavy and light
phases changed from 215 mg/mL and 2 mg/mL respectively at 5 °C to
136 mg/mL and 11 mg/mL respectively at 25 °C, reducing the IgG1
concentration difference from 100 folds to slightly more than 10 folds.
Such UCST behaviour has been observed for other globular proteins such
as lysozyme [83] and a partially miscible mixture [84]. In stark contrast,
nonionic surfactant has an LCST behaviour (i.e. LLPS is enhanced by
increasing temperature) (Fig. 6 (right))[50,61,69,77,78,85]. As LLPS
tends to promote mAb crystallisation, the UCST behaviour of mAb in
general means reducing temperature is favourable for mAb
crystallisation.

3c. Effect of pH and salts on phase behaviour

Similar with other globular proteins, pH and salts have significant
effects on the phase behaviour of mAb. Based on the percentages of
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acidic and basic amino acids (e.g. aspartic acid and histidine respec-
tively) in mADbD, the pl can be vastly different (4.6 — 9.2) as shown in
Table 2. The overall charge of mAb can be tuned with the system pH
relative to the pl. When pH = pI, mAb is relatively neutral in charge. At
pH > pl, mAD is negatively charged and vice versa. The overall charge
decides the phase behaviour of mAb in different salts. In general, the
ionic specific effects on protein solubility has been reported since the
late 19th century and is generally referred to as the “Hofmeister phe-
nomena” (Fig. 7) [86-88], where cations and anions favour the solidi-
fication or dissolution of protein according to their ability to change the
hydrogen bonding structure of water (conventional wisdom) or their
polarizability (current opinion) [89]. For example, previous studies
showed that cations had significant effect on AH_cystanisation (EqQ. (2))
[90] and could even change the sign of AS_crystallisation to effect a switch
from UCST to LCST behaviour [73,82,91].

Within the conventional theoretical framework, cations and anions
are conventionally categorised as kosmotrope (i.e. maker of water
hydrogen bonding structure) or chaotrope (i.e. breaker of water
hydrogen bonding structure). Kosmotrope and chaotrope can be iden-
tified with Jones-Dole viscosity coefficient (B), which provides a direct
measurement of ion-water interaction strength relative to water-water
interaction strength. Kosmotropes are usually cations and anions with
high charge density and tend to bind to water molecules instead of
protein molecules, whereas chaotropes are usually cations and anions
with low charge density and tend to bind to protein molecules instead of
water molecules [87]. The Jones-Dole viscosity coefficient (B) is positive
for kosmotrope and negative for chaotrope (Table in Fig. 7). The effect of
cations and anions is usually reversed when switching pH from above pI
to below pI as the protein surface changes from negatively charged to
positively charged [88]. When pH is further away from the pl, the
protein molecule is more charged and requires higher salt concentration
for phase transition from solution to LLPS or precipitation or crystal-
lisation [34,92].

As shown in Table 2, the salts investigated for mAb phase behaviour
are mainly sulphates (e.g. NapSO4, (NH4)2SO4) and the sulphate ion is a
moderate kosmotrope (Fig. 7) that promotes protein—protein in-
teractions. Systematic studies of salts are still absent for mAb, especially
at different pH relative to its pl. In general, when pH ~ pl, the mAb
molecules are neutral in terms of surface charge. The anions follow the
direct Hofmeister series, while the cations follow the inverse Hofmeister
series (Fig. 7). For instance, chaotropic anions (F, CI" and SCN’) pro-
moted the dissolution of mAb as the ionic strength increases in the
sequence of SCN™ > Cl" > F~ [69]. On the other hand, cations (Li" and
NH{) promoted the phase transition of mAb in the sequence of Li™ >
NH{ [34,92]. At pH < pl, mAb molecules are positively charged. Anions
serve as the counter ions, whereas cations serve as co-ions [88]. In
general, both the anions and cations follow the inverse Hofmeister se-
ries. For instance, chaotropic anions (F, CI" and SCN’) promoted the
LLPS of protein at low concentration following the inverse Hofmeister

