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Abstract

Monoclonal antibodies (mAbs) represent today's most common class of biologic drugs for the treatment of diseases such as rheumatoid arthritis, multiple sclerosis, COVID-19 and many different types of cancer. As mAbs have a common biological scaffold, they are produced in Chinese hamster ovary cell lines and are purified via a number of complex and expensive chromatography-based steps, operated in batch mode, that relies heavily on Protein A resin. The major drawback of conventional procedures is the high cost of the adsorption media, which can amount to more than ten thousand US$ per liter, and the extensive use of chemicals for the regeneration of the chromatographic columns, that leads to an unsustainable environmental cost. In our research, we have shown that conventional Protein A chromatography can be replaced with a single crystallization step and gram scale production can be achieved in continuous flow using the template-assisted membrane crystallization process. The templates (i.e. silica) are embedded in a membrane (e.g. porous polyvinylidene fluoride with a layer of polymerized polyvinyl alcohol) and serves as nucleants for crystallisation. mAbs are flexible proteins that are difficult to crystallise, therefore the challenge is to determine the conditions under which mAb crystallisation can occur and to optimise these. The objective of this protocol is to establish a systematic and flexible approach for the design of a robust, economic and sustainable mAbs purification platform to replace at least the Protein A affinity stage in traditional chromatography-based purification platforms. The procedure provides details on how to establish the optimal parameters for separation (for example, crystallisation conditions, choice of templates, choice of membrane) and includes advice regarding analytical and characterisation methods.

Introduction
Monoclonal antibodies (mAbs) are currently the most common class of biologic drug for commercial production1-4. mAbs stimulate the patient's immune system to attack the invading species by monospecific binding to either the invading cells or individual proteins. Antibodies are being developed for the treatment for diseases such as rheumatoid arthritis, multiple sclerosis, COVID-19 and many different types of cancer. As mAbs have a common biological scaffold, their production processes are quite similar. Often, mAbs are produced in Chinese hamster ovary (CHO) cell lines and purified via a number of complex and expensive chromatography-based steps that are normally operated in batch mode5.
Traditional processes use Chromatography
Downstream processing (DSP) of mAbs currently relies heavily on Protein A chromatography, a fast and highly selective capturing step, followed by additional chromatographic procedures such as ion exchange or hydrophobic interaction chromatography. Although the purity of mAb achieved after Protein A chromatography usually exceeds 90%, further purification steps are required to meet the target standards of biopharmaceuticals6,7.
Most mAb purification processes will include at least one ion exchange chromatography step; this step can be applied early or late in the purification process. Anion exchange (AIEX) (using +ve charged group on the resin) is used in flow through mode on nearly all platforms (impurities bind to the solid phase; target flows through). Cation exchange (CIEX) (using a -ve charged group on the resin) is typically used in bind-elute mode (target binds to the solid phase, and is eluted later). 

Hydrophobic interaction chromatography (HIC) may be also employed, but is rarer. Some mixed mode resins are increasingly employed, as e.g. a HIC/AIEX resin in flow through mode. For an antibody having a basic isoelectric point (pI), CIEX can even be used as an initial capture step8. HIC is a useful tool for separating proteins based on their hydrophobicity and is complementary to other techniques that separate proteins based on charge, size or affinity9. HIC is mostly used as an intermediate purification step after Protein A chromatography or as a polishing step after ion exchange chromatography.
The major drawback of chromatographic procedures is the high cost of adsorption media, e.g. Protein A resin can cost more than ten thousand US dollar per liter 8-11. Therefore, more economic and environmentally sustainable procedures able to replace at least one chromatographic operation are subject of extensive research.

Crystallisation as an alternative to chromatography
The main application of protein crystallization is structure analysis, but it has been recognized recently as a method for protein purification and has been applied to the purification of elastase12 , proteases13, ovalbumin14 and lipase15. However, the only biopharmaceutical routinely crystallized at industrial scale and with excellent recovery yields is insulin16.
Crystallisation for the purification of mAbs would be less expensive and more efficient than conventional DSP purification approaches of mAbs based on Protein A chromatography: 5,000–14,000 $/L resin in the chromatography method compared to 15–140 $/L precipitant in crystallization technique5. In addition, crystalline protein products usually have higher purity and stability, which can beneﬁt formulation, storage and drug delivery options17.
Several authors have studied the phase behaviour of mAbs that have similar scaffolds and Y-shape (Figure 1) macromolecular structures, and that have been produced in similar ways18-24. They found that it was possible to find crystallization conditions where the purity specifications and protein yield were sufficiently high for use as purification method purification.	Comment by Bronwen Dekker: Is this what you meant?	Comment by G d: OK
Despite the many advantages of mAbs crystallization, the use of this technique as a means of purification or formulation is not yet a routine procedure and difficult to achieve on a large scale. Despite some success on the small scale, their conformational flexibility and complex three dimensional configuration mean that their phase behaviour is complex; this complexity translates into a relatively long induction time depending on the method of crystallization25 lead to limited efficiency of the crystallization process at a larger scale. Furthermore, in addition to crystallization, other phenomena such as precipitation, phase separation and the formation of gel-like phases can occur. These phenomena kinetically trap the system far from equilibrium and consequently reduce the yield of crystalline protein or inhibit crystal formation completely5.	Comment by Bronwen Dekker: Is this what you mean?	Comment by G d: OK

Development of the protocol
This protocol has evolved during the implementation of the HORIZON 2020 FET-OPEN AMECRYS project (https://cordis.europa.eu/project/id/712965/en) which had the main objective of developing an efficient, cheaper and more environmentally sustainable alternative to currently used downstream practices in biopharmaceutical productions. The key concept behind this approach is continuous template-assisted membrane crystallization (TMC).
In general, proteins have slow crystallization kinetics due to their complex 3D configurations. Adding heterogeneous nucleants (heteronucleants) can induce crystallisation at lower protein concentrations and/or speed up the crystallization process. A template is a heteronucleant that has been specifically designed to induce crystallisation; templates comprising natural materials26, nanoparticles27 and engineered surfaces28 have been developed for this purpose. This approach has been shown to be effective for proteins with a wide range of molecular weights (i.e. 14 kDa to 450 kDa)29. Among the materials reported as templates, silica-based nanomaterials are ideal for enhancing protein crystallization due to their versatility (i.e. a wide range of size, shape, porosity and surface chemistry can be achieved) and nontoxicity30. Based on these considerations, templates reported here are silica-based materials.
In TMC, the template is attached to a membrane support. This membrane is hydrophobic and permeable to water (solvent) vapour. It is used to form a membrane module that allows osmotic flow of water vapour from the protein solution under finely controlled conditions which facilitates crystallisation at the template sites.
We have shown that TMC can completely replace the multi-step batch chromatography platform based on Protein A traditionally used for the purification of the Anti-CD20 mAb (Figure 2).	Comment by G d: Reference is in the caption of Figure 2	Comment by Bronwen Dekker: I am not sure what you mean by this. Would you please check?	Comment by G d: OK, it was my mistake. Ignore the comment.

Initial stages
The first step in this method development was to optimise fermentation for high final upstream processing (USP) titre and to purify the product, Anti-CD20, using conventional DSP protocols. Batches of feedstock at three purification levels (Level 1 - post-polishing drug substance at the highest purity; Levels 2 – post-Protein A capture chromatography at intermediate purity; Level 3 – post-depth filtration primary purification at the lowest purity) were prepared to supply material that was increasingly difficult to purify by crystallisation. A baseline set of analytical data on products properties, such as final concentration (yield), charged variant profile, aggregate detection, host cell proteins (HCPs) content, % intact mAb, % heavy and light chains, glycosylation profile, safety and rDNA residuals, was prepared so that the chromatography and the TMC purification processes could be compared.
Extensive studies based on a combination of experimental and modelling insights on conformational and colloidal stability, structural flexibility and crystallization propensity, allowed identifying the general conditions for Anti-CD20 crystallization and the phase diagram in specific solution conditions. Small-angle X-ray scattering (SAXS) experiments were used to determine the gyration radius and the conformational flexibility of the protein in solution, which was useful for the proper design of silica nanotemplate particles (NTs) and to implement reliable simulations of the mAb crystallization process. Dynamic and static light scattering (DLS/SLS) measurements were used to assess the Anti-CD20 molecule hydrodynamic diameter, conformational homogeneity in solutions and protein-protein interactions by the osmotic second virial coefficient B22 and the interaction parameter kd under selected solution compositions. Experiments using precipitants and different buffer concentrations were performed to determine the role of liquid-liquid phase separation (LLPS) in the early stages of aggregation of the mAb molecules in solution.

Silica mesoporous nanotemplates
Custom synthesis of silica mesoporous substrates (three-dimensional nanotemplates) was performed. The resulting substrates had narrow pore size distributions for customized pore dimensions between 3 and 100 nm. These templates have been investigated through extensive mAb crystallization screenings by microbatch and vapour diffusion methods to demonstrate their effectiveness in enhancing the nucleation of the Anti-CD20 from Level 1 to Level 3 solutions. Different techniques such as chromatography, gel-electrophoresis, X-ray diffraction, DLS, visible and UV microscopy have been used to characterize the resulting crystals, supplying compelling evidence that the crystals contained protein. Structural investigations were carried out at synchrotron light sources to prove the presence of the mAb molecule in the crystals, thus validating the crystallization protocols. Tests, confirmed the efficiency of nanotemplates with pore size in the range 3-4.5 times the size of the mAb molecule (50-60 nm) to enhance protein nucleation from clarified cell culture fluid (CCCF).

Functionalised PVDF membranes
Macroporous polyvinylidene fluoride (PVDF) membranes with target properties (pore size 50-200 nm, porosity >70%, high surface roughness, contact angle up to 140°) were manufactured by the combination of vapour induced (VIPS) and liquid induced (LIPS) phase separation techniques with dimethylsulfoxide (DMSO) as more sustainable solvent and without using any pore-forming toxic chemical or additive. Experiments at different relative humidity (RH) and exposition time of the pre-polymerization solution during the VIPS stage were performed to identify the optimal conditions to achieve the target membrane properties.
The next step is to attach the nanotemplates to the membrane. Our approach was to functionalise the hydrophobic PVDF membranes by coating with a hydrophilic layer of polyvinyl alcohol (PVA) hydrogel, cross-linked with glutaraldehyde (GA) in the HCl-catalyzed polymerization reaction, with homogeneously dispersed nanotemplates. Hydrogels are soft materials where polymer chains are physically or chemically cross-linked to form a 3D network with a mesh-like matrices. Because of their permeability by means of not-well-defined pores, hydrogels can play separation functions based on exclusion imposed by molecular size. Experiments using different functionalization conditions (concentration and ratio of monomer and crosslinker components, casting rate of the pre-polymerization solution on the PVDF support and thickness of the hydrogel film layer; the so formed hydrogel layer is added to protect the membrane from hydrophobic molecules present in the CCCF) were performed to optimize the homogeneity and the mechanical stability of the coating layer while preserving the transport properties, the compatibility with the crystallization cocktail (stability to wetting with buffer and precipitants) and the reproducibility of the purification method at different application scales. 	Comment by Bronwen Dekker: This is ambiguous as written. Would you write this ina way that makes it more clear what order the steps are done in?	Comment by G d: This is fine	Comment by Bronwen Dekker: This is the first time that you mention hydrogel so a small explanation might be useful.	Comment by G d: I added a short description
Osmotic membrane-assisted crystallization (MAC) plant
The functionalized membranes were tested in an osmotic membrane-assisted crystallization (MAC) plant using multicomponent solutions (buffer, precipitant, protein) based on preliminary crystallization screenings conductive to protein crystallization. The key experiments were to evaluate the membrane stability against wetting with Level 1 - Level 3 mAb solutions for long operation time (>72 h)  and to measure overall process performance in terms of overall Anti-CD20 productivity and purity.

Based on experimental results at laboratory scale, it is possible to design and operate a continuous TMC crystallizer prototype that has the capacity to produce mAb crystals from several litres of CCCF. Using Anti-CD20 as an example mAb, the TMC process has proved to be a viable and easily scalable technique for producing significant quantities of crystallised mAb from various levels of solution purities, thus validating the present protocol.

Comparison with other methods
Monoclonal antibodies are produced using mammalian cell lines and have a similar structure so that their purification process is already well established and standardized. However, the conventional chromatography used in DSP is far from perfect.
Chromatographic adsorbents are highly priced (e.g., Protein A resins cost $5,000—$14,000 per liter), accounting up to 80% of the overall purification costs of mAbs31), and are associated with high water consumption during operation (e.g., 1,500–3,500 L per kg mAb produced assuming an initial deduct mAb titres of 2–5 g /L), contributing to the high cost and environmental footprint of the DSP stage.
Several other technical limitations are:
· leaching of Protein A ligand;
· loading the chromatographic column in batch mode is time-consuming;
· the formation of aggregates and/or precipitate during elution; and
· the extensive use of toxic solvents and chemicals for column regeneration (up to 200 times).
The interest to combine membrane operations and solution crystallization has grown in the past several years to overcome most of protein crystallization scalability challenges. This approach has been put into practice in several forms of membrane-assisted crystallization configurations32-51. The process solution is concentrated by solvent removal over a porous hydrophobic membrane to the vapour phase. Through the solvent removal, the concentration, and herewith the generation of supersaturation as thermodynamic requirement for the crystallization process, is precisely controlled. By using appropriate membranes and operation conditions, the main features of this technology allow modulating the supersaturation profiles adjacent to the membrane surface on which nanotemplate particles are incorporated, to promote nucleation of the target molecule. This allows to finely exploring the narrow region of the phase diagram of complex molecular systems, like mAbs, to enable the most appropriate pathways for controlled crystallization52.
The potential advantage of industrial application of the MAC technology with templated-assisted method (that here we define as template-assisted membrane crystallization or TMC) in mAbs purification comes in two main areas that are interlinked and attractive for industrial companies: continuous processing and process compactness.
This technology is inherently modular, as tens of square meters of membranes manufactured in the form of flat sheets or hollow fibers of relatively cheap polymers can be efficiently arranged in modules. This means that scale-up procedures are much simpler when compared to conventional chromatography-based DSP platforms, and results at lab-scale can be almost linearly transferred to industrial environment with limited efforts.
Membranes are much cheaper than chromatographic columns  and the technology allows a shift from a batch to a continuous process (Figure 2). Compared with batch processes, continuous processes require less space, reagents, intervention by humans; this improves manufacturing efficiency, decreases production cost and improves environmental sustainability.
Indeed, purification of mAbs by the membrane-based method is a truly continuous manufacturing process with continuous feed inlet and outlet of purified product. This yields higher protein concentrations than chromatography and the requirement of ancillary activities, such as the large volumes of buffers and chemicals for chromatography are avoided with remarkable reduction in environmental impact. Hence, the size of the equipment and the process footprint will be substantially reduced while achieving the target purification and manufacturing efficiencies by a crystallization process.
Comprehensive reviews comparing membrane crystallization with chromatography purification methods have been published recently53,54. While the replacement of chromatography with TMC has the potentiality of costs reduction, footprint reduction and high-purity solid formulation of mAbs with preserved biological activity, this approach will allow to revolutionize downstream processing of mAbs by mitigating their cost in the market, thus contributing to the sustainability of health and care systems.

Limitations
A few limitations are associated with this TMC. The first limitation is that while the method is validated for the specific monoclonal antibody Anti-CD20, it is not directly transferrable to another mAb. This time-consuming validation needs to be performed for each new mAb (or other biomolecule of interest). The method optimisation and validation is described in detail in this protocol and includes:
· determination of the crystallization ability of the target molecule;
· the screening of the optimal crystallization conditions;
· the choice and preparation of template particle with the ability to induce heterogeneous nucleation of the specific mAb;
· the design and the manufacture of the functionalized membrane;
· the process engineering with respect to the dimensions of the membrane unit related to process performances and product quality.
This requires cooperative work over a long time period and might be obstacle for the implementation of the technique at industrial scale. In particular, the screening of protein crystallization conditions with the vapour diffusion approach is slow and largely based on a trial and error approach due to the difficulty in predicting the suitable crystallization conditions for proteins in general and the slow kinetics of protein crystallization.
However, mAbs are a single product category whose molecular properties are broadly similar. The Anti-CD20 is an example of an IgG1 kappa light chain antibody and has the amino acid sequence listed in Drugbank as Rituximab. This antibody subclass makes up the majority of therapeutic antibodies and hence the Anti-CD20 mAb is considered as a reasonably realistic model for the development of crystallization-based mAb purification technologies. Therefore, the successful solutions achieved for purifying Anti-CD20 are likely to apply to several other mAb and mAb-derived products with only minor adjustments of the early stage on the refinement of the crystallization conditions by screenings, so that all the following procedures, equipment and materials are expected to be similar. Furthermore, the use of porous template can overcome this limitation by inducing protein crystallization through favourable protein-template interactions.
A second limitation of the protocol is that the impurities present in the CCCF starting material and/or the chemicals and additives used to induce mAb crystallization during TMC process increase the overall hydrophobicity of the solution. If the solution becomes too hydrophobic, it will wet the hydrophobic layer of the membrane, which is a problem because the crystallizing solution on the feed side of the membrane and the extractant (or osmotic) solution on the other membrane side (distillate), will be able to mix freely. Polyethylene glycol (PEG), a commonly used protein precipitant additive, is a major source of hydrophobicity for the solution, especially when used in the high molecular weight form. Therefore, the hydrophobic membrane has to be adequately “protected” from the hydrophobic components to avoid wetting effects. Validation of the method with Anti-CD20 solution at different level of impurities and with PEG400 as precipitant agent demonstrated that the coverage of the hydrophobic PVDF membranes with a moderately hydrophilic hydrogel layer of PVA provides stable conditions over 72 hours of continuous operation without detecting any wetting effect within this time scale.	Comment by Bronwen Dekker: Is this what you mean?	Comment by G d: OK
Another potential limitation of the method is that smaller crystals of mAb could stack on the membrane and clog the pores, thus decreasing solvent mass transport through the membrane. While working at sufficiently high shear rates is proven useful to mitigate the accumulation of tiny crystals on the membrane surface in a single process lasting 72 h, cleaning and regeneration of the membrane between different operation cycles by a dilute NaOH solution (0.5 M) is necessary to recover the initial transmembrane flux and productivity. It is anticipated that operating at too high feed solution velocity (large Reynold’s number) to enhance the crystallization kinetics would generate an excess of nucleation with the production of a large amount of sub-micrometrics crystals which would exacerbate membrane fouling.
Another potential problem that might occur is that the mAb product after the TMC stage does not meet the required purity standards standards for biopharmaceuticals, due to impurities inclusion in the interstitial spaces of the crystals and/or their adhesion to crystalline faces. In such cases, a purer product can be achieved by redissolving the crystals and performing additional TMC cycles at the expense, to some extent, of the overall yield of the process.