A s 3
* = critical point

Two Phases

Temperature

Tie line
One Phase

Surfactant Concentration

Fig. 6. Coexistence curve of mAb (left) and nonionic surfactant (right) (adapted from [50,61,69,77,781).
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Increasing protein solubility

-

co> SO 5,0 HPO, F cr Br NO> I clo*  scN-
NH,* K* Na* Li* Mgt Caz*
-T Cations B (dm*mol™?) Anions B (dm*mol?)
. . - Mg 0.39 PO,3 0.59
Increasing protein stability Car 0.29 CHiCO?  0.25
Ba®* 0.22 S04 0.21
Li* 0.15 F 0.10
Na* 0.09 HCO? 0.05
K* -0.01 cr -0.01
NH,* -0.01 Br -0.03
Rb* -0.03 NO3 -0.05
Cs* -0.05 clo* -0.06
I -0.07
SCN' -0.10

Fig. 7. Hofmeister series and the corresponding Jones-Dole viscosity coefficient (B) of cation/anion (adapted from [87,89,93]).

series (i.e. SCN™ > ClI" > F in terms of phase transition power) [69],
whereas cations (Li" and NHZ) still promoted the phase transition of
mAb in the same sequence of Li* > NH} as mentioned above [34,92].
However, the specific ion effect on mAb phase transition still needs more
investigation as deviation from the general trend has been reported for
anions (SO?{ and CI) [94].

3d. Effect of soluble polymers on phase behaviour

Soluble polymers also have significant effects on the phase behaviour
of mAb and the most widely used soluble polymer is PEG
[33,47,49,61,95,96]. Although other polymers such as Jeffamine were
also tested [47], a more thorough study of polymer effect on mAb phase
behaviour should be conducted in the future. In this review, 13 out of 20
studies on mAb phase behaviour used PEG with a wide range of mo-
lecular weight (0.4 to 20 kDa) to promote phase separation (Table 2).
The depletion-attraction model is often used to explain the effect of PEG
on protein phase transition [61,97,98]. In this model, the PEG molecules
surround the protein molecule to form an “excluded shell” (Fig. 8 left).
When two protein molecules get close to each other, their excluded
shells overlap, causing the depletion of PEG molecules in the overlapped
region, which results in an osmotic force that puts the protein molecules
closer to each other (Fig. 8 right). The magnitude of this depletion force
is influenced by the PEG concentration and the nature of protein-protein
attractive force is influenced by the size ratio of PEG and protein in the
form of Rg_prG/R protein, Where Rg ppg is gyration radius of PEG

Unbalanced
osmotic force

v

Excluded shell of thickness Ry peg
around protein molecule

molecule and R_protein is radius of protein molecule.

When the pH is moved further away from the pl of the protein, the
protein molecules are more charged and higher concentration of PEG is
needed to generate the depletion force required for phase transition
[99]. Furthermore, as Rg_prc/R_protein increases, the attractive force
among protein molecules switches from long-range to short-range. In
fact, the combination of high molecular weight PEG and salt has been
used together to induce LLPS for the extraction of mAb [100-103], but
the fundamental mechanisms are still not fully understood. As mAb is
larger than other typical globular proteins such as lysozyme and albu-
min (i.e. R_map > R_typical_globular_protein): mAb has alower Rg_prg/ R_protein
ratio than the typical globular proteins and hence the protein-protein
interactions are more short-range. This means mAb requires a lower
concentration of PEG to effect phase separation than the typical globular
proteins.

In a study of an IgG1 phase behaviour, PEG of various molecular
weights (1, 1.5, 3.35, 6 and 8 kDa) were tested for their ability to induce
LLPS [61]. Rg_pgg of PEG was between 1.4 and 4.3 nm, whereas R_protein
of the IgG1 was found to be 4.6 nm. Increasing the Rg_prg/R _protein ratio
(i.e. increasing the molecular weight of PEG) and PEG concentration
promoted LLPS. The tendency of LLPS had a nonlinear relationship with
the mAb/PEG concentration ratio. The phase separation temperature,
below which LLPS occurs, increased with the mAb/PEG concentration
ratio until a maximum, after which the phase separation temperature
started to decrease. At the same PEG concentration, higher mAb con-
centration resulted in more droplets and larger droplet size during LLPS,

Fig. 8. Molecular interaction between PEG and mAb (adapted from [61]).
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which could subsequently turn into crystals. In two other studies, good
quality mAb crystals were obtained when PEGs with molecular weights
of 1 — 4 kDa were used [33,47]. Since mAbs share a high degree of
similarity in terms of physicochemical properties, these PEGs should be
considered for mADbD crystallisation in general.

4. Successful scale-ups of mAb crystallisation

The literature around successful scale-up of protein crystallisation is
limited [27] and this is even more so in the case of mAb with only five
reported case studies (Table 3). The two most important case studies
demonstrated the crystallisation of an IgG1 from clarified cell culture at
1 L scale, showing the possibility of replacing chromatography with
crystallisation for the purification of mAb [107,108]. Unlike most pro-
teins, this IgG1 only crystallised at low ionic strength near its pI (~6.8),
but the fundamental reason was unknown and should be investigated in
the future. The crystallisation strategy was to reduce the salt concen-
tration of clarified cell culture and adjust the pH to 6.8 by performing
dialysis of the clarified cell culture against a 10 mM histidine/acetate
buffer (pH = 5.0). It was also found that adding 2% w/v PEG 10,000 into
the clarified cell culture before dialysis helped to accelerate the crys-
tallisation, which was consistent with the findings that PEG in general
promotes mAb crystallisation (Table 2). The crystallisation of IgG1l
achieved a purity of 92.9% by dramatically reducing the presence of
host cell protein (i.e. approx. 86% reduction) and DNA (determined by
dissolving the obtained crystals and analysing the solution). Combining
crystallisation and other conventional mAb processing steps such as
virus inactivation, anion exchange chromatography and nanofiltration,
a final purity of 99.0% could be achieved with a low host cell protein
concentration (i.e. 88 ppm) and undetectable DNA concentration (i.e. <
2 ppb). On the contrary, the other three case studies demonstrated the
successful scaled-up crystallisation of pure single-chain antibody and
Fab fragments by using the more conventional approach of mixing the
protein solutions with precipitants with high salt and PEG concentra-
tions [109-111].

The strategy of scaling up crystallisation consists of three steps: 1)
construct the phase diagram with vapour diffusion experiment to iden-
tify the crystallisation region; 2) confirm and fine-tune the crystal-
lisation conditions with micro-batch experiments; 3) perform the
crystallisation in microlitre or even litre scale [112]. The first and sec-
ond steps are usually conducted with the automated high throughput
method [113]. The knowledge on mAb phase behaviour mentioned in
the previous section can help to identify sensible starting points and to
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reduce the required number of experiments to significantly increase the
efficiency of the high throughput method.

In the last step (i.e. scale-up), additional aspects such as mixing,
temperature control, crystal shape/size control and product removal
must be considered. Mixing ensures the homogeneity of protein/pre-
cipitant concentrations and the dispersion of crystals for better control
of crystal size. As shown in Table 2 and Table 3, LLPS often occurs before
crystallisation for mAb and hence mixing is especially important in this
case to ensure the proper dispersion of protein-rich phase in the form of
droplets [109]. However, the extent of agitation must be controlled
properly to avoid the denaturation of protein [114] and the breakage of
crystals, which leads to secondary nucleation and more complicated
crystal size control. In addition, the extent of agitation has significant
influence on the crystallisation kinetics, as crystallisation was found to
occur earlier in stirred tank in comparison to unstirred condition [110].