Overview of the procedure
The aim of this study is to establish a systematic and science-based workflow for the robust design of a mAbs purification platform. This workflow does not address the discovery and identification of different mAbs but rather focuses on the purification of a pre-determined mAb.

This workflow (Figure 3) provides a framework for designing a TMC process for mAbs in general. It is not designed to be followed rigorously, but instead emphasises a way of thinking which leads towards a proper process design. This approach is a rapid and efficient means of assessing the feasibility of a TMC process for specific mAbs, determining the process parameters that deliver a consistent purification process that meets defined specifications, and optimising this process in terms of product purity and processability..
The output of this study is a continuous flow template assisted membrane crystallizer prototype that can be used to assess the operation and applicability of the technology in terms of the rigorous regulatory requirements for biopharmaceutical products. These data will allow comparison with the conventional technology of chromatography-based DSP in terms of purity, yield and productivity. Some additional benefits will be realised by designing new facilities around compact and modular technology of reduced size. For the example mAb, we were able to consistently prepare a product with high purity and yield at different scales ranging from microliters to liters; and in both batch and continuous operation mades.

Experimental design
Figure 3 details the general steps in the workflow developed in this study, including the various paths between stages based on the outcome at specific decision points (checkpoints). The different stages are described in more detail in the sections below. A specific case study to exemplify these stages can be found in the Anticipated Results section. For each stage we describe:
· the objective, 
· methodology, and 
· how to decide when to proceed to the next stage.
Finally, broader applications of the workflow into the pharmaceutical industry are discussed.

Stage 1: Prior Knowledge
Stage 1 collects all prior knowledge about the specific mAb under investigation. Prior knowledge of the feed composition, impurity removal specification, mAbs structure (Figure 1), if known, and propensity for crystallization is a crucial stage to enter the workflow design.  No specific procedure is related to this stage since this information can come from a range of sources including, but not limited to, previous published literature of the mAb of interest and experiments performed while developing the routes for its synthesis or work-up.  Table 1 summarises some of the prior knowledge required to enter the workflow. 

Table 1 | Summary of some prior knowledge required to enter the workflow for the specific case of this work.

	Data item
	Method

	Crystallization ability of selected mAb
	Literature, AMECRYS work-up development

	Structure of mAb of interest
	Literature, AMECRYS work-up development

	Feed composition and purity specification data
	AMECRYS work-up development of the synthesis route

	Impurity removal specification and yield of the purified mAb
	Literature relevant to conventional chromatographic methods

	mAb analytical and characterization methods
	Literature, AMECRYS work-up development

	Physical data on 3D-Nanotemplates particles, including particle size, pore size and functionality
	AMECRYS work-up development

	Physical specifications of the membrane used in the membrane-assisted crystallization process, including material compatibility, thickness and diffusivity
	AMECRYS work-up development

	mAb structural flexibility
	Literature, AMECRYS work-up development




Many public servers can predict crystallization ability: XtalPred - a web server for prediction of protein crystallizability55; CRYSTALP2 - sequence-based protein crystallization propensity56; fDETECT - that combines knowledge about primary structure of the target protein and about secondary structure of homologous proteins or its individual domains/chains (http://biomine.cs.vcu.edu/servers/fDETECT/). In addition, servers such as SERp implement surface entropy calculations that are able to suggest mutation candidates that are likely to enhance a protein's crystallizability57. This enables a dynamic use of prior knowledge where the design of mAb sequence can be adapted to the specific downstream processing based on TMC by acting on few surface exposed, high entropy amino acids and poorly evolutionary-conserved residues that can be replaced with amino acids with small and low entropy side chains (e.g. alanine). These variations could have negligible effect on therapeutic use of mAb while largely improving the efficiency of its crystallization process.
Feed composition: Feed composition is assumed constant as impurities are known to have a significant impact on crystallization processes and can influence the kinetics of nucleation and crystal growth, leading to a change in mAb structure. Consequently, material used for process development via this workflow must be consistent in terms of impurity profile and ideally from a single synthesis lot/batch. Recycling of mAb is possible, however, it is important to determine the levels of known and new degradation products. If these levels increase, then the process might not work.
Structural determinants such as gyration radius or hydrodynamic diameter, solvent-accessible surface area, intra- and inter-molecular contact surfaces are key input parameters for the template particle preparation (their optimal average pore size strongly depend on mAb dimensions!). They can be:
· determined by analysis of crystal structure if present in the protein data bank (https://www.rcsb.org ), 
· predicted by using homology-modelling servers (https://zhanglab.ccmb.med.umich.edu/I-TASSER), or 
· measured by performing DLS and SAXS on samples in solution.
Besides determining static structural features, SAXS measurements can quantify conformational flexibility, which is of paramount importance to assess propensity to crystallization, and can be very informative about protein aggregation in the case it is coupled with size exclusion chromatography (SEC). Knowing structural flexibility and protein conformation as a function of relevant variables (precipitant, pH, temperature), can help finding suitable conditions to maximize crystal yields and size for industrial production purposes. Moreover, crystal properties can affect the bioactivity of mAbs when formulated in the solid crystalline state.

Stage 2: Screening of Crystallization Conditions
The objective of this stage is to determine optimal crystallization conditions using the minimal amount of protein material, as detailed in Procedure 1. The outcome of the stage will allow the first estimate of purity, yield and productivity of the envisaged templated-assisted membrane crystallization under particular process conditions. The input to this stage is the prior knowledge from Stage 1 e.g. 
· feed composition
· impurity removal specifications 
· mAbs structure
· successful crystallization cocktails 
· protocol for crystallization 
· stock exchange buffers that enable crystallization
· propensity for crystallization (understanding the protein-protein interactions in solutions)
· analytical technique to characterise the crystallized mAb of interest.
The stage consists of four tasks: 
1. Confirm that the mAb can be crystallised. 
2. Plot a phase diagram to get insights about solubility of the mAbs
3. Assess crystallization behaviour (e.g. reproducibility)
4. Obtain a first estimate of the optimal crystallization conditions. 
Throughout this stage it is important to check that the crystals contain mAb in the solid state. 

Crystallization Ability. Getting protein crystals still involves a trial-and-error approach where many of the parameters affecting the process (protein concentration, buffer, pH and kind and concentration of salt, additives, and temperature) are screened58.
The process conditions can be optimised in more systematic studies. One such approach is to determine the second virial coefficient B22, which describes the self-interaction of proteins in solution under particular compositional solution conditions59. The B22 values can be then related to the ability of the molecule to crystallize under these conditions60. A systematic screening for mAb crystallization potentially allows the selection of an effective crystallization cocktail61 and the avoidance of liquid–liquid phase separation62 or other undesirable phenomena that might occur in the system. Therefore, for instance, the condition that results in undesirable precipitation can be avoided. In addition, the conditions that do not lead to crystallization because resulting in solute underneath the metastable zone, can be excluded from the design of experiments to save time and effort. 
Crystallization trials aiming to investigate the effect of precipitant solution composition on crystal quality are also performed by changing the starting amount of precipitant. As expected, the shape, size and density of crystals are found to depend on buffer composition, initial protein concentration and crystallization method. All these parameters have also an impact on the time required to achieve crystallization.
There are normally two distinct crystallization screening approaches for proteins such as mAbs: microbatch and vapor diffusion methods25. 
In batch crystallization, the mAb is mixed with a salt solution. This results in supersaturation and the overall composition remains constant during crystallization. In crystallization by vapor diffusion, water is gradually removed from the initially undersaturated sample so that the overall composition moves towards crystallization conditions at higher protein and salt concentrations.
Sometimes even the systematic screens fail to find crystallization conditions for a specific protein. This can have two reasons. First, the compositional region in which crystallization occurs might be very small and more peculiar conditions are necessary. Such conditions might not be part of a crystallization screen and an extended screen or an elaborate system analysis such as in Stage 8 of this workflow might shed light on the location of such a narrow crystallization slot. Second, the protein might actually not be able to crystallize. In that case, the search for a membrane-assisted crystallization approach for such a protein has to be terminated.
The crystallization of complex biomacromolecules like mAbs require a thorough understanding of protein aggregation behaviour in solution60. Protein structures are dynamic rather than static and the role of the solvent and the environmental factors such as pH, ionic strength, temperature and the presence of additives, are essential since protein conformation and interactions depend on them63. These factors, together with different types of intermolecular forces involved in protein interactions (electrostatic, van der Waals and hydrophobic63) can drastically alter the intermolecular interaction profile of proteins in solution, which is strongly related to protein crystallization behaviour64.
Since LLPS is a very common phenomenon for mAbs65, the factors that induce the separation of protein solutions into coexisting protein-poor and protein-rich phases play a central role in protein interaction and crystallization65. For several protein/PEG or protein/salt systems, net attractive interactions between molecules coincide with both the LLPS and the aggregation propensity of proteins in solution66,67. The existence of protein aggregates in solution is mainly affected by a delicate balance between repulsive and attractive forces between molecules, measured by the coefficient B2268, which is experimentally determined by SLS methods69. More precisely, B22 describes the first deviation from ideal behaviour of dilute colloidal solutions70 and its value allows theoretically to know the nature of protein–protein colloidal interactions. A positive or negative value of B22 accounts for a net repulsive or attractive interaction balance, respectively, and can be used to predict stable, crystallizing or precipitating protein solution conditions. According to the experimental “crystallization window” of George and Wilson71, a protein solution would be:
· stable if B22 > −0.8 × 10−4 mL mol g−2;
· crystallizing if −8.4 × 10−4 < B22 < −0.8 × 10−4 mL mol g−2;
· precipitating if B22 < −8.4 × 10−4 mL mol g−2.
For proteins with a molecular size as high as 140-150 kDa like mAbs, a modified crystallization slot ranges72 from −0.9 × 10−4 to −0.35 × 10−4 mol mL g−2.
A more high-throughput means to quantify protein-protein interactions in solution is the interaction parameter kd73, that is obtained by DLS measuring the dependence of protein diffusivity on protein concentration74. Under dilute conditions, where higher-order interactions can be neglected, kd can be interpreted as the difference between the thermodynamic term related to the product 2·B22·MW and the hydrodynamic term (ξ1 + ν):

                                                                                                                                 (1)

where ξ1 is obtained from the virial expansion of the concentration-dependent frictional coefficient, MW is the protein’s molecular weight, and ν is the solvent viscosity75. Since kd includes hydrodynamic forces, it has been used to probe solution behaviour at high protein concentration such as when measuring protein crystallization propensity76. Generally, it has a negative value when protein molecules slow down their diffusion in solution, indicating the existence of attractive interactions77.

Phase Diagram. A solid-liquid phase diagram describes the solution composition at which the protein solid and the solution are in equilibrium. Knowing the solubility allows estimating, with the initial concentration, yield and productivity of the process as the governing solubility at the end of a batch process or in the continuous outgoing flow, determines the protein that is lost since it cannot be recovered. The yield is usually defined as the fraction of initially present protein that ends up in the crystallized product. The productivity is the crystalline mass produced per unit of time and volume and is strongly related to the suspension density of crystalline mass at the end or in the outgoing flow. The phase diagram is thus important information as in the process design it leads to the determination of the optimal conditions for protein crystallization.
There are two main approaches to estimate a phase diagram of a protein: (i) Determine concentration in equilibrated suspension at constant temperature; (ii) Determine crystallization ability under particular conditions. The latter actually determines the metastable zone limit rather than solubility line. This means that the studied approach represents a kinetic phase diagram. However, this phase diagram allows the identification of suitable crystallization conditions in stirred batch for further template crystallization studies in Stage 4.

Crystallization Behaviour. The most important requirement is that the crystallisation reproducibly meets  high yield and purity specifications. In addition, conditions have to be chosen to produce the largest crystals in the shortest time and with the highest density. Moreover, care should be taken to avoid conditions that show undesired phase behaviour such as uncontrolled nucleation, liquid-liquid phase separation, precipitation and formation of gel-like phase or aggregates, as they can complicate the crystallization process and compromise the quality of the product. For instance, in the case of a LLPS, the crystallization medium is not homogeneous, which affects the conditions of crystallization and can prevent nucleation for several hours78, while the impurities often concentrate in the solute-rich phase, leading to high impurity integration in the crystalline lattice or adsorption on the crystal faces79.

Check of Crystals. Protein crystals can be distinguished from salt by small molecule dye that will fill the solvent channels in protein crystals, colouring the crystals (e.g. blue). However, this empirical method cannot be used in the case of very tiny crystals that are often produced in mAb crystallization.
UV-Vis measurements can be used to confirm the protein nature, however, they do not solve the ambiguity between protein crystals and protein aggregates.
X-ray diffraction would be the primary method to solve this ambiguity as diffraction patterns from salt and protein crystals can be clearly distinguished while protein aggregates do not produce any diffraction. In this case, false negatives could arise from the poor diffraction properties of mAb crystals together with difficulties to handle and measure small crystals (linear size <10 m). In this case, protocols to get useful information have been developed within the AMECRYS activities and are described in the following for the Anti-CD20 test case in Procedure 5.

Checkpoint: Is the crystallisation process designed in a way so that the process conditions can be well optimised? If yes, go forwards.
Having confirmed the crystallization ability of the target biomolecule and, with the help of the properly designed phase diagram, identified by batch or vapour diffusion methods the preferred composition of the crystallization cocktail conductive to protein crystals of the proper size, the next stage is to optimize these conditions to enable nanotemplate-assisted process to reduced crystallization time and enhance yield.

Stage 3: Template Particle Preparation
Stage 3 and Stage 4, template synthesis and testing, are performed iteratively until template particles that can effectively improve the crystallization kinetics of the target protein have been developed. The outcome of these two stages will contribute directly to the development of membranes suitable for mAb crystallization, as the template will be incorporated onto the membrane.
The prior knowledge from Stage 1 is important input into this stage. For instance:
· The hydrodynamic diameter of mAb is an important consideration for the suitable pore size of the template.
· The isoelectric point of mAb is also another important factor to be considered as the surface chemistry of the template can be tuned to enhance the interaction with the protein via electrostatic interactions.d
Stage 3 has two tasks, namely the synthesis and characterisation of templates. Protocols are developed for synthesising templates with a range of size, shape, porosity and surface chemistry, which are subsequently characterised with state-of-the-art techniques. The synthesised templates are tested for their effectiveness in enhancing mAb crystallization in the next stage (i.e. Stage 4) and the effective templates are identified and sent to Stage 6 for template integration onto membrane.

Template Synthesis.
The exact reaction parameters and conditions of templates synthesis will depend on the physical properties needed for the templates that, in turn, are dependent on the physical properties of the protein to crystallise (see in the Anticipated Results). In the specific case study presented here, silica controlled porous glass (CPG) nanotemplates of pore size 50-60 nm (corresponding to 3-4.5 times the hydrodynamic diameter of the protein in solution) were found to be the most effective in enhancing Anti-CD20 crystallization, and were prepared by the hydro-thermal method described in Procedure 2 after optimization by screening several synthesis conditions and testing them in protein crystallization in Stage 4.