During the scale-up of crystallisation in terms of system volume, the
crystallisers should maintain geometric similarity while the volume in-
creases. Various criteria are available for determining the appropriate
level of agitation, including constant minimum stirrer speed, constant
impeller tip speed, constant mean power input and constant maximum
local energy dissipation. It was found that maintaining a constant
maximum local energy dissipation (epay in Eq. (3)) was the most suitable
criterion as this approach could achieve similar crystallisation kinetics,
yield, crystal size distribution and crystal shape when scaling up the
process [110], whereas other criteria had problems such as the forma-
tion of crystal agglomerate and variation of crystallisation kinetics.

EXa

~
Emax =

2 - @)
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where € is mean power input, a is geometric parameter, d is impeller
diameter, D is tank inner diameter, h is impeller height, H is tank filling
height, z is number of impeller blades, z; is number of impellers and a is
blade inclination to the horizontal (Fig. 9).

Temperature control is another important aspect in mAb crystal-
lisation, as temperature has significant influence on the phase behaviour
of mAb (Table 2). In general, a combination of salting-out and cooling
crystallisation can be applied to mAb as demonstrated in a case study of
continuous crystallisation of IgGl in a mixed suspension classified
product removal crystalliser with tubular bypass (Fig. 10) [108]. The
protein and precipitant solutions entered the crystalliser from the
righthand side and were mixed instantly by the stirrer. The protein/

Table 3
Summary of successful scale-up of mAb crystallisation.
Types of mAb* Scale Crystallisation conditions Observations Ref.
1gG1 e 6mL e 10 mg/mL IgG1 & 20 mM NaCl in 10 mM histidine/acetate o Stirred batch crystallisation. [107]
e 100 buffer (10 °C, pH = 6.8) e mADb crystallisation from clarified cell culture.
mL e 25mg/mL IgGl & 52 mM trehalose in 10 mM histidine/acetate e Crystallisation at low ionic strength when pH ~ pI.
e 1L buffer (10 °C, pH = 6.8)
e 150 e 16 mg/mL IgG1 in 10 mM histidine buffer : 80 mM TRIS base e Continuous crystallisation in stirred classified product removal ~ [108]
mL solution (10:1, v/v) as continuous feed (10 °C, pH = 6.8) tank with tubular reactor as bypass.

Single chain e 1 mL e 5 mg/mL antibody & 22.5% (w/v) NaSO4 & 2% (w/v) PEG
antibody e 10 2000 & 60 mM (NH4)2S04 in 70 mM HEPES buffer (room
mL temperature, pH = 7)
* 220
mL
Fab fragment of e 6mL e 3 mg/mL Fab fragment & 14% PEG 5000 & 100 mM NacCl in 50
canakinumab mM in sodium malonate buffer (28 °C, pH = 7.0)
Fab fragment e 5mL e 110 mg/mL Fab fragment & 1.1 — 1.6 M (NH4)2SO4 in 40 mM
e 100 sodium citrate buffer (20 °C, pH = 6.25).
mL

mAD crystallisation from clarified cell culture.

Crystallisation at low ionic strength when pH ~ pl.

Stirred batch crystallisation. [109]
Crystallisation in the sulphate-rich phase and near the bound-

ary of droplet during liquid-liquid phase separation.

Crystals accumulated in the PEG-rich phase when the stirring

stopped and the mixture separated into two layers (PEG-rich

phase on top).

Stirred batch crystallisation. [110]
Crystallisation appeared four times after under stirring than

unstirred condition.

Stirred batch crystallisation. [111]
Increasing concentration of (NH4)2SO4 to drive the

crystallisation yield to 99%.

* Intact unless stated otherwise.
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Based on the limited case studies summarised in Table 3, it is obvious
that mAD crystallisation still has a long way to go. The demand for cost-
effective biosimilars of mAb-based therapeutics in the next few decades
provides a strong motivation for the development of mAb crystallisation
for purification purposes. A proposed purification process flow chart is
shown in Fig. 11 (right), where the chromatographic steps in the con-
ventional mAb manufacturing (Fig. 11 (left)) is replaced by two crys-
tallisation steps to achieve high purity.

As purification cost usually accounts for >50% of the entire

¥

D

Fig. 9. Typical stirred tank with blade impeller.

precipitant mixture was pumped into the tubular bypass that was
maintained at a lower temperature to initiate nucleation. Using the
tubular bypass increased process flexibility as nucleation was decoupled
from crystal growth that mainly took place in the stirred tank. In the case
study, the main stirred tank was operated in batch mode without the
bypass for two hours to initiate the crystallisation, before the system was
switched to the continuous mode, where IgG1/tris mixture entered the
main tank continuously and IgG1 crystals were continuously removed
from the bottom of the tank. The main tank was maintained at 10 °C,
whereas the bypass was maintained at 0 °C (note: the main tank tem-
perature was controlled by the temperature and flow rate of the stream
leaving the bypass and returning to the tank). At steady state, high yield
and purity were achieved (93% & 96% respectively).
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11. Purification process flow chart for (left) conventional mAb
manufacturing and (right) with replacement of chromatography with
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Fig. 10. Mixed suspension classified product removal crystalliser with tubular bypass (adapted from [108]).
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production cost and affinity chromatography (i.e. with protein-A resin)
accounts for ~70% of the overall purification cost [6,10,11], the suc-
cessful replacement of affinity chromatography with crystallisation can
achieve a substantial reduction (i.e. ~20 — 30%) in the production cost
of mAb-based therapeutics (note: this estimate is agreed by industrial
producers of mAb that we have collaborated with over the past few
years), which will subsequently translate into more affordable thera-
peutics and less heavy financial burdens for patients. In terms of scale,
crystallisation can be conducted in industrial bioreactors where the
synthesis of mAb takes place. These bioreactors have volume normally
between a few hundred to approximately ten thousand litres and the
typical titre is ~10 g/L [6,10,11]. This means crystallisation can process
up to 100 kg mAb per batch in a 10,000 L bioreactor.

The key impurities for removal are host cell proteins, DNA and virus
(Fig. 2 (left)), which are the by-products of the mAb synthesis by
mammalian cells. Due to the different physicochemical properties of
these impurities, the purification of mAb is a complex process [115]. For
example, the host cell proteins consist of multiple proteins that have a
wide range of molecular weight and pl. For instance, in a previous study
of mAb production with CHO cells, more than 20 types of host cell
proteins were detected with molecular weights between 22 and 406 kDa
and pl between 4.4 and 11.0 [116]. On the other hand, DNA and virus (e.
g. minute virus of mice) have relatively more predictable size (e.g. ~25
nm for minute virus of mice) [117] and pI (~5 for DNA and minute virus
of mice) [118,119]. The diverse physicochemical properties of impu-
rities significantly increase the complexity of mAb purification because
they not only exist as individual components, but also associate with the
mADb molecules. For example, previous studies have investigated the
association of host cell protein with mAb [116,120,121]. As such two
more chromatographic steps are necessary after the Protein-A chroma-
tography (i.e. affinity chromatography) in the conventional practice
(Fig. 11 (left)). In the context of mAb crystallisation (Fig. 11 (right)), this
means the screening of crystallisation conditions must consider suitable
experimental conditions (i.e. pH, temperature and additives) that fa-
vours the dissociation of impurities from mAb.

Over the past decade, although significant advances have been made
on the understanding of fundamental mechanisms of crystallisation
[122-124], the development of heterogeneous/homogeneous templates
to enhance the crystallisation [12,125-132] as well as the process
development of protein crystallisation [112,114,133,134], a number of
areas still require more research attention for the incorporation of mAb
crystallisation into pharmaceutical manufacturing, including:

1) Crystal properties characterisation;
2) Crystal shape control;

3) Heterogeneous crystallisation;

4) Continuous crystallisation.