Templates Characterisation. In the context of protein crystallization, important parameters of a template particle include size, shape, porosity and surface chemistry. The size of templates can be determined with scanning electron microscopy (SEM), transmission electron microscopy (TEM) and dynamic light scattering. The first two techniques produce images that can be further analysed to determine the average size of the templates (e.g. the diameter of nano-sphere)80. It is noteworthy that due to their non-conducting nature, silica-based nanomaterials must be coated with a thin layer of metal such as chromium for obtaining images with SEM, and hence the size of the template determined from SEM images is expected to be larger than the one determined with TEM images. In DLS, the size of templates is calculated based on the intensity fluctuations of light scattered from a template/liquid (e.g. water) suspension after a light beam is directed towards the suspension. DLS measurements of template particles size can be used to validate the measurements based on TEM and SEM images when the shape of the template is close to a sphere. Similar to size determination, the shape of templates can be determined directly with SEM and TEM.
The porosity of template particles can be determined with nitrogen sorption and mercury penetration techniques based on the pore size. For nano-pores (i.e. pore size < 2 nm) and meso-pores (i.e. 2 nm < pore size < 50 nm), the sorption and desorption of nitrogen under different pressures at low temperature (~ -200 °C) can be used to determine the pore size and specific surface area based on the BET or BJH theories. For micro-pores (i.e. pore size > 50 nm), mercury intrusion porosimetry (MIP) can determine the pore size and the specific surface area based on the quantity of mercury penetrated into the pores under different pressure at room temperature. In addition to nitrogen sorption and mercury penetration techniques, TEM can be used to determine the pore size and shape as in the case of silica nanotube with tubular pores30.
The surface chemistry of the templates can be determined with liquid contact angle, inverse gas chromatography (IGC) and zeta potential80. Contact angle measurement is useful for determining the hydrophilicity of template particles, which is due to the presence of hydrophilic and/or hydrophobic groups on the surface. For contact angle measurement, the template particles are first compressed into a tablet with a flat surface, a drop of liquid of choice (e.g. water) is placed onto the flat surface of the tablet and an image of the liquid droplet is taken and analysed for the contact angle. IGC measurement is useful for determining the surface energy of templates which can be split into contributions from acid-base and dispersive interactions. The acid-base component of the surface energy is proportional to the acidic and basic groups on the template surface. Zeta potential measurements determines the surface charge of templates in a liquid suspension at controlled pH, which is due to the presence of acidic and basic groups on the particles surface.

Checkpoint: Does the method reliably produce a material that has the correct particle size, pore size and surface chemistry? Is the material functional?
If yes, go forwards. If no, continue performing Stage 3 experiments.
Particle size and surface chemistry are important parameters to optimise, because they affect NTs dispersion/aggregation in the pre-polymerization solution during integration into the membrane (Stage 6) and particles-mAb interaction in solution (via electrostatic and/or hydrophobic interactions). The size of the pores is critical for entrapping target molecules to facilitate protein nucleation. If results from Stage 4 do not confirm the effectiveness of the NTs, then alternative synthetic routes need to be explored to make different templates with different pore sizes and/or surface charge.

Stage 4: Template-assisted Crystallization
The objective of this stage is to determine whether the template particles prepared in Stage 3 enhance crystallisation by heterogeneous nucleation (HEN) of the specific mAb. 
The stage consists of two tasks:  
1. Prove that the templates can enhance crystallization of mAbs by HEN. 
2. Choose which crystallisation method (e.g. vapor diffusion) will be most appropriate for evaluating the effectiveness (efficiency) of the template particles. 
The inputs are: a set of prepared template particles from Stage 3 as well as the optimal crystallization conditions determined in Stage 2. An effective template particle to be used in subsequent stages will form the stage output. 
Information about the templates, such as the surface characteristics, the functional groups attached to the template particles, particles shape, particles surface area and pore size are of crucial importance in understanding the mechanisms involved in the HEN and hence controlling the nucleation and growth rates of the mAb of interest. For instance, surface characteristics and functionalization affect the adsorption mechanism of mAb on the template particles while the relative size of the protein molecules to the particle size and the pore size will influence the mechanism of trapping the protein molecules into the pores and preventing their desorption, so that a local supersaturation can be increased and hence the heterogeneous crystallization is enhanced. Therefore, well-designed template particles are required for this stage. Crystallisation is performed as described in Procedure 1 by introducing NTs in the crystallizing solution as seeds. 
Both the mechanism and efficiency of using the template particles in enhancing mAb crystallization can be very well understood and leading to a better process design and a controlled crystallization behaviour. Effective heterogeneous template particles provide nucleation sites with a lower energy barrier for nucleation. They either increase the nucleation rate or allow nucleation to occur at lower supersaturation, so that nuclei are formed and their growth occurs under milder conditions81. For example, porous silica materials have been shown to increase the crystal size and quality82, increase the nucleation rate83 and decrease the time required for crystals to nucleate29,84. Well-designed templates exclusively promote the nucleation of specific proteins, as has been shown in the separation of specific proteins through templates crystallization from a binary protein solutions17.
The pores of the template particles play a key role in accelerating heterogeneous nucleation. Firstly, the protein molecules adsorb on the pore walls. Secondly, the pores trap protein molecules preventing their desorption85,86. Combined, these two phenomena lead to a local increase of the supersaturation promoting nucleation. This free energy-driven process occurs both with flat and porous materials due to the large molecular size of protein that allows them to interact with the surface at many sites. The most efficient pore size for a given protein is 2 to 10 times its radius of gyration Rg17,87 in order to stabilize the critical nucleus88, which has been shown to contain roughly 1-10 biomolecules depending on the supersaturation level89. It is therefore important to use specifically designed template particles with a narrow pore size distribution optimized for the protein of interest 29.

Proof of Concept. The approach taken to check on the effectiveness of templets to promote HEN throughout this study is by comparing the crystallization behaviour, phase diagram, induction time and both nucleation and growth rates when using the template particles against that of homogeneous nucleation (HON) without templates. Ideally, addition of the templates results in:
· shorter induction times, 
· Faster nucleation rate, and 
· lower crystal growth rate 
while maintaining mAb crystals purity and yield specifications and a reproducible crystallization behaviour. 

[bookmark: _Hlk131110514]Method Selection. The experiments can be carried out following two methods: vapour diffusion and microbatch crystallization approaches, studied earlier in Stage 2. In addition, a novel method of screening using a microfluidic system which provides the opportunity to increase the number of experiments without dramatically increasing the use of raw material90. The concept consists of microfluidic devices permitting the exploration of crystallization processes at the nanolitre scale for mAbs proteins91,92. The microfluidic is made of semi-permeable polydimethylsiloxane (PDMS) membrane where the water contained in the crystallization solution slowly pervaporate through the membrane, leading to a gradual concentration of the crystallization solution contained in the channels93. Therefore, this process mimics the vapour diffusion method, very widely used for protein crystallization94. The vapour diffusion and microbatch methods details can be found in Stage 2, while the structure microfluidic chip used in this work is found in Gerard et al.93. It consists of 78 independent dead-end channels of 10 nL covered by a PDMS membrane of 30-35 µm.

Checkpoint: Is the selective crystallisation behaviour robust enough?
If yes, go forwards, if no go back to Stage 3.
Once the desired dispersion ability of nanotemplates in solution is achieved together with robust (reproducible) crystallization outcome in terms of reduced induction time for crystallization and improved yield of the target mAbs, the integration of optimized NTs particles into membrane will follow in Stage 5, otherwise further definition of pore size and/or particle size and surface properties will be necessary in Stage 3.

Stage 5: Membrane Design and Characterisation
Tailored surface topography and hydrophobicity are crucial pre-requisites for efficient membrane application in MAC. Therefore, the objective of this stage is the design or the selection of hydrophobic macroporous (nominal pore size >50 nm) membranes having suitable characteristics for the crystallization of mAbs in an osmotic membrane-assisted crystallizer52. The membrane will be properly functionalized in the Stage 6 and then incorporated in the TMC plant in the Stage 7.
When the membrane is in contact with the hydrophobic components that are normally used as precipitants for proteins (e.g. PEG), clogging of the pores and/or membrane wetting due to hydrophobic interactions, might occur. The composition of optimal crystallization cocktail determined in Stage 2 provides a list of chemical components the membrane will be exposed to, so that specific countermeasures, such as membrane surface functionalisation, can be adopted. 
Having selected the proper membrane polymer of intrinsic hydrophobic nature, the control of the surface topography is a function of the membrane manufacture process. Liquid-induced phase separation (LIPS) is usually the method of choice because of the enhanced possibility to control the kinetic and thermodynamic parameters by this method, resulting in membranes with a specific morphology. In LIPS, the polymer is dissolved in an appropriate solvent (normally organic) or solvents mixture to achieve a homogeneous casting solution. This polymer solution is then demixed into a polymer-rich and a polymer-poor phase by the exchange of the solvent with the non-solvent (in which the polymer is not soluble), followed by controlled polymer solidification95. From a thermodynamic point of view, a ternary phase diagram describing the equilibrium of the polymer–solvent–non-solvent system allows to anticipate the final membrane structure. 
Specific demixing pathways will lead to different membrane structures such as sponge-like morphologies resulting from a slow demixing or a porous substructure with a thin skin (dense) layer that is obtained under fast demixing conditions. Other known phase separation methods are the thermally induced phase separation (TIPS), vapour induced phase separation (VIPS) and evaporation induced phase separation (EIPS)96. The different methods generate a range of membrane morphologies with different mass-transport properties (transmembrane flux and rejection to specific components). Combining different techniques (e.g. VIPS followed by LIPS) extends the range of membranes properties97, e.g. in the combined VIPS+LIPS process, exposure of the casting solution to humid air before the immersion into a coagulation bath allows the non-solvent (water vapour) to generate a rough membrane surface with a symmetric porous cross-section.

Membrane Properties. During MAC process, the topography and the chemistry of the membrane materials strongly influence the vapour transport and, consequently, the crystallization kinetics. The chemical nature of the membrane surface, the porosity and the roughness can affect the free energy barrier to nucleation, based on the wettability of the surface by the crystallizing solution98. Normally, an increased membrane porosity leads to higher transmembrane flux resulting in shorter induction times and enhanced nucleation rates35. A lower transmembrane flux results in a lower supersaturation rate that increases the chance of obtaining purer crystals51.
It is important that the membrane is resistant to wetting, an undesirable phenomenon where the feed solution penetrates into the pores in the liquid phase. This ultimately results in the loss of membrane selectivity and mixing of the two solutions that are meant to be separated by the membrane. High hydrophobicity of the membranes is required to ensure the highest possible transmembrane flux and rejection coefficient (theoretically 100%) while preventing wetting99. Synthetic polymers such as polypropylene (PP), polytetrafluoroethylene (PTFE) and polyvinylidenfluoride (PVDF) are excellent materials for the application in MAC since they show thermal and chemical stability and high mechanical strength in addition to intrinsic hydrophobicity35,41,100.
In agreement with the Cassie−Baxter’s wetting model101, for a rough hydrophobic surface, a non-wetting liquid does not penetrate into surface cavities due to the formation of air pockets. This phenomenon leads to the formation of a composite solid−liquid−air interface where hydrophobicity increases with surface roughness. Therefore, for hydrophobic membrane materials, increasing surface roughness results in a more waterproof surface41,100. The liquid entry pressure (LEP) is defined as the minimum value of transmembrane pressure required for the liquids to penetrate into the membrane pores. The LEP value increases with the surface roughness and the prevention of wetting is related to the highest possible LEP52.
On these bases, suitable membrane parameters for osmotic MAC applications are52,102: 
(i) high porosity (>70%), to ensure sustained transmembrane flux (0.1-0.5 L/m2 h for biomolecules crystallization) and accurate control of supersaturation rate by solvent removal in vapour phase; 
(ii) controlled pore size (0.1-0.2 μm), based on the trade-off between a sufficiently high LEP to avoid wetting (smaller pore size) and suitable transmembrane flux (larger pore size) for achieving the target productivity (amount of precipitated product that depends on transmembrane flux); 
(iii) high hydrophobicity (contact angle θ>120°) to enhance LEP with aqueous solutions, thus reducing the risk of membrane wetting; 
(iv) modulated surface roughness to facilitate the adhesion between the polymeric hydrophobic support and the hydrophilic functional coating to avoid delamination.
In some MAC applications, buffer, precipitants and other hydrophobic components present in the crystallization cocktail can lower the surface tension of the solution, which will then penetrate in the membrane pores even in the case of highly hydrophobic membranes103. On the other side, according to the classical nucleation theory (CNT), the free energy barrier to nucleation decreases with the reduction in the contact angle between the solution and the heterogeneous surface35,104,105. The compromise between the necessity to avoid membrane wetting (enhanced hydrophobicity) and the reduction of the energy barrier to nucleation (increased hydrophilicity) is the trade-off to consider in the design of the membrane suitable for MAC. An appropriate solution can be a composite membrane with several layers of different hydrophobic/hydrophilic nature. In this case, checking membrane stability with mAb solutions of increasing complexity makes it possible to anticipate potential wetting phenomena while assuring appropriate crystallization performances.

Checkpoint: Is the membrane synthesis process robust enough?
If yes, go forwards. If no, continue performing experiments within Stage 5.
A robust manufacture protocol reproducibly provides membranes that remain functional for long periods of time in the presence of the crystallization solution defined in Stage 2 (72 h or longer). During this time, the membrane must resist wetting and/or fouling phenomena that would suppress transmembrane flux of vaporized solvent beneath the requested productivity target. If the membrane is not able to maintain the required transmembrane flux or does not provide the necessary rejection to the protein with the crystallization cocktail defined in Stage 2, then a different membrane must be generated by exploring other preparation procedures and/or selecting a different hydrophobic polymer.

Stage 6: Particle Integration to the Membrane
In this stage membranes are functionalized with the template particles prepared during Stage 3 using the knowledge and materials acquired in Stages 4 and 5.  The choice of functionalization strategy for the hydrophobic membrane is is related to the composition of the crystallization cocktail defined in Stage 2.
The stage consists of two tasks:
· Evaluate the functionalization efficiency of different methods in terms of stability of the membrane during the crystallization process (avoiding wetting) and the ability to promote the mAb crystallization while keeping suitable performance (target mAb productivity and purity). 
· Choose an appropriate functionalization method that can be easily scaled up.

Functionalization Efficiency. Macroporous hydrophobic membranes can be modified by different grafting or coating techniques to affect protein/membrane surface interactions and to prevent wetting. The goal of the surface functionalization is to bind nanotemplates to provide specific sites for HEN while avoiding membrane wetting.
Since the pores of the template particles play a key role in promoting heterogeneous nucleation thanks to a local increase of the supersaturation17, an optimal surface functionalization should allow the pores of templates to be accessible to the crystallizing molecules without affecting vapour mass transport through the porous membrane cross-section. Furthermore, the binding of nanotemplates to the membrane surface has to be strong enough to prevent particles leaching during the crystallization process (>72 h).

Choice of the Functionalization Method. Mixed matrix membranes (MMMs) are heterogeneous membranes produced by incorporating particles (typically, zeolite, carbon nanotube, metal organic framework, etc.) in the membrane matrix through their dispersion in the casting solution during membrane manufacture. This strategy ensures an optimal dispersion of particles within the polymeric matrix and enhances the synergistic combination between the properties of the polymer and that of the filler. In the case of membrane-assisted crystallization, the interaction between the target protein and the membrane occurs exclusively at the membrane surface, therefore, not all the templates would be accessible to the mAbs molecules in the case of MMMs. Therefore, surface functionalization by chemical grafting or coating allows more efficient strategies to functionalize membranes for TMC applications.
By chemical grafting, nanomaterials are covalently immobilized on the polymeric surface while preserving membrane properties and stability106. The strategy consists in grafting reactive functional groups on the membrane surface that covalently bound nanomaterials in mild conditions.
Surface coating is the simplest way to adjust the membrane surface properties through the deposition of a functional layer in which template particles are dispersed and physically entrapped107, as described in Procedure 3.
To check the suitability of a specific functionalization strategy, preliminary crystallization tests by using solutions of increasing complexity allows estimating the efficiency of the membrane in terms of trans-membrane flux, leaching of templates and stability against wetting.

Checkpoint: Is the membrane functionalised and ready to be used in the membrane crystallisation stage?
If yes, go forwards. If no, revisit Stage 3 AND Stage 5.
Before proceeding to Stage 7 It is important that:
· The membrane rejects the target molecules 
· The transmembrane flux of solvent in vapour phase of the developed membranes is unaffected by the crystallization cocktail (no wetting/fouling) within the operating time, and 
· the nanotemplate particles keep their ability to crystallize selectively the target mAb from multicomponent solutions while incorporated in the membrane. 
Otherwise, NTs dispersion ability by modulating particle size in NTs synthesis has to be pursued in Stage 3 and/or a different incorporation procedure on the membrane surface is necessary in Stage 5 to facilitate the access of mAbs molecules to the pores of NTs.

Stage 7: Membrane Crystallization: POC Validation
In this stage, membranes containing NTs will be used to crystallise mAb from CCCF solution through the osmotic TMC process. The main task of this stage is to optimise the membrane-assisted crystallization process parameters reported in Procedure 4, by the selection of customized membranes that are compatible with the feed solution and by setting up the appropriate working parameters featuring increased crystallization performances in term of transmembrane flux, mAb rejection, crystallization yield and product purity.

Optimization of MAC Process Parameters. During a typical osmotic MAC process, the macroporous hydrophobic membrane works as contactor between the crystallizing solution (containing the mAb in the appropriate formulation) and the osmotic extractant or drying solution (typically a hypersaline solution of an inorganic salts), which are circulated in laminar flow tangentially to the membrane surface. During water evaporation, the feed concentration increases over time since the hydrophobic membrane prevents the transport through the membrane of the liquid phase (pore wetting) and of all non-volatile solutes, while the partial pressure gradient established between the two solutions at the membrane interfaces provides the driving force of the process52. Hence, the continuous flux of solvent in vapour phase is driven from the protein solution, that progressively concentrates up to supersaturation, towards the distillate side, where it condensates.
The optimal working parameters, including volume and concentration of the drying solution and the active membrane area have to be defined in order to reach suitable supersaturation values in the expected time-scale, as well as to optimize the process performances estimated in term of trans-membrane flux, membrane rejection ability and concentration factor (affecting crystalline yield and productivity).
The transmembrane flux, that defines the supersaturation rate, depends on the morphology of the membrane (porosity, pore size distribution, tortuosity and thickness), together with the effective ordinary and Knudsen diffusion coefficients, the mass transfer rate, the induction time and the crystallization kinetics35. In addition, during MAC processes, the transmembrane flux normally decreases over time, because the protein solution becomes progressively more concentrated and the extractant solution becomes more dilute resulting in a reduction of the driving force52. This is due to the decreases of the water activity coefficient on the feed side and the increases at the distillate side, so that the partial pressure gradient across the membrane decreases according to the Raoult’s law. Therefore, the continuous regeneration of the extractant solution is necessary to secure a sustained driving force for a stable crystallization process. Shorter induction times and enhanced nucleation rates can be also obtained by increasing salt concentration in the extractant solution41.

Stage 8: Product Characterization
The objective of this stage is to determine the suitability of the product obtained by the crystallization process. There are two purposes of product characterisation at this stage:
·  the properties of the mAb extracted from the crystals need to be assessed to verify their suability to be used as pharmaceutical products. 
· crystal properties are analysed with the aim to further optimize the crystallization process.



 This involves using various analytical techniques to characterise the product (Procedure 5):
1) Crystals are analysed by several techniques such as optical microscopy to assess their average size; DLS, to study their size distribution; indentation, to measure their elastic properties; X-ray diffraction, to estimate crystal mosaicity;
2) Yields are estimated by considering the number and average size of crystals;
3) Crystals are dissolved and the solution is analysed by e.g. …. .
Multivariate methods can be used to correlate crystal and mAb properties with crystallization conditions and operational parameters. The aim is to optimize the crystallization process against crystal yield, crystal quality and mAb quality by developing a regression model explaining the data.

Crystal Assessment. Crystalline materials usually consist of particles made up of several crystallites that are not aligned with each other. This misalignment affects many properties of the material including: conductivity, creep mechanism and corrosion tendency, as well as solubility and mechanical strength -both of which are relevant for materials used in pharmaceutical preparations.
Crystallites are held together by an amorphous layer. Ideally this layer is composed entirely of the pure target material, but it may also contain some of the chemicals used for crystallization leading to lower purity of the crystalline material. Therefore, determining the extent of this defect is of paramount importance.
The extent of crystallite misalignment is measured in terms of crystal mosaicity, which is the rotation angle required to collect the intensity of a given reflection. Mosaicity is zero if crystallites are perfectly contiguous and increases as they become disordered. Mosaicity can be experimentally determined by X-ray diffraction and monitoring the size of individual X-ray spots on the detector.
For powder samples, i.e. samples containing several microcrystals randomly oriented, the texture of the crystal can be characterized by determining the average size of its crystallites. This can be calculated from the width of the Debye-Scherrer rings (detected by X-ray diffraction) using the Scherrer equation108. The average size of the crystallites can, in turn, be used to estimate the ratio between “the amount of amorphous material between the crystallites” and “the amount of pure crystallite material” once the size of the crystal is known.

Biopharmaceutical Process Assessment. The product content of the crystals can be estimated by dissolving a known mass of material in a certain volume of formulation buffer, then determining the concentration of the resulting solution using a product-specific quantitation technique (e.g. ForteBio Octet with Protein-A biosensors for mAb quantitation). Extrapolating the sample to the total recovered crystal mass and comparing to the initial titre allows estimation of the total recovered yield, which can be used to optimise post-crystallization washing and determine if the working parameters are resulting in the desired levels of crystal product. An estimation of the total protein content of the crystals can be made using 280 nm UV adsorption spectroscopy.
Product quality needs to be assessed by multiple orthogonal techniques. These are the same tests that would be typically used to characterise mAbs109; all of these assays require that the crystals are dissolved. 
· HPLC-SEC can be used to assess product purity and the mass of key impurities (i.e. aggregates or product multimers);
· Gel or capillary electrophoresis techniques may also be useful to investigate the presence of impurities, aggregates and fragmentation110;
· Circular dichroism can also be used to verify the integrity to ensure crystallization does not induce structural changes111.
Once these conditions are met, it is necessary to make sure that the product meets the requirements for regulatory approval. There are three key concerns:
· Host cell proteins;
· Endotoxins;
· Mammalian viruses.
Host cell proteins are a key impurity in biopharmaceutical products and clearance levels required for regulatory approval may be undetectable by SEC. Ideally, to quantify HCP content a specific ELISA for the host cell strain used in the upstream process can be suitable to determine the level of clearance achieved in the crystallised product112, but in earlier stages of development, a generic HCP kit for the cell type can be used.
Endotoxin levels (relating to bacterial contamination levels) have tight limits and can be detected and quantified using a Limulus Amebocyte Lysate (LAL) assay.
For regulatory approval, pharmaceutical proteins produced in mammalian cells require a 14 log10 reduction factor (LRF) in mammalian virus throughout the full DSP process to ensure that virus contamination in the USP cannot result in contaminated product113.
In mAb platform processes, this 14 log10 reduction is typically achieved across several unit operations, with low pH viral inactivation and viral filtering unit operations being dedicated examples, each typically providing a 2-4 log10 reduction in viral concentration. For a downstream process based around crystallization, low-pH virus inactivation can easily be integrated before pre-treatment of the feed (see step 7 of Procedure 4), but as pre-crystallization product is highly impure, effective viral filtration would require the mAb to be solubilised. To determine the viral clearance of the crystallization and washing steps, known quantities of virus are typically spiked into scaled down models of the full-scale process. More recently, process viral clearance can be investigated in early development using virus-like particles114 spiked into the pre-treated material, and then the viral concentration measured downstream using an associated ELISA.

Checkpoint: Is the concept of the membrane crystallisation process proved in terms of obtaining the required yield and purity so that the whole process can be scaled up in the final stage?
If yes, go forwards. If no revisit Stage 5.
If the mAb crystals meet the target purity and in the proper amount under continuous operation over the required timescale, operating directly from the clarified cell culture fluid, then the scale up and optimization steps described in Stage 9 can be followed. In the cases the process performances does not meet the requested performances in terms of mAb productivity and/or quality, the process workflow need to be revised by progressively redefining outputs from previous stages.

Stage 9: Process Modelling and Design: Scale-up Prototyping
The objective of this stage is to provide an effective crystallization process that produces high-quality protein crystals from feed material at the required manufacturing scale. The final outputs will include the scale and layout of the final process setup and confirmation of important process parameters, in particular the concentration of the osmotic stripping solution and the recovery and washing of crystallised product. Parameters that are dependent on the scale of the process, such as the crystallization induction time, may vary in comparison to smaller scale experiments and so will be identified during this stage.
The transmembrane flux (TMF) is a key scale parameter to be characterised in this stage, because it affects both the yield and the quality of the final product.
The crystallization cocktail conditions determined in Stage 2 are used to make an inventory of the required raw materials and working volumes to produce a given quantity of product and to determine the working conditions of the process in terms of solutions recirculation velocities (e.g. fluidynamics conditions, osmotic solution concentration, membrane area). Indeed, the membrane crystallization parameters from Stage 7 will be important for determining the required concentration and flow conditions to achieve crystal nucleation and to estimate the membrane area required to produce the desired TMF.
Supersaturation is the thermodynamic driving force of a crystallization process. In the present application, a supersaturated mAb solution is obtained by a controlled removal of solvent in vapour phase across the macroporous hydrophobic membrane. The flux of water vapor Jw is correlated to the partial pressure difference between feed and stripping sides, respectively52:

                                                                                                                                                               (Equation 2)

where R is the gas constant (8.206x10-5 atm·m3/mol·K), T is the absolute temperature (K),  is the effective Knudsen diffusion coefficient of water vapor within the membrane pores (m2/s),  is the effective ordinary diffusion coefficient of water vapor in air (m2/s), is the partial pressure of dry air within the membrane pores (atm), and  is the membrane thickness (m).
According to eq. (2), it is possible to precisely control the supersaturation rate by tailoring the physical-chemical properties of the membrane (Knudsen diffusion coefficient linearly depends on pore size, and effective diffusion is affected by porosity and tortuosity) and by modulating operational conditions (temperature, salt concentration at stripping side, flowrate).
In a continuous TMC process, the amount of vaporized solvent diffusing across the membrane and condensing at the stripping side thus diluting the osmotic solution. As this might reduce the driving force for water evaporation from the crystallizing solution, it requires a balanced makeup of the hypersaline solution in order to prevent the consequent decline of mass transfer.
Once the induction time (assumed as the time between the evidence of phase separation and appearance of first nuclei, that can be experimentally estimated by turbidimetric measurements) has elapsed, the generation of the solid phase from the supersaturated mother liquor results in the formation of a high number of micrometric crystals having typical size of 2-10 m. Optical microscopy analysis, supported by image processing software, allows at estimating the nucleation rate B (Figure 4) defined as the total number of crystals Ntot generated in a certain volume V and in a certain time interval t:

                                                                                                                                                                                                                         (Equation 3)

Nuclei are formed predominantly via heterogeneous nucleation catalysed by the presence of both membrane and template particles. Occurrence of secondary nucleation is negligible due to both absence of seeds and very low shears forces (no impellers, Reynolds dimensionless number in the order of unity) necessary to prevent protein denaturation.
At present, at the current technology readiness of template-assisted membrane crystallization, the process design approach involves two steps:
1.  A scaled-up batch crystallization process to test and optimise the parameters described above;
2. A process of refining the conditions for continuous operation.

General Process Design.
Prior to crystallization process development, cell-culture material must be pre-treated to achieve the crystallization conditions, as described in Steps 6-15 of Procedure 4. An ultrafiltration/diafiltration step using tangential flow filtration (TFF) can both achieve the desired buffer conditions and rapidly concentrate the filtered bioreactor harvest to near the nucleation concentration. This step will also allow removal of impurities smaller than the TFF membrane pore size and may precipitate out impurities that are less soluble in the new buffer conditions. The level of concentration required (dependant on the post-bioreactor protein concentration) and TFF parameters such as membrane pore size and transmembrane pressure, will impact upon the productivity of this step as well as the yield and purity of the pre-crystallization material. A low-pH-hold viral inactivation step can be added during pre-treatment to achieve greater viral clearance, followed by a centrifugation or depth filtration step to remove aggregates formed.
The basic form of the batch crystallization setup involves two closed systems connected by osmotic flow across the membrane, both with an associated holding vessel containing most of the working volume. The first system contains the feed material and precipitants. As nucleated crystals are pumped back from the membrane, they will settle to the bottom of the holding tank. The scale of this first system will be chosen based on the volume of production required; for batch processes, the scale of this tank must be sufficient to contain the volume of feed and precipitant for the full batch. For continuous operations, the scale of the feed holding tank only needs to be sufficient for good mixing of the feed being continuously added to the recirculating precipitant solution and to allow sufficient volume for crystal recovery and washing.
Water is drawn from this system (the crystallization side) via the membrane into the second system containing the osmotic stripping solution. The volume of this osmotic solution system should be significantly greater than the volume of the protein/precipitant solution in the batch operating case to ensure sufficient osmotic strength is provided to draw water from the protein/precipitant solution through the membrane. As the majority of the volume in both of the systems is contained within the holding tanks, temperature control can be achieved by maintaining vessel temperature via a water jacket.
For continuous crystallization systems, if not integrated into a full upstream process, a third vessel is required which is a reservoir for pre-treated material to be added continuously into the protein/precipitant system. The pump scale will be chosen to provide the optimised flow rate across the membrane, determined in Step 7. Process scaling can be achieved by splitting the flow across membranes in parallel and will require a corresponding increase in the flow rate of the pump. Higher maximum flow rates may also be desirable during filling and cleaning processes. A peristaltic pump can provide a single-use flow path and is suitable for shear-sensitive proteins115. In steady state operation, the addition rate of feed to the crystalliser needs to match the rate of liquid being withdrawn by the osmotic solution.
After the crystals have nucleated and precipitated, they must be harvested from the solution. In batch processes this can be achieved by centrifugation of the solution, ensuring most of the crystal material can be separated. In continuous processes, depending on crystal size, a rotating drum filter may be feasible but alternatives would include TFF or centrifugation with re-slurry washing.
To increase the purity of the unwashed crystals, the crystallised material can be washed using a rinse solution containing a high proportion of precipitants. This removes impurities present in the liquid remaining with the crystals without dissolving the crystallised protein. On smaller scales, this can be achieved by using centrifugal spin filters with pores sizes in the sub-micron range (e.g. 0.22 - 0.45 μm), but this approach is only feasible at small laboratory scales. For larger systems, a TFF–based rinsing procedure using a sub-micron membrane pore size will allow for removal of contaminants in a similar manner or cake-washing can be integrated into a drum-filter capture step116. The number of rinses and quantity of solution per rinse will be chosen to balance process yield and product purity. This step is made more efficient with refinement of the crystallization protocol to give as large as possible crystals with low polydispersity, as small crystals will pass through the filter, reducing process yield.

Process Control Strategies. The primary process control method is real-time monitoring of the mass of both the protein/precipitant solution and osmotic solution throughout the process. For batch processes, this will indicate the total mass of water lost, while for continuous processes this will allow balancing of material inputs and outputs. Monitoring tank masses will allow determination of the TMF throughout the process. For continuous crystallization strategies, this will also likely be the key determining variable for maintaining osmotic solution strength via salt additions, although in-line conductivity measurements can also be used to monitor concentration.
In-line turbidity measurements via nephelometer allow monitoring of crystallization in the system117. Prior to crystallization, phase separation occurs, resulting in a small increase in turbidity. Turbidity spikes during crystal nucleation, then falls as crystals precipitate out of solution and settle in the holding vessel. Monitoring of turbidity allows determination of crystal induction time in batch processes and will be important in ensuring continuous processes remain in the nucleation regime or cycle through periods of nucleation. 280 nm UV absorbance may also be useful to observe protein concentration, but a narrow path length sensor must be used due to the high protein content of the solution, such as the variable flow path instrument marketed by SoloVPE118.

Single Membrane Scale. Initial process scale tests using a single membrane module in batch operation can evaluate how the input parameters developed in Stage 7 translate to process scale. These runs will provide significant quantities (multiple grams) of crystal material, allowing evaluation of washing requirements and final product quality. In these tests, the effect of the osmotic solution concentration on the TMF and the resulting effects on product quality can be investigated and a final concentration selected that best balances process productivity with yield and product quality. In general, a higher concentration will lead to increased TMF, resulting in faster concentration and crystal nucleation. This leads to smaller and less ordered crystals, resulting in yield reduction during the washing process and potentially increased impurity incorporation. The solution concentration selected must also be sufficiently high to prevent inversion of water flux across the membrane, a fault condition that was observed during some test runs.

Increasing Scale and Implementing Continuous Operation. Once the general process parameters are confirmed using a single membrane, the process can be increased in scale. Total TMF should scale linearly with membrane area, assuming the hydrodynamic flow across the membrane is maintained. Thus, a simple method to increase process scalability is to split the flow from the protein/precipitant and hypertonic solution tanks across multiple membrane modules in a parallel fashion (scale out approach). As long as the flow conditions and pressure remain appropriate for the protein and membranes, the number of membrane modules can theoretically be increased as required. Thus, the membrane area can be chosen to achieve a desired productivity and the rest of the process scaled to match.
In continuous operations, pre-treated material should be added to balance the removal of water through the membrane and the removal of crystallised protein through the crystal recovery system. This will allow a much greater volume of material to be processed for the same protein/precipitant system volume. However, unless continuous salt additions are incorporated or the solution continuously replaced, the volume of osmotic solution required will scale with the total processed volume of pre-treated material, rather than the volume of the protein/precipitant system. Crystal recovery and washing steps should also be optimised to match the crystal production rate.

Overview of the Procedures
The workflow to develop a crystallization protocol in the Anti-CD20 mAb example uses three purities of monoclonal antibody for development. Development of a crystallization protocol requires a small amount of purified Level 1 material mAb available in order to carry out crystallization screening experiments to identify suitable crystallization conditions. These conditions provide indications for optimisation with Level 2 mAbs pre-purification in small-scale TMC experiments. The optimised protocol is then used in continuous template assisted membrane crystallization with Level 3 material of lowest purity. Recovered crystals are then analysed for critical quality attributes assessment.
Procedure 2 describes the synthesis of the porous template used for Level 2 and 3 purifications. The synthesis consists of thermal treatment of a mixture of silicon dioxide, boron trioxide and sodium oxide and acid etching of the thermally treated mixture.

Materials

CRITICAL Reagents, materials and equipment below refer to the protocol applied in our laboratories and do not intend to provide a restricted list relatively to specific companies or equipment models. Therefore, users of this protocol might apply the same materials and equipment but from different producers and manufacturers.

Biological samples
For the Anti-CD20 mAb example, the antibody was produced by recombinant CHO cells engineered to produce the full length Anti-CD20 antibody in stirred fed-batch tank bioreactor scales 10 L to 200 L. After 14 days of fed batch culture, bioreactors were harvested by depth filtration using Millistak X0HC and D0HC filter pods, providing a cell free bioreactor supernatant (CCCF) with a final product titre of ⁓2.4 g/L (referred to as “Level 3” material of lowest purity). To prepare purified mAb for crystallization screening (referred to as “Level 1” materials of highest purity), the mAb was purified using a purification platform based on Protein A affinity capture and subsequent chromatographic polishing steps. Intermediate purity material (referred to as “Level 2”) was recovered right after the Protein A affinity stage (without polishing). The overall Anti-CD20 upstream processing and specifications of the mAb solutions at the three purity levels can be found in ref. (119).
To perform template-assisted membrane crystallization, protocol uses cell free bioreactor harvest as described above including a post cell removal treatment step to reduce host cell proteins and cell derived impurities as described in steps 6-15 of Procedure 4. This also allows transfer of the mAb into a buffer compatible with the developed crystallization protocol and to bring the concentration of the antibody to concentrations optimal for crystallization (steps 16-17 of Procedure 4).
The route to generate highly purified mAb samples is not considered critical to the development of a crystallization protocol and methods as described in references (120,121,122) could be applied if no pre-existing method or purified mAb would be available.

Reagents 

! CAUTION. When working with chemicals, make use of the Chemical Handbook and follow laboratory safety rules. Consult the material safety data sheets for each item. All suitable personal protection equipment (PPE) should be worn: safety glasses, appropriate gloves and laboratory coat. All experimental work should be carried out under a fume hood.
· Sodium hydroxide pellets (NaOH, CAS no. 795429)
! CAUTION Sodium hydroxide is corrosive upon contact with the skin.
· Hydrochloric acid 37 wt.% (HCl, CAS no. 7647-01-0)
! CAUTION Hydrochloric acid is corrosive upon contact with the skin.
· N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid sodium salt (C8H17N2NaO4S, HEPES, CAS no. 75277-39-3) 
· Sodium chloride (NaCl, CAS no. 7647-14-5)
· Polyethylene glycol [H(OCH2CH2)nOH, PEG, average MW 400, CAS no. 25322-68-3]
· Silicon dioxide (SiO2, CAS no. 14808-60-7)
· Boric anhydride (B2O3, CAS no. 1303-86-2)
! CAUTION. Hazardous material causing chronic effects.
· Sodium oxide (Na2O, CAS no. 1313-59-3)
! CAUTION. Strongly oxidizing hazardous material.
· De-ionised water
· Ethyl alcohol (CH3CH2OH, CAS no. 64-17-5)
! CAUTION. Flammable liquid.
· Poly(vinyl alcohol) [(-CH2CHOH-)n, PVA, 99+% hydrolyzed MW: 85-146 kDa, CAS no. 9002-89-5]
· Glutaraldehyde [OHC(CH2)3CHO, GA, solution 25% vol. in H2O, CAS no. 111-30-8]
! CAUTION. Combustible, corrosive hazardous material.
· Acetic acid solution (CH3CO2H, glacial, CAS no. 64-19-7)
! CAUTION. Flammable liquid corrosive upon contact with the skin.
· Magnesium chloride (MgCl2, CAS no. 7786-30-3)
· Sodium sulphate (Na2SO4, CAS no. 7757-82-6)
· Tris(hydroxymethyl)aminomethane [NH2C(CH2OH)3, Tris, CAS no. 77-86-1]
· Methylene blue (C16H18ClN3S · xH2O, CAS no. 122965-43-9)
· Sodium azide (NaN3, CAS no. 26628-22-8)
! CAUTION. Very toxic hazardous material.
· PCT kit (Hampton research)
· CryoPro (Hampton Research)
· CrySol (Molecular Dimension)
· CryoProtX (Molecular Dimension)
· PVDF or PP flat sheet hydrophobic macroporous membranes (0.22 µm nominal pore size)
· 24-well VDX Plate with sealant (Hampton Research)
· 0.2 µm surfactant-free cellulose acetate membrane filter (Sartorius)
· Amicon® Ultra-4 Centrifugal Filter (Ultracel-30k regenerated cellulose membrane, Merck)
· Cryo-loops for fishing crystals (Molecular Dimensions)
· Kit for storage of crystals in cryogenic conditions (Uni-pucks, Molecular Dimensions)
· Swissci MRC MAXI plate, crystallization plates (Molecular Dimension)
· Crystal Clear tape (Hampton Research)
· CHO-HCP E3G kit (Amersham)
· Common buffers  available for protein crystallization reported in Table 2

Equipment
· Bright field microscope (Leica)
· Drying oven (Thermo Fisher Scientific)
· Furnace (Thermo Fisher Scientific)
· PURELAB Chorus 1 water purification system (ELGA LabWater)
· UV/ visible spectrophotometer (NanoDrop, Thermo Fisher Scientific)
· Zetasizer (Malvern Pananalytical )
· Stereomicroscope (Nikon)
· Mosquito® Crystal (SPT Labtech)
· UV Tunable light source (Energetiq)
· HM-221 Microindenter for protein crystals (Mitutoyo Co.)
· LabChip GXII Touch HT protein characterization system (Perkin Elmer)
· UPLC-SEC chromatographyc system (ACQUITY)
· Akta Flux tangential flow (TFF) membrane system (Cytiva).
· Hydrosart 30kD MWCO membranes (Sartorius)
· Millistak X0HC depth filter (xm2) (Merck Millipore)
· Millistak D0HC depth filter (xm2) (Merck Millipore)
· Balances (Gibertini)
· Pumps (peristaltic, Watson-Marlow)
· Costar spin filters  20 mL (Corning)
· Costar 0.22 μm centrifugal spin filter tubes (Corning)
· In-line turbidity measurements via nephelometer (Pendotec)
· Temperature controller for crystallization vessels (Julabo)
· Analytical HPLC system (Thermo Fisher) with SEC column – YMC-Pack Diol-200, 300 x 8.0mm, 5µm column, using purified monoclonal antibody as standard
· GyroLab xPlore ELISA analyser using manufacturers supplied CHO kit and manufacturers protocol
· Cygnus MockV MVM following the manufacturers protocol
· Forte Bio Octet (Sartorius) with Protein A biosensors tips following manufacturers protocol (Sartorius) and A280 measurement

Software

CRITICAL All required software can be run on a standard personal computer equipped with a Windows operating system.
· Analytical HPLC control software (Thermo Fisher Scientific)
· GyroLab xPlore control software
· ImageJ: software for images elaboration (https://imagej.nih.gov/ij/download.html)
· RootProf: software to compare X-ray diffraction radial profiles by using multivariate analysis (https://www.ba.ic.cnr.it/softwareic/rootprof/)
· ADXV: software to display X-Ray diffraction images (https://www.scripps.edu/tainer/arvai/adxv.html)
· XDS: software to perform indexing of X-ray diffraction images (https://xds.mr.mpg.de/)
· SIR2014: software to determine the crystal structure of proteins and small molecules (https://www.ba.ic.cnr.it/softwareic/sir2014/)
· DAWN: software to perform data reduction on powder diffraction data (https://dawnsci.org/)
· EXPO2014: software to perform indexing and crystal structure determination of powder diffraction data (https://www.ba.ic.cnr.it/softwareic/expo2014/)
· IMAJ software for processing and analyzing images acquired by optical microscopes (https://imagej.net/software/imagej/)

Procedure 1. Screening of Protein Crystallization Conditions	Timing: From few days to several months depending on the availability of previous research data on crystallization conditions of the target mAb and/or the ability of the protein to crystallize in the conditions set within the screening procedure.
1. Perform an extensive bibliographic search regarding the crystallization conditions for the mAb under investigation. If this results in a good lead for a crystallisation cocktail, then perform Step 2 and proceed directly to Step 14 to optimize the protein and precipitant concentrations. If no crystallization conditions are known for the target protein, use the vapour diffusion approach to identify the suitable solution composition conducive to crystallization (i.e. additive type and concentration, protein concentration, pH, temperature) described in Steps 2-13. Additives to be investigated include salts (e.g. sodium chloride) and polymers (e.g. polyethylene glycol) and the typical concentration is in the range of 0.1 M to 1.0 M for salts and 1 wt% to 30 wt% for polymers. The typical protein concentration is in the range of 5 mg/mL to 50 mg/mL. The typical pH and temperature are in the range of 3 to 10 and 4 °C to 25 °C, respectively.
2. Check the purity of your target protein sample.
CRITICAL STEP. The protein purity is important for protein crystallization screenings and should be >95% by SEC-UPLC. Lower purity could lead to crystallization but could reduce the reproducibility of the crystallization procedure.
CRITICAL STEP. Avoid combining different purification batches of the mAb under investigation because purification processes are never identical.

Vapor diffusion experiments
3. Prepare a solution of Level 1 mAb at concentration close to 20 mg/mL in the buffer used in the protein purification. Assess protein concentration by spectrophotometry (Bradford method or direct measurement of protein absorption at 280 nm by Nanodrop in the case specific absorption coefficient at such wavelength is known).

4. Prepare a list of available precipitants that are normally used for protein crystallization including both salts and polymers. A list of salts and polymers usually exploited in protein crystallization are shown at https://hamptonresearch.com/cat-83.html and https://hamptonresearch.com/cat-153.html.

5. Group the salts according to Hofmeister series and polymers according to molecular weight.
CRITICAL STEP. Grouping of precipitants is strongly dependent on user experience, availability, and information about the crystallization propensity of the protein. As a guideline, salts can be grouped based on their salting-out ability which could be defined as high (sulphates, phosphates, fluorides and acetates), medium (chlorides, bromides, nitrates and chlorates), and low (iodides, perchlorates and thiocyanates). Polymers could be grouped based on their average molecular weight (e.g. MW < 1 kDa, 1 < MW < 5 kDa, 5 < MW < 10 kDa, MW > 10 kDa).

6. Select one representative chemical for each group of precipitants.
CRITICAL STEP. To avoid rejecting a group based only on one representative negative result, more than one precipitant for each group can be selected.

7. For each selected precipitant, prepare at least three solutions. Each of these solutions should have the same precipitant concentration, but different mAb concentrations. Choose mAb concentrations between 1 mg/mL and 10 mg/mL. As starting point, use 0.2 M and 15% v/v for salts and polymers, respectively.

8. For each series of mAb concentration at a given precipitant concentration, measure the KC/R parameter (K is an optical constant dependent from the DLS instrument, C is the protein concentration, R is the Rayleigh ratio of scattered to incident intensity) by using a DLS instrument and plot it against protein concentration (Debye plot). KC/R is linear with concentration and the slope is equal to B22. Precipitants showing a second virial coefficient in the range between −8.4 × 10−4 and −0.8 × 10−4 mL mol g−2 can be considered promising precipitants for crystallization. If no precipitants show B22 is such range, return to Step 4 and choose new precipitants.
CRITICAL STEP. The second virial coefficient depends on precipitant concentration. 
TROUBLESHOOTING.

9. Perform Steps 6-8 for each chemical in the group containing the successful precipitants. 

10. List precipitants that provide B22 in the range between −8.4 × 10−4 and −0.8 × 10−4 mL mol g−2. Record the precipitant concentration when making the list.

11. Prepare a 0.1 M stock solution of the most common buffers available for protein crystallization as soon as they need to be used. Table 2 contains a list of buffers generally suitable for protein crystallization. Filter buffer solutions using a 0.22 m pore size filter and add sodium azide (0.5 mM final concentration) to preserve the solution from microbial contamination.

Table 2 | Buffers usually used in protein crystallization.

	Buffer
	Effective pH range

	Sodium citrate
	4.5-5.5

	Sodium acetate
	4.5-5.5

	Potassium/sodium phosphate
	5-7

	Bis-Tris Propane
	6.5

	Cacodylic acid
	6.5

	MES
	6-7

	HEPES
	7-8

	TRIS-HCl
	7.5-8.5

	Imidazole
	7.5-8.5

	Bicine
	8-9

	Ammonium Acetate
	7.3




12. Prepare a sitting drop vapour diffusion plate (Swissci MRC plates). 
· For each well use one of the buffers prepared in step 11 as the reservoir solution. 
· For each drop holder, dispense 1 L of protein (2 mg/mL) and 1 L of reservoir and properly mix the two half drop. 
· Seal the plate with a tape suitable for protein crystallization (Crystal Clear tape). 
The reservoir and drop volumes depend on the sitting drop plate specifications. In the case of Swissci MRC plates 48-wells, 1 and 100 L are the minimal volume to dispense for drop and reservoir, respectively. 
CRITICAL STEP. To avoid the evaporation of water from the set-up, the sealing of glass-slide/container interface must be thorough. This can be achieved by visually inspecting the thickness of the high vacuum grease at the interface (0.2 cm is typically sufficient).

13. Observe the drops using a stereo microscope and identify those buffers that resulted in a clear drop. If there is precipitation, the buffer or its pH are not suitable for dissolving the protein.

14. Determine protein solubility in each buffer selected at Step 11. Solubility can be assessed by using commercially available kits such as the PCT kit.

15. Prepare sitting drop plates by combining buffers from step 11 and precipitants from step 10. 

· For each crystallization plate, keep the buffer concentration and pH constant. 
· Vary both the precipitant and the protein concentration. 
As a guideline:
· Vary protein concentration on the rows; the recommended range is from  60% to 140% of the solubility obtained in step 14. 
· Vary precipitant concentration on the columns; the recommended range is from 50% to 150% of the value obtained in step 10. 
While combining multiple precipitants allows better sampling of the crystallization condition space, we recommend using one buffer with only one precipitant at this step. 

16. For each plate, observe the drops by using a stereo microscope and identify the conditions that result in clear drop and those that result in protein precipitation. Use these observations to prepare a phase diagram by plotting precipitant concentration against protein concentration. Concentrations that separate precipitation and clear drops are the closest to the supersaturation of the solution; these values are used for the optimisation described in step 18. 
CRITICAL STEP. The removal of the crystallization set-up from the temperature-controlled environment droplet and exposing the precipitant reservoir to the light when using the bright field microscope can cause temperature fluctuations. Therefore, the typical frequency of observation is once a day.
CRITICAL STEP. Recognizing precipitate type is not trivial, since conditions resulting in microcrystalline or amorphous precipitates have to be distinguished from those resulting in precipitation of denatured protein. The former are considered good precipitate while the latter bad precipitate and are not suitable for crystallization. Guidelines can be found at https://xray.teresebergfors.com/tutorial-2/.

17. Identify the plates that show both precipitation and clear drops. 
CRITICAL STEP. Crystallization occurs in conditions close to the supersaturation limit. Plates that only result in clear drops or precipitation, should be not taken into account for the optimization (step 18) because the conditions are far from the supersaturation limit. As a guideline, plates where half the conditions result in a clear drop and half in precipitation are considered good candidates for optimization (step 18).

18. For each plate identified at step 17, perform a finer sampling of the conditions that separate precipitation and undersaturated zones in the phase diagram (step 14). At this step, optimization of pH and addition of additives could be also performed. 

19. Observe the drops by using a stereo microscope and evaluate crystallization results. The goal is to obtain single crystals or microcrystalline powder. 

20. Use either methylene blue staining (dye test) (option A), UV fluorescence (option B) or X-ray diffraction (option C) to determine whether the crystals are made of protein or salt.  If tryptophan residues are not present in the sequence or their amount is low, the protein will not be detectable using option B.
A	Dye test:
i. prepare a solution of 0.05% w/v of methylene blue in water.
ii. Add methylene blue solution in an amount < 10% of the drop volume to the drop and mix by pipetting.
iii. Observe the crystals. The crystals will turn to blue if they are made of protein. The diffusion of the dye in the solvent channels of the protein crystals can take from 5 min (small needles) to hours (large crystals).
CRITICAL STEP. Avoid adding fresh dye because it will dilute the drop and could damage the crystals. Using a high concentration of dye makes it more difficult to distinguish between the colour of the crystal and that of the background.
TROUBLESHOOTING.
B	UV fluorescence
i. Connect a UV light source with a light guide to the stereomicroscope.
ii. Illuminate the drop with a UV light at 280 nm. Tryptophan residues absorb at such wavelength and emit a fluorescence signal at 300-450 nm. Protein in solution has much lower concentration than in the crystal; therefore, the signal from solution is much weaker than that arising from the protein in the crystal.
CRITICAL STEP. Because of the high local concentration, also protein absorbed on crystals, dust, and fibers eventually present in the drop is detected by UV fluorescence method.
TROUBLESHOOTING.
C	X-ray diffraction
i. Add cryo protectant to the drop where crystals have grown. Cryo protectant conditions have to be optimized to reduce the damaging of the crystal and promote amorphous icing of water. Commercial screening such as CryoPro (Hampton Research, HR2-074), CrySol, and CryoProtX (Molecular Dimension) can be used to search optimal cryo conditions.
ii. Remove your crystals using loops for cryo crystallography (Hampton, Molecular Dimension, Jena Bioscience and MitGen provide a wide selection of cryo loops in terms of size, shape, and material), freeze them in liquid nitrogen and mount the loop on a goniometer of a diffractometer instrument equipped for data collection at liquid nitrogen temperature. Perform the data collection according to the procedure described in Procedure 5-1D.
! CAUTION. Liquid nitrogen has to be handled with cryo gloves and cryo safety goggles because it gives rise to cold burns or frostbite upon contact with unprotected skin. Also, handle the liquid in rooms equipped with oxygen detector because the gas of nitrogen could result in asphyxiation.
21. If the crystals are made of protein, perform data collection by following the optimization of experimental diffraction parameters as described in Procedure 5-1D step v. Otherwise, perform further optimization (step 15-20) or select new combination of buffer/precipitant (step 11-20).
22. If the crystallization conditions described in the literature do not lead to mAb crystals and/or the systematic search of crystallization condition described in steps 1 to 20 fails, perform a high throughput screening of crystallization conditions. Table 3 provides a list of the most commonly used commercial protein crystallization screening products. Evaluate the results and optimize crystallization cocktails that provides microcrystalline precipitate, small crystals and spherulites.

Table 3 | Examples of commercial protein crystallization screening.

	Supplier
	Name
	Product code

	Molecular Dimensions
	Structure Screen 1 + 2 HT-96
	MD1 - 30

	
	PACT premier™ FX-96
	MD1-36-FX

	
	JCSG-plus™ FX-96
	MD1-40-FX

	
	Morpheus FX-96 pre-filled plate
	MD1-47-FX

	
	GA Screen™ FX-96
	MD1-51-FX

	
	BCS Screen FX-96
	MD1-105-FX

	
	Wizard Classic 1 and 2 Block
	MD15-W12-B

	
	Wizard Classic 3 and 4 Block
	MD15-W34-B

	Hampton Research
	PEG/Ion HT
	HR2-139

	
	Index HT
	HR2-134

	
	SaltRx HT
	HR2-136

	
	Natrix HT
	HR2-131



Procedure 2. Template Particle Preparation and Characterization
<CRITICAL> The purpose of this section is to prepare a variety of particles of different materials, size, pore size, and surface chemistry that are good candidates for templates. In the proposed example of Anti-CD20 mAb crystallization, silica particles with pore size 50-60 nm have been found to be effective in enhancing protein crystallization.
Thermal treatment of silicon dioxide/boron trioxide/sodium oxide mixture. Timing: 48 h
! CAUTION. Safety precautions against fire and physical hazards due to the use of high temperature must be exercised, including the use of well-maintained furnace, good housekeeping (i.e. keep flammable materials away from furnace) and the use of crucial tong and thermal glove to transfer hot materials.  

1. Mix the target quantities of silicon dioxide (between 50 and 90 wt%), boron trioxide (between 5 and 45 wt%) and sodium oxide (between 0 and 15 wt%) in a container to achieve good homogeneity. One example might be: 5 g silicon dioxide, 4 g boron trioxide and 1 g sodium oxide are mixed and melted at 1200 °C at step 3.
2. Place the mixture in a crucible and place the crucible in a furnace. 
3. Heat the mixture at a rate of 10 °C/min to melt the mixture at 1200 °C for 1 hour and cool the melt at a rate of 20 °C/min to room temperature. 
4. Crush the solid into powder and heat the powder at a target temperature for a target length of time. In the case of 50 wt% silicon dioxide, 40 wt% boron trioxide and 10 wt% sodium oxide, heat in a furnace to 650 °C under normal atmosphere for 24 h.
5. Cool the powder to room temperature. 
6. Crush the powder in a mortar.
<PAUSE POINT> This material can be stored for several months at room temperature.

Acid etching of thermally treated mixture. Timing: 48 h
! CAUTION. Safety precautions against fire, physical and chemical hazards due to the use of high temperature and strong acid must be exercised, including the use of well-maintained oven and hot plate, good housekeeping (i.e. keep flammable materials away from oven and hot plate), the use of thermal glove to transfer hot materials and conducting experiments in well-ventilated fume cupboard and with proper personal protective equipment.
7. Dilute acid with de-ionised water to achieve the target concentration. Typically, 0.5 to 2.0 M hydrochloric acid is sufficient to completely etch the treated mixture. E.g. Dilute 10 mL 37 wt% hydrochloride acid with deionised water to achieve a total of volume of 60 mL to obtain a concentration of 2.0 M.
8. Add the powder (from Step 6) into the acid solution and run the reaction under reflux for a target length of time (typically 2 to 5 hours are sufficient for the etching to complete, i.e. no further increase in pore size as determined in step 13).
9. Cool the mixture to room temperature and filter off the acid-etched powder through a filter paper (pore size 11 μm) to recover the powder.
10. Wash the filtered powder repeatedly with de-ionised water to remove residual hydrochloric acid. If using the example parameters, wash with 1 liter deionised water and dry the washed powder at room temperature for 12 hours.
11. Dry the powder at room temperature overnight and at 120 °C for target lengths of time (e.g. 24 hours).
12. Sieve the powder (i.e. porous template) to obtain fine particles with size between 20 and 25 μm.
<PAUSE POINT> Porous template materials made of silica can be stored at room temperature for several months before use.

Characterisation of Template. Timing: 8 h 
13. Without further treatment, characterise the nanotemplate particles (NTs) directly using:
· mercury intrusion porosimetry (MIP) to determine pore size distribution and 
· scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to visualise the porous morphology. 
The acceptable pore size distribution is unimodal with peak range between 30 to 100 nm as determined by MIP. SEM and TEM images should show a sponge-like morphology of the nanotemplate particles with interconnected pores. For MIP, SEM and TEM, refer to the respective manuals from the instrument suppliers for detailed operation instructions. 

Procedure 3. Particle Integration into the Membrane
Preparation of PVA/GA/NTs suspension. Timing: 4 h
1. Take 90 mL of distilled water and heat it in a beaker under a hood (T approx. 80-85 °C).
2. Add 5 g of PVA little by little, always under heating and stirring. Pace the additions so that this process takes 20-30 min. Use the largest possible magnet for stirring.
CRITICAL STEP. In this step, the addition of the polymer must be done very slowly but carefully to avoid exposure of the PVA powder to water vapour. If the polymer is explosed to water vapour before solubilisation it will become a gelatinous sludge that does not dissolve in water. 

3. Stir the solution obtained for 3 hours. 
4. Add water to reach 100 g of the overall solution (5 wt% PVA in water).
<PAUSE POINT> The solution thus prepared is stable for 3-4 days if stored at approx. 20-25 °C.
5. Take 0.5 mL of glutaraldehyde and make up to 25 mL by adding water (0.5% vol. GA in water).
6. Leave to stir for 30 minutes under the hood.
7. Take 20 mL of the PVA solution prepared in steps 1-4 and mix it with all GA solution prepared in steps 5-6.
8. Leave to stir for 30 minutes under a hood.
9. Add 407 mg of nanotemplate particles to 30 mL of PVA/GA solution (to functionalize the membrane at 1 mg NTs/cm2) and then homogenize NTs dispersion first by vortex for 5 minutes and then keeping the solution magnetically stirred for 30 minutes in a fume hood.

Conditioning of the membrane. Timing: 1 h
10. Cut out a piece of support porous polymeric (PVDF or PP) membrane of size 22 cm x 18.5 cm.
11. Take a glass slice with dimensions exceeding those of the support membrane and clean it thoroughly with absolute ethanol to remove dust particles and impurities.
12. Fix the support membrane to the glass at the four corners with double-sided tape.
CRITICAL STEP. The support membrane must be completely flat and homogeneously contacting the down glass layer, without wrinkles.
13. Submerge the glass (with the membrane) in a distilled water bath for 30 min and, just before the step 15, remove the glass from the water bath and dab with a soft cloth to dry excess of water.
CRITICAL STEP. This operation is necessary to increase the affinity between the hydrophilic layer and the hydrophobic membrane support, otherwise some parts of the support would not bind with the forming hydrogel layer.
<CRITICAL STEP> Dust particles, impurities and other particles must be removed from the support membrane otherwise, they will become defects of the functional layer.

Functionalization of the membrane surface. Timing: 18 h
<CRITICAL> The procedure can be adapted to the size of the surface to be coated with the hydrogel layer be scaling up or down with the amount of reagents used proportional to the area of the membrane surface to be functionalized.

14. Set temperature and humidity conditions at the target values (e.g. 40 °C and 30% relative humidity) within a climatic box 1 hour before the next stages.
15. Fix the glass with the membrane on an automatic casting system within the climatic box and adjust the separation between the membrane surface and the casting knife to 400 μm.
CRITICAL STEP. The homogeneity and the thickness of the forming hydrogel will depend on the thickness of the casted suspension.
16. Add 150 µL of HCl 37% dropwise while stirring to the 30 mL of PVA-GA-NTs suspension prepared in the step 9 and, immediately after, transfer the suspension in the tank of the casting system (or add it continuously during the casting).
CRITICAL STEP. Polymerization of the suspension starts immediately after the addition of HCl, therefore HCl must be added just before the casting of the suspension, avoiding any delay. Pay attention to the formation of gelatinous agglomerates when adding the acid and during stirring.
17. Start to automatically cast the suspension on the membrane support; set the casting speed to 2 mm/sec.
<CRITICAL STEP> Making the casting speed lower could affect the homogeneity of the forming hydrogel layer due to agglomerates formation.
18. Leave the membrane with the casted suspension in the climatic box at the same temperature and humidity overnight.

Membrane washing. Timing: 36 h
19. Incubate the membrane in a distilled water bath (2 L) for 24 hours while changing water 2-3 times.
! CAUTION.  Be sure to eliminate any residue that is not linked to the membrane.
20. Remove the membrane from the water bath and leave it to dry for 12 hours in an oven at 25 °C.
21. Trim the membrane to the area covered by the functional layer (normally 20 cm x 15 cm is the available surface).

Procedure 4. Membrane-assisted Crystallization
<CRITICAL>	At the current technology readiness level (TRL 5) of template-assisted membrane crystallization, the process design approach involves two steps. The first is a scaled-up batch crystallization process using the parameters described in Procedure 1. Further optimisation at the larger scale refines the conditions for continuous operation that forms the second stage of the approach.
A buffer solution is prepared and used to prepare the precipitant solution and protein solution that are mixed for the TMC process based on the solution compositions identified in Procedure 1. 
Buffer solution preparation. Timing: 30 min
1. Add the target quantities of deionised water and buffer salt into a glass bottle and use magnetic stirring to ensure the complete dissolution of buffer salt.
2. Use acid or base to adjust the pH to the target level.
(For instance, to prepare HEPES buffer, add 19.0 g HEPES sodium salt into 750 mL de-ionised water and add 40.0 g sodium hydroxide (solid) to adjust the pH to approximately 7.5).

Precipitant solution preparation. Timing: 30 min 
3. Add the target quantity of buffer solution in a glass vial and add the target quantities of additives (i.e. salts and/or polymers) into the buffer solution. 
4. Use magnetic stirring to ensure the complete dissolution of additives.
(For instance, to prepare 1 M sodium chloride in HEPES buffer, dissolve 58.4 mg sodium chloride into 1 mL HEPES buffer solution).

CRITICAL STEP. Filter the precipitant solution with 0.2 μm filter to remove any particles and store the filtered precipitant solution in a clean vial. To account for the dead volume of the 0.2 μm filter (typically 1 mL), more precipitant solution should be filtered to achieve the target volume. 

Protein solution preparation. Timing: 6 h (plus 2-3 weeks for step 5)
<CRITICAL> To avoid the formation of bubbles, strong agitation (e.g. shaking) of protein solution in the presence of air must be avoided.

5. Express the mAb in CHO cells in a fed-batch process.
6. Deep filter the material using Millistak X0HC and D0HC filter pods to remove cellular debris. The final product titre is expected to be ~2.4 g/L (Level 3 mAb solution).
7. Inactivate the viruses (VI) still present in the concentrated material:
· titrate to pH 3.5 using 3 M acetic acid
· Hold for 1-hour at room temperature
· titrate to pH 7 using 3 M Tris base.
8. Centrifuge the material at 2800 RFC  and 8 °C for 30 minutes to remove aggregates produced by the VI process.	Comment by Bronwen Dekker: G value please.	Comment by G d: OK
9. Concentrate the inactivated material from 3 to 30 mg/mL via TFF ultrafiltration using a 30 kDa Sartocon Slice membrane.
10.  Diafilter into 100 mM HEPES buffer using TFF system as described step 9 (this solution is defined as “pre-treated Level 3 mAb solution”).
11. Transfer the pre-treated Level 3 protein solution into a centrifugal filter with the target cut-off (i.e. 30 kDa for mAb having a MW of 145 kDa) and perform centrifugation (2800 RFC at 8 °C) to reduce the volume of the protein solution to half. 
12. Add the buffer solution to restore the total volume to the initial value before centrifugation and repeat the centrifugation. 
13. Top up the buffer solution and centrifuge a total of five times to ensure the completeness of buffer exchange. 
14. Perform centrifugation to achieve the target volume (and hence the target protein concentration around to 25-30 mg/mL).
(For instance, 10 mL of mAb solution at 10 mg/mL is added into a 30 kDa cut-off centrifugal filter and perform centrifugation at 2800 RFC to reduce the volume to 2.5 mL. 2.5 mL HEPES buffer is added into the mAb solution and the centrifugation at 2800 RFC is repeated to reduce the volume to 2.5 mL. Repeat the addition of HEPES buffer and centrifugation for 4 more times. To achieve a final concentration of ⁓30 mg/mL, perform the last centrifugation to achieve a volume around to 3 mL).
15. Filter the protein solution with 0.2 μm filter to remove any particles and store the filtered protein solution in a clean vial. To account for the dead volume of 0.2 μm filter (typically 1 mL), more protein solution should be filtered to achieve the target volume. 
<PAUSE POINT> The solution thus prepared is stable for 24 h if stored at 4 °C.
16. Mix the resulting solution 1:1 with double-strength crystallization cocktail to produce pre-treated material at ⁓15 mg/mL in the desired crystallization solution.

17. Feed the crystallizing solutions and perform TMC process as described in Stage 9 of the Workflow (see Figure 3).
TROUBLESHOOTING.
18. After crystallization, remove the remaining mixture of crystals and solution from the feed tank and centrifuge at 1800 RFC and 20 °C for 15 minutes.
19. Remove the crystal phase and place it into 20 mL Costar 0.22 μm centrifugal spin filter tubes; place 0.5 g of crystal material in each tube.
20. Perform multiple rinses with a high-precipitant rinse solution, 20 mL per spin filter tube per rinse, with samples taken of the material and filtrate after each rinse for analysis.
21. Separate solid crystals from liquid by filtration using PES membrane 0.45 μm pore size under vacuum water pump.
<PAUSE POINT> Crystalline material is frozen and stored at -80 °C for several months.

Procedure 5. Characterization of crystal products
1|	The characterization of crystallization products recovered from the crystallizer can be done by several techniques. The crystal morphology can be studied using optical microscopy (option A) and dynamic light scattering (option B). Mechanical properties of crystals can be studied by indentation techniques (option C), while the assessment of the crystal mosaicity and possibly a determination of the crystal structure can be carried out by X-ray diffraction (option D). Biopharmaceutical process assessment can be performed on dissolved crystals. Two options are described in step 2.
A. Characterization by optical microscopy. Timing: 1 hour
<CRITICAL> The observation time should be very short since the drop will heat up during the analysis, and the crystals can dissolve. The liquid will also start to evaporate resulting in the formation of salt/buffer crystals.  
i. Put the crystals within their mother liquor under the microscope. 
ii. Use cross-polarized optical microscopy to verify the presence of crystals: they should change colour when rotating the polarizer.

iii. Measure the size of better-focused crystals using an ocular provided by a graduate scale. As an alternative, use a camera to acquire the microscope image and use image-processing software such as IMAJ to automatically assess the crystal size.
CRITICAL STEP. The unit of the scale depends on the zoom level you are using to visualize the crystals. Take note of the correspondence between the zoom level and the distance between the marks of the graduated scale, expressing it in μm.

iv. Use the information from the size of more than 500 crystals to calculate the crystal size distribution and the coefficient of variation. This latter quantity can be related to theoretical values predicted for various crystallizer models such as the mixed-suspension, mixed-product-removal model.

B. Characterization by Dynamic Light Scattering. Timing: 3 hour
i. Calibrate the Zetasizer prior to measure crystal samples. The laser intensity calibration can be performed by measuring a standard compound, typically toluene. 
ii. Put the crystals suspension in a cuvette for protein samples of 1 mL.

iii. Use the Zetasizer to measure the particle size distribution.
CRITICAL STEP. A cylinder shape correction option by the software can be used to improve the results of the measurements on mAb samples.

C. Characterization by indentation techniques. Timing: 3 hours
i. Choose one of the bigger crystals (size > 100 μm on at least one side), to facilitate the indentation measurements. 
ii. Transfer the crystal from the solution on the indentation stage.
iii. Cover the microindenter using a plastic chamber equipped by water, silica-gel and humidity control agents to control the relative humidity. 
<CRITICAL STEP>	Both dry or wet conditions can influence the mechanical properties of crystals, especially in the case of mAb crystals, which have solvent fractions higher that 50%.
iv. Calculate the elastic modulus from the measured tip-sample separation measurements obtained by applying a load force of increasing intensity. 

D. Assessment of the crystallization products by X-ray diffraction. Timing: 1 month for preparing and carrying out the x-ray diffraction experiment at synchrotron facilities, 2 days to analyze data
i. Book beamtime to a beamline of a synchrotron facility devoted to X-ray diffraction from biological samples.
CRITICAL STEP. A proposal should be prepared well in advance; this proposal will need to demonstrate the scientific importance of using the synchrotron beamtime.
CRITICAL STEP. Carefully check the specifications of the synchrotron beamline. It should be suitable to analyze protein crystals. Moreover, check the compatibility with the type of pucks and cryo-loops you use in your laboratory. They will be managed by robot for high-throughput data collections.
ii. Remove the selected the crystallization products using cryo-loops.
CRITICAL STEP. Perform a rapid assessment of the crystal shape and size and choose which cryo-loop would work best. Use mesh loops in case of microcrystals.
iii. Check under the stereomicroscope that one or more crystals are present in the cryo-loop together with their mother liquor.

iv. Put the cryo-loop in a dewar filled by liquid nitrogen for safe storage of the crystallization products. Use pucks to host the cryo-loops.
<CRITICAL STEP> Immerse the cryo-loop with the crystal very gently, so that it is less likely that the crystal will detach from the loop.
! CAUTION. Use goggles and gloves to handle liquid nitrogen refilling of the dewar.

v. Collect data for each loop you have prepared. A preliminary characterization of the crystal diffraction on few images will allow to optimize experimental parameters such as detector distance, exposure time, transmission coefficient, oscillation, number of images to collect. Suggestions about the suitable values of such parameters are supplied after an automatic processing of the characterization data.
TROUBLESHOOTING.

vi. Analyze the X-ray diffraction data. Use the ADVX software to inspect the detector images. 
· In case of single-crystal data, i.e. many spots on the images, use XDS software to process the images and performing indexing of diffraction spots. The program supplies in output the unit cell parameters, the crystal symmetry and an estimate of the crystal mosaicity. 
· If X-ray diffraction data have resolution <3 Å and completeness >50% use the SIR2014 software to perform the crystal structure determination. 
· In case of incomplete or low-resolution data, check if the unit cell volume is compatible with the expected content of the crystallization output. 
· In case of powder diffraction data, i.e. concentric rings on the images, use the DAWN software to integrate azimuthally the rings and get the radial profile. 
· In case of sharp and not-overlapping peaks on the radial profile, use the software EXPO2014 to extract the unit cell parameters and attempt the crystal structure determination. 
· Assess the mosaicity of the crystals by analyzing the width of the peaks in the powder diffraction profile by the RootProf software.

Assessment of the solution obtained by crystal dissolution. Timing: 2-3 days
2|	The quality, quantity, homogeneity, and activity of the mAb contained in the crystals can be assessed by analyzing the solution obtained after solubilization from crystals. Conventional analytical methods are reported in Table 4. Here, size exclusion chromatography (option A) and SDS gel electrophoresis (option B) analyses are briefly described. Before performing either option, wash the crystallization products before dissolving the crystals so that all the protein contained in the final solution comes from the crystals a not from the mother liquor.

Table 4 | Summary of analytical methods used to check quality of dissolved crystals.
	Method
	Purpose

	UV (Nanodrop)
	Final concentration

	iCIEF
	Charged Variant Profile

	SEC-UPLC
	Aggregate detection

	HCP-ELISA
	HCP content

	CE-SDS (Non-reduced)
	% intact mAb

	CE-SDS (Reduced)
	% heavy and light chains

	N-Linked Glycans
	Glycosylation Profile

	Endotoxin
	Safety

	Residual DNA
	rDNA residuals




A	SEC analysis of dissolved crystals. Timing: 3 hours

i. Dissolve a known mass of crystal in formulation buffer and measure resulting protein concentration by using the Nanodrop UV-Vis spectrophotometer. Calculate the protein content to quantify the mAb yield obtained by the crystallization run.

ii. Measure a fluorescence versus size profile by using the LabChip GXII Touch HT protein characterization system. Assess the crystal purity by identifying the mAb peak and possible overlap with neighbouring peaks.

iii. Use the Ultra-high performance liquid chromatography-size exclusion chromatography (UPLC-SEC) system, by using an ACQUITY UPLC BEH200 SEC Column with a flow rate of 0.46 mL/min. Measure the height and subtended area of the chromatographic peaks occurring at different retention times.
CRITICAL STEP. The SEC peak corresponding to the mAb can be identified by using proteins with known molecular weight to calibrate the chromatographic column.

iv. Calculate the purity of the sample considering the peak area measurements and possible peak overlapping.

B. SDS-page analysis of dissolved crystals. Time: 1 hour

i. Mix your samples with sample buffer (loading buffer). Heat them at 90 °C in water for 5 min. 
ii. Prepare gels suitable for your analysis.
CRITICAL STEP. Use precasting gel frames to speed up the measurements.
iii. Load prepared samples into wells and make sure not to overflow. Do not forget loading protein marker into the first lane. Then cover the top and connect the anodes.

iv. Set an appropriate voltage and run the electrophoresis until the downmost sign of the protein marker almost reaches the foot line of the glass plate.
CRITICAL STEP. Use proper set of pre-stained MW markers to adapt the MW calibration values to the MW of your mAb.

C	Other dissolved crystals analysis. Timing: 2-3 days
I	(optional) Perform additional assays. Analytical tests reported in Table 4 UV (iCIEF, HCP-ELISA, CE-SDS Non-reduced/Reduced, N-Linked, Glycans, Endotoxin, Residual DNA) can be performed according to standard methods.

TIMING
Procedure 1
· Step 1, bibliographic search on crystallization conditions: from few hours to few days
· Step 2, purity of protein sample by SEC-UPLC: 2-4 h
· Steps 3-20, Vapor diffusion experiment: from few days to several months 
· Step A, Dye test: 2-4 h
· Step B, UV fluorescence: 2-4 h
· Step C, X-ray diffraction: 1 month
· Step 21, optimization of diffraction procedure parameters and collection: 2-12 h
· Step 22, Refining vapor diffusion experiment: from few days to several months

Procedure 2
· Steps 1-6, Thermal treatment: 48 h
· Steps 7–12, Acid etching: 48 h
· Step 13, Characterisation of Template: 8 h

Procedure 3
· Steps 1-9, Preparation of PVA/GA/NTs suspension: 4 h
· Steps 10–13, Conditioning of the membrane: 1 h
· Steps 14-18, Functionalization of the membrane surface: 18 h
· Steps 19-21, Membrane washing: 36 h

Procedure 4
· Steps 1-2, Buffer solution preparation: 30 min
· Steps 3–4, Precipitant solution preparation: 30 min
· Step 5, Protein expression in fed-batch process: 2-3 weeks
· Steps 6-15, Protein solution preparation: 6 h
· Step 16, crystallizing solution preparation: 30 m
· Step 17, template-assisted membrane crystallizing: 72 h
· Steps 18-21, crystals recovery: 3 h

Procedure 5
· Step 1A, Characterization by optical microscopy: 1 h
· Step 1B, Characterization by Dynamic Light Scattering: 3 h
· Step 1C, Other dissolved crystals analysis: 2-3 days
· Step 1D, Assessment of the crystallization products by X-ray diffraction: 1 month
· Step 2A, SEC analysis of dissolved crystals: 3 h
· Step 2B, SDS-page analysis of dissolved crystals: 1 h
· Step 2C, Other dissolved crystals analysis: 2-3 days

TROUBLESHOOTING
Troubleshooting advice can be found in the tables below.
Table 5	Troubleshooting for Procedure 1.
	Step
	Problem
	Possible reason
	Solution

	6
	Rejecting a precipitant that was suitable for crystallization
	The precipitant concentration used to measure the second virial coefficient is wrong
	Refine second virial coefficient measurement by extending the concentration of the precipitant

	17a
	Confusing  protein crystals with methylene blue crystals
	Growth of methylene blue crystal 
	Take a picture of the drop before and after adding the dye

	17a
	Confusing protein crystals with salt crystals
	Methylene blue accumulates on the surface of salt or detergent crystals
	Use UV florescence test or X-ray diffraction experiment 

	17b
	Confusing protein crystals with salt crystals, dust, fibers
	protein absorbs on crystals, dust, and fibers
	Use dye test or X-ray diffraction experiment



Table 6	Troubleshooting for Procedure 4
	Step
	Problem
	Possible reason
	Solution

	Setting up template-assisted membrane crystallization
	Bulk flow in liquid state through the membrane from mAb solution or from osmotic solution on applying feed to TMC
	The pressure difference between mAb solution and osmotic solution is too high and membrane becomes wet
	Ensure pressure difference is < 0.1 bar

	Operation of template assisted membrane crystallization
	The concentration of the crystallizing mAb solution stops increasing before formation of crystals in batch or continuous crystallization 
	Concentration of MgCl2 in the osmotic solution is  not high enough to abstract water from the mAb solution
	Increase concentration of MgCl2 osmotic solution



TABLE 7	Troubleshooting for Procedure 5, Option D
	Step
	Problem
	Possible reason
	Solution

	D (4)
	No signal from X-ray diffraction experiments can be detected
	The crystals are too small, so that the scattered intensity from individual crystals is too weak
	Increase the number of tiny crystals hit by the X-ray beam by:
- trying to fish more crystals with the cryo-loop
- increasing the size of the beam spot so that it hits more crystals

	D (4)
	Crystals diffracts at very low resolution
	The mAb flexibility prevents the orderly arrangement of molecules in the crystal
	Adopt an experimental setup adapted for the detection of low resolution data, namely:
- use a beamstop with small diameter
- set the minimum energy of the primary X-ray beam
- put the detector as close as possible to the sample

	D (4)
	Spots cannot be identified in the diffraction pattern
	Many randomly oriented crystals are under the X-ray beam
	Consider the Debye-Scherrer rings, which collect the diffraction signal from the randomly oriented crystals. A radial profile determined by an azimuthal integration can be used for product characterisation



Anticipated results
This section describes a worked example in more detail. The mAb Anti-CD20 is taken through the nine stages and checkpoints outlined in Figure 3. 

Stage 1: Prior Knowledge
Anti-CD20 is the first monoclonal antibody approved for therapeutic use to treat autoimmune diseases123,124, marketed with the commercial names of Rituximab or Mabthera, and there are some information already available on the crystallization conditions by conventional methods. It is a chimera protein made of a human immunoglobulin G1 (IgG1) constant region and a murine variable region able to bind to the transmembrane CD20 protein124. Full details of the production line of Anti-CD20 can be found in the Fujifilm Diosynth Biotechnologies report119. It describes the 10 L Anti-CD20 material supply run executed for the AMECRYS project (https://cordis.europa.eu/project/id/712965/en). The upstream process of Anti-CD20 production consists of a cell line revival, seed train expansion, batch production, harvest and filtration prior to the intensive DSP stage. The conventional purification procedure consists of consecutive cycles of Protein A chromatography, two cycles of viral inactivation, CIEX chromatography and a mixed mode (MM) AIEX chromatography.
Some references included crystallisation parameters that were useful for our work. For instance:
· Reference 125 reported that Na2SO4–PEG400 solutions can undergo a liquid-liquid phase split at concentrations above 1 M of Na2SO4 and 11% (w/w) of PEG400 in pure water solutions;
· In reference 25, a variety of sulphates salts of a wide range of concentrations were tested to identify suitable crystallization cocktails, through which sodium sulphate emerged as the salt of choice for the precipitation of Anti-CD20.

Stage 2: Screening of Crystallisation conditions
Crystallization ability. Like other macromolecules, mAbs usually have narrow crystallization conditions. Based on crystallization conditions known from Stage 1, high throughput screenings were the key to identifying the crystallization slot where Anti-CD20 solution droplets mixed with precipitant droplets of different compositions produced micrometric-size crystals from the final mixtures undergoing vapour diffusion or in batch conditions126. Important solution conditions tested included pH, temperature and concentrations of mAb and additives (e.g. Na2SO4 and PEG400)80. Due to the large number of possible combinations, the design of screening conditions were based on sparse matrix and incomplete factorial methods to improve the efficiency of screening127,128,129. The successful crystallization conditions were further investigated to construct the Anti-CD20 phase diagrams with the particular additives130.
With the help of prior knowledge, we determined that crystallization of Anti-CD20 is achievable by both vapour diffusion and batch methods using the PEG400/Na2SO4/HEPES aqueous system near liquid-liquid phase separation conditions25.
However, experimental results indicated that B22 remained strongly positive (a sign of repulsive protein–protein interactions) for all conditions found to be effective for Anti-CD20 crystallization59, suggesting that neither PEG400 nor Na2SO4 act as conventional precipitants for Anti-CD20 when used together. Conversely, B22 values were found negative (attractive interactions) in formulations that remained clear for months. 
Since the measurements of intermolecular interactions through B22 can be performed only under low protein concentration conditions (≤5 mg mL−1), while crystallization trials are generally conducted at higher concentrations (≥20 mg mL−1), B22 and kd values estimated by SLS and DLS should be considered only as generally predictive of high-concentration behaviour.
In the complex PEG400/Na2SO4/HEPES/Anti-CD20 system, the LLPS effect was experientially observed prior or concomitantly to protein nucleation, without detecting attractive interactions through the B22 values that remain positive. The LLPS in PEG/salt system was rather related to the polymer-salt phase separation, which can occur also without protein, in the absence of underlying net attractive interaction between proteins, thus explaining the inconsistency between the measured B22 values and the crystallization results. It causes the preferential partitioning of Anti-CD20 molecules in the PEG-rich phase131, allowing the protein to concentrate in droplets of high density, generating supersaturation. Since it was observed that protein crystals initiate to nucleate and grow near the boundary of these droplets, it was argued that the liquid-liquid interface has a key role in the nucleation mechanism132. Interface effects might result in a partially unfolded protein conformation or in a suitable variation of the secondary/tertiary protein structure133, which can be the species prone to aggregation through a mechanism driven by conformational change rather than colloidal interactions, and which initiate the crystallization process134. The formation of this minor population of aggregated protein molecules compared to the native species135, hardly contributes to the averaged solution properties on a macroscopic scale that is measured by B22, while it effectively promotes crystal formation59. 
Since in the Anti-CD20 crystallization slot (PEG400 9.6% and 0.70 M < Na2SO4 < 0.86 M at pH 7.4 in HEPES) kd was found to have a negative trend while B22 is positive, this confirmed that the attractive interactions do not have a thermodynamic origin of colloidal nature, but rather they are the results of the hydrodynamic effects generated by the increase in solution viscosity59. For particularly high concentration of Anti-CD20 (>30 mg mL−1) or PEG/salt (i.e. PEG400 9.4 wt.% and Na2SO4 ≥ 11.1 wt.%), high-density droplets had the appearance of gel beads.

Phase diagram. When performing the experiments used to establish the phase diagram (Procedure 1), the approach taken was to run the process for only 48 h in order to keep a reasonable crystallization time. The induction time of protein crystallization can be very long136,137, so the study was performed knowing that it was likely that some experiments were stopped before crystallization could occur. It was therefore not possible to determine the solubility line of Anti-CD20 and the metastable zone limit (at 48 hours) was identified instead (Figure 5). The solubility line is assumed to be below the metastable zone limit. An automated liquid handling robot (e.g. Mosquito Crystal) was used to perform the high throughput screening experiments with the commercial 96-well plates, and the mAb solution was placed in droplets (2 µL each) in a separate sample strip away from the 96-well plate. The automated liquid handling robot was programmed to:
1. Add individual mAb solution droplets (1 µL each) into the wells;
2. Add precipitant in each well into the mAb solution droplet;
3. Mix the mAb/precipitant mixture. 
The 96-well plate was sealed with a transparent tape and placed in an incubator at 4 °C, 20 °C or 25 °C. The Anti-CD20/precipitant mixture droplets in the 96-well plates were observed under bright field microscope regularly (i.e. daily) to see if crystals appeared. In the sealed 96-well plates, the mAb/precipitant mixture droplet equilibrated with the precipitant in the same compartment over time. The mAb/precipitant mixture droplets in general had three outcomes: 
1) remained clear (i.e. the mAb molecule remains soluble), 
2) liquid-liquid phase separation, and 
3) various types of solids appeared, including crystal and precipitate (and the co-existence of outcome 2) and 3)). 
The conditions that resulted in crystal formation were noted for further investigation.

Check the crystals. Definite proof of the presence of protein units in the formed crystals were obtained using X-ray diffraction. An ad hoc procedure for investigating mAb crystals was developed that takes into account their very tiny dimensions and poor diffracting properties25:
1. mAb crystals were produced by batch crystallization or by tests run performed on a membrane crystallizer prototype.
2. Crystals were washed using a centrifuge to remove protein in solution. Washing solution has been optimized to avoid crystal solubilization.
3. Crystals were remove the from the supernatant using a cryoloop and put in cryogenic conditions (liquid nitrogen). Protein crystal powder recovered in this way is surrounded by the mother liquor (which is required to avoid crystal dissolution) which enables effective sample cryo-protection.
4. The cryoloop is attached to a goniometric head through the magnetic base, and subject the sample to an X-ray beam from lab or synchrotron sources. The sample is maintained in cryogenic conditions under a stream of evaporating liquid nitrogen.
The X-ray experimental setup was adapted to collect low-resolution data in the following way:
1. The primary beam energy was lowered to E=8000 eV (wavelength of 1.550 Å).
2. Area detector was moved recording the X-ray diffraction patterns closer to the sample, so that only very low resolution data could be collected (>10 Å) with very high angular resolution.
3. The size of the beam stop was reduced.
Qualitative information about the content of the crystals can be obtained quickly by collecting a few diffraction images. These are the key features to look out for:
a. A large number of spots located close together and concentrated around the beam stop (usually at the center of the detector area) indicates the presence of well-ordered mAb crystals.
b. A feeble signal consisting of Debye-Scherrer rings indicates that crystalline mAb is present, but poorly ordered.
c. A small number of intense and widely spaced reflections is the signature of salt single crystals.
d. Clear, intense and widely spaced Debye-Scherrer rings extending to very high resolution (<2 Å) are the signature of a powder of salt crystals.
It is possible for a sample to show a mixture of features. If the sample shows feature 1 or 2 as well as feature 3 or 4, this indicates the presence of both salt and protein crystals.
For the case of Anti-CD20, the mAb signature was identified as the simultaneous presence of three rings occurring at a data resolution of 45, 57 and 66 Å, which represent the radii of the Debye-Scherrer rings25 (Figure 6). This specific pattern can be used for fast and automatic monitoring of crystals in the framework of pattern recognition or deep learning computational procedures. The specific resolution values of the rings can be used to deduce the dimensions of the crystal cell25.
Checkpoint: Is the crystallisation process designed in a way so that the process conditions can be well optimised?
Yes, extensive crystallization screenings allowed to identify the region in the state diagram of Anti-CD20 where crystals of size around to 10 μm in one dimension can reproducibly be obtained from the PEG400/Na2SO4/HEPES/Anti-CD20 system undergoing LLPS. Check of crystals confirmed the presence of the protein. 

Stage 3: Template Particle Preparation
Having determined the size of the protein in the crystallization solution (13-16 nm) by DLS and SAXS59,138, different types of nanotemplate were developed to cover a wide range of particle size, shape and pore size, and were tested for their effectiveness on the Anti-CD20 crystallisation. The developed nanotemplates were all silica based, including Stöber nanoparticle, core-shell nanoparticle, Santa Barbara amorphous (SBA)-15, mesostructured cellular foam (MCF) and controlled pore glass (CPG).
In terms of particle size and shape, Stöber nanoparticles and core-shall nanoparticles were spherical in shape and had particle diameter between 200 nm and 500 nm. SBA-15 was tubular in shape and had a typical length of 600 nm and diameter of 150 nm. MCF was also spherical in shape and had a typical diameter of 40 nm. CPG had irregular shape and a typical length of 6 µm. In terms of pore size, Stöber nanoparticles, core-shall nanoparticles, SBA-15 and MCF had meso-pores (i.e. pore size 2–50 nm), whereas CPG typically had macro-pores (i.e. pore size>50 nm). 
Checkpoint: Are the 3D nanotemplates structure functionalised so that optimal particle size and pore size can be obtained?
Yes, as vapour diffusion crystallisation experiments showed that CPG had the best performance for promoting Anti-CD20 crystallisation, CPG was further optimised in terms of pore size by changing the heating temperature in Procedure 2. The powder was characterised with MIP, SEM and TEM. The template particles were a white powder with macropores of 50 nm (confirmed with MIP measurements, Figure 7) and highly porous structure, confirmed with SEM and TEM images in Figure 8. 

Stage 4: Template-assisted Crystallization of Anti-CD20
To compare the crystallization behaviour of Anti-CD20 protein using the vapor diffusion method in the microfluidic system, the chip was filled with the same crystallization solution containing the mAb, crystallizing agents and specific amounts of NTs particles. Then, a salt solution was added over the PDMS membrane to slowly dry-out the crystallization solution. The pervaporation was driven by the difference in water activity between the solution contained in the channels and the drying solution. The composition of that drying solution therefore controls the pervaporation rate. As only water can pass through the PDMS membrane, the amount of salt and protein remains constant by time, while the droplet volume decreased, leading to a slow concentration of the droplets until supersaturation is reached and crystals appeared in the channels. Crystallisation of mAb of the different purity levels (i.e. Level 1 is the highest purity and Level 3 is of lowest purity) both with and without nanotemplates was proven to be successful. 
Checkpoint: Is the selective crystallisation behaviour robust enough?
Yes, significant breakthrough was achieved when crystals were obtained when crystallising mAb directly from clarified fermentation broth (i.e. Level 3). From numerous experiments, it was evident that the optimum pore size is 50-60 nm, indicating that the optimum pore is 3-4.5x the hydrodynamic radius of the protein. The crystallisation of Level 3 with the aid of unfunctionalized CPG was highly reproducible with a success rate of 87% for over 1000 droplets. The crystallising conditions (e.g. temperature, pH, precipitant composition, mAb concentration) were based on the previous screening results from Level 1 and Level 2 mAb made in Stage 2. 

Stage 5: Customized PVDF Membranes Development
An environmentally friendly fabrication protocol has been followed to produce symmetric porous PVDF membranes with tailored surface topography and hydrophobicity97. Dimethyl sulfoxide (DMSO) was employed as non-hazardous solvent in place of substances of very high concern (SVHC) like N-methyl-2-pyrrolidone, tetrahydrofuran and N,Ndimethylformamide, and without using chemical additives as pore forming139,140. 
Since the high viscosity and the low diffusion of DMSO in water141 affects the thermodynamics and kinetics of membrane formation by phase separation methods142, specific protocols were developed to take this into account. In our work, we  used VIPS and/or LIPS methods with DMSO as polymer solvent97.resulting in membranes with high porosity and bioinspired hydrophobic surfaces topography (Lotus leaf effect) with interconnected pores, making them ideal candidates for application in membrane contactors. The interconnected skinless porous structure shown in Figure 9A and 9B was obtained by the slow diffusion of water vapor into the casting solution during the VIPS step carried out at controlled temperature and relative humidity, and followed by the immersion of the forming film in a water coagulation bath. 
The use of a more sustainable solvent as DMSO is a concrete alternative to industrially consolidated membrane preparation protocols involving SVHC solvents99.
Checkpoint: Is the membrane synthesis process robust enough?
Yes, while highly rough morphologies were formed by localized microphase separation on the membrane surface with nucleation clusters of PVDF crystallites (Figure 9C) prevalently in the β-phase, as confirmed by ATR-FTIR99 . Polymer blends were also used to obtain membranes that combine together properties of the homopolymer and the copolymer to improve the surface/interface (roughness, wettability, LEP and zeta potential) and mass-transport (flux) of the membranes99. Blending of PVDF and its copolymer PVDF-co-hexafluoropropylene (PVDF-HFP) produced crystallites that act as reinforcing agents in the membrane structure (Figure 9D). 

Stage 6: Hydrophobic PVDF Membranes Functionalization
In order to determine the optimal material for this application, PVDF and blend PVDF-cohexafluoropropylene membranes were functionalized with template particles through three main strategies: 
· chemical grafting, 
· coating with silicon based polymers, and 
· coating with hydrogel layers. 
Grafting	In the grafting method, templates were first fluorinated using 1H,1H,2H,2H-perfluorooctyl trichlorosilane (PFTS) in cyclohexane to facilitate their binding to PVDF. Then, PVDF membranes were dipped in a suspension of PFTS and fluorinated template particles143 . The functionalized membranes showed higher hydrophobicity than the virgin PVDF membrane due to the combined effect of fluorine moieties and the enhanced surface roughness caused by the template particles. Functionalization by grafting changed the surface charge on the membrane; the isoelectric point of PVDF was 3.6, but with the template it was lower (2.5) due to the presence of negative surface charge of NTs particles generated by the dissociation of protons from the silanol functionalities144.

Checkpoint: Is the membrane functionalised and ready to be used in the membrane crystallisation stage?
No, for mAb solution of high (Level 1) and medium (Level 2) purity, chemical grafting produced efficient membranes in terms of mAb productivity and process stability in TMC process for Anti-CD20. However, in the case of low purity mAb solution (clarified fermentation broth, Level 3), hydrophobic components reduced the surface tension of the solution, so that wetting phenomena occured when contacting the hydrophobic membrane surface, compromising the crystallization process. To overcome this problem, it was necessary to protect the polymer with a functional coating that enhanced membrane stability while lowering the surface hydrophobicity of the membrane. Then we revised the Stage 6 by exploring other two functionalization strategies: Silicon polymer and hydrogel coating.
Silicon polymer coating	The dispersion of the NTs in a PDMS solution and the successive crosslinking of the polymer layer on the PVDF support allowed to functionalize the membranes by immobilizing the nanotemplate permanently145. The PVDF-PDMS membranes were used for Anti-CD20 crystallization from low purity material (Level 3 solution) during 51 h operation. However, upon polymerization, PDMS partially plugged the pores of the porous PVDF support so that a reduced transmembrane flux was generated. This resulted in very poor mAb productivity, giving the evidence that such type of functionalization is scarcely suitable for TMC applications.
Hydrogel coating	Hydrogel-composite membranes contributed to a substantial improvement in crystal diffraction quality as they promote protein crystallization combining the transport properties of the membrane with the ability of the hydrogel to protect crystals from environmental stress98,146. The surface functionalization of PVDF membrane with a thin layer of hydrophilic hydrogel, as described in Procedure 3, was able to avoid the wetting phenomena with complex mAb solution (Level 3) without substantial effect on transmembrane flux and mAb productivity. PVDF membrane coating by PVA hydrogel crosslinked with glutaraldehyde and containing dispersed template particles were found as efficient solution for Anti-CD20 crystallization from low purity mAb solution even after several hours of crystallization test (>72 h). The coating reduced the membrane surface contact angle from 135° to ⁓80°, which made the surface slightly hydrophilic, while keeping the porosity of the composite membrane unchanged. This conserved the porous structure for the accurate control of supersaturation by solvent removal in vapor phase. Based on the hydrophilic nature of the hydrogel, the protein molecules can easily be exposed to the template particles embedded in the hydrated and swollen gel network allowing the pores of the particles to promoting heterogeneous nucleation of Anti-CD20.

Stage 7: Membrane Crystallization of Anti-CD20
Pre-treated Anti-CD20 solutions prepared as described in Procedure 4 was mixed 1:1 with double-strength crystallization cocktail to produce pre-treated material at 15 mg/mL in the desired crystallization solution.
To develop the MAC process, preliminary tests were performed using the functionalized membrane developed in the previous stage:
1.  The membranes were assessed in the presence of the crystallization cocktail (without protein);
2. Anti-CD20 mAb in the crystallization cocktail was used to identify appropriate working parameters able to fit the TMC process requirements.
The preliminary tests allowed studying the compatibility between functionalized membranes and crystallization cocktail. This test was performed in order to assess the membrane compatibility (i.e. absence of membrane wetting) with the crystallization solution used in previous vapour diffusion tests (PEG400 9.6% v/v, Na2SO4 0.85 M, HEPES 0.09 M, pH 7.4, no protein included).
The pristine PVDF/blend membranes were not stable and get wetted during the MAC tests, featuring low rejection values to solution components. A combination of “surfactant-like” effect due the PEG component and the clogging of the membrane pores, which produced a permanent loss of the initial hydrophobic properties, was most likely at the origin of this phenomenon.
Functionalized membranes by hydrogel coating, with or without NTs, provided enduring stability towards the crystallization cocktail during TMC tests.
The next step was the tuning of the working parameters in membrane-assisted crystallization system in presence of the mAb at the highest purity Anti-CD20 solution (Level 1 material). The goal of this step was to evaluate:
· the distillation performance of the MAC process in term of trans-membrane flux, rejection and concentration factor;
· the crystallization efficiency in term of crystalline yield, calculated with respect to the initial amount of Anti-CD20;
· the productivity of membranes expressed as the amount of Anti-CD20 crystals obtained per litre of treated feed per hour (g/(L·h)).

The initial volume and composition of the Anti-CD20 feed and MgCl2 (stripping) solutions and the active membrane were opportunely modified to reach suitable concentration factor and finally Anti-CD20 crystallization in the expected time-scale. Different parameters, such as the geometry of the membrane module, the concentration of the osmotic MgCl2 solution and the volume of feed to volume of stripping ratio were adjusted to improve, respectively, the fluidynamic of the system and the average trans-membrane flux, keeping constant the rejection to protein >99% and reducing the trans-membrane flux decay over time due to stripping solution dilution. Specifically, with MgCl2 concentration ranging between 1.9 and 3.7 M, a transmembrane flux varying between 0.2 and 0.6 L/m2h was observed when working with Level 2 mAb solution and PVDF membranes coated with PVA layer incorporating template particles.

3. Once the optimal parameters were established, several crystallization tests carried out in the optimized conditions with solutions containing the Anti-CD20 target molecule at different purity levels, allowed assessing the ability of the templates to inducing selective mAb nucleation and crystallization also when immobilized on the membrane surface.
Subsequently, crystallization from a partially purified Anti-CD20 solution by TMC, performed in the same operative conditions allowed to optimize the amount of nanotemplates necessary for obtaining the highest yield of crystallization, in view of the next scaling up of the procedure in Stage 9.
Then, crystallization by membrane-based method was performed from final clarified Anti-CD20 solution (Level 3 material) containing DNA and RNA traces, sugars, salts and several monoclonal antibodies (which differs in glycosylation, aggregation and structures) and their fragments. 
Checkpoint: Is the concept of the membrane crystallisation process proved in terms of obtaining the required yield and purity so that the whole process can be scaled up in the final stage?
Yes, coating with slightly hydrophilic hydrogel of PVA crosslinked by GA was compatible with Level 3 Anti-CD20 solution; coated membranes showed a long life, after a week of continuous TMC operation, the coated membrane was still effective, with final rejection values to protein >98% and a transmembrane flux up to 0.2 L/h·m2.

Stage 8: Characterization of Anti-CD20 Crystals
Crystal Assessment. To obtain information on mosaicity of Anti-CD20 crystals, Procedure 5 was used. A diffraction image from Anti-CD20 microcrystalline powder obtained under lab controlled experiment shows three Debye-Scherrer rings at 45, 57, and 66 Å (Figure 6), which, once image was azimuthally integrated, correspond to peaks at 0.14, 0.11, 0.10 Å-1 of momentum transfer (q). Unfortunately, the intensity of diffraction peaks (included that of the expected peaks) in the integrated profile was strongly related to the amount of crystals that were lighted by the X-ray beam at the rotating angle at which the image was collected. Therefore, only few rotation of the sample allowed collecting images that shows the expected Debye-Scherrer rings, whereas the others resulted in poor diffraction information or no diffraction at all. The sample orientation was optimized by using the following procedure (Figure 10):
- 36 wedges of 10° each were collected, corresponding to a complete rotation of the sample;
- Each image was azimuthally integrated;
- Profiles were analyzed by principal component analysis147;
- the resulting score plot was used to identify the rotating angle at which the integrated profile significantly changed with respect to the others.

For selected profiles, the width of the three expected peaks was estimated and used to calculate the size of the crystallite domain along the diffraction direction of the peak by the Scherrer equation. By comparing such value among samples obtained by membrane-assisted crystallizer under different set of process parameter, it was possible to select the process parameters that produce microcrystal powder showing the highest average crystallite size and thus the highest crystal order. As an example, Figure 11 shows the average crystallite size determined from the peak at q=0.11 Å-1  of five Anti-CD20 crystals and that obtained under a lab controlled experiment, for which crystallite misalignment in the crystal is expected to be very low, due to the slower nucleation in the absence of membrane.

Biopharmaceutical Process Assessment. Crystals were analysed after each washing step, with three 25 mg samples of these crystals of average size around to 4 μm (Figure 12) taken and dissolved in 5 mL of 25 mM sodium citrate formulation buffer. The Anti-CD20 concentration in the dissolved samples was measured using a ForteBio Octet with Protein-A biosensors, which is then used to find the mAb concentration in the protein solution and to extrapolate a recovered yield at each stage.
The HCP concentration in the same samples was analysed using a GyroLab xPlore with a CHO-HCP E3G kit. This figure was then normalised using the previously determined mAb concentration, giving the concentration of HCP per unit mAb mass.
UPLC-SEC was performed to analyse overall product purity and aggregation at each stage using an YMC-Pack Diol-200, 300 x 8.0 mm, 5 µm column. Viral clearance was tested using a Cygnus MockV MVM kit to dose initial feed material with virus-like particle, then measuring the resulting concentration in downstream fractions.

Stage 9:	Anti