Firstly, the physical and chemical properties of mAb crystals are
rarely available in literature, but they are important for the handling of
mADb crystals during manufacturing. For example, the mechanical
strength of mAb crystal determines the suitable shear stress produced by
agitation to avoid or promote the breakage of mAb crystals in a crys-
talliser. Secondly, shape control is still largely unexplored for mAb
crystals, but crucial in the manufacturing process. In most of the pre-
vious studies, mAb crystals appeared in needle shape [46], which is
undesirable for processing as needle crystals tend to block pipes and
filters. With mAb crystals properly characterised (i.e. point 1 above), the
growth rate of different facets under different experimental conditions
can be determined and manipulated accurately for achieving the desir-
able crystal shape. Thirdly, the development of heterogeneous nucleants
for protein crystallisation is one of the latest developments in this area
[135-143]. Previous studies have shown that physiochemical properties
of heterogeneous nucleants that are important for enhancing protein
crystallisation include pore size and surface chemistry [125,129,144].
The development of suitable heterogeneous nucleants for mAb is an
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important direction, especially in achieving selective crystallisation of
mAD in the presence of biological impurities. Lastly, continuous crys-
tallisation for mAb is advantageous in terms of scalability and product
quality consistency and hence more research effort should be directed to
this area. Previous studies have demonstrated that various crystalliser
configurations (i.e. stirred tank, tubular, membrane) can be used to
crystallise proteins [27,108,112,145-148]. In the case of mAb, the
process fluid is significantly more viscous than water due to the use of
PEG as a crystallising additive. As a result, ensuring proper mixing can
be tricky in stirred tank crystalliser that uses impeller for mixing and in
conventional tubular crystalliser that relies on high flow rate for
creating turbulence, as a previous study showed that protein could be
denatured under moderate shear stress [114]. In our opinion, tubular
crystallisers coupled with oscillatory flow or slug flow might be better
options for the continuous crystallisation of mAb, but more experi-
mental studies must be conducted in the future for validation.

5. Conclusion

Compare with small molecule compounds, protein is challenging to
crystallise due to the large and complex nature of protein molecules.
mAD is even more difficult to crystallise than conventional globular
proteins such as lysozyme because of its significantly larger molecular
weight (i.e. 150 kDa vs 15 kDa of lysozyme) and high flexibility due to
the presence of hinge region that connects Fab and Fc. Although ther-
apeutically relevant mAb are highly similar in terms of molecular shape
(i.e. Y-shape) and amino acid sequence, slight changes in the amino acid
sequence of the variable domain can result in significant changes of pI
and tremendous implications for the phase behaviour in the presence of
salts. An overview of the studies conducted on the phase behaviour of
mAD shows that the pI of mAb (IgG1) covered a wide range (i.e. 4.7-9.2)
and the effect of ions could follow a completely trend (i.e. direct vs in-
verse Hoffmeister series) at the same pH. Crystallisation of mAb was
often observed with LLPS, as the protein-rich phase could have as high as
100 folds of protein enrichment as compared with the protein-poor
phase. PEG are the most popular macromolecules used to induce LLPS
and subsequently the crystallisation of mAb as they tends to enhance the
short-range interaction between mAb molecules and hence the chances
of crystallisation. Due to the limited understanding of the mechanisms of
LLPS and crystallisation of mAb, the number of successful demonstra-
tions of mAb crystallisation scale-up is limited. The existing demon-
strations showed that mAb could be directly crystallised from clarified
cell culture and crystallisation could replace chromatography to achieve
high yield and purity. However, more efforts are needed to understand
the interactions between impurities (i.e. host cell proteins, DNA and
virus) and mAb in order to identify suitable crystallisation conditions.
When scaling up crystallisation, mixing and temperature control are two
critical factors to be considered. Existing demonstrations show that
maintaining a constant maximum local energy dissipation is the most
suitable scale-up criteria for mixing and combining a cooling by-pass
with a stirred tank crystalliser as a temperature control strategy can
decouple nucleation and crystal growth and significantly increases
process flexibility.
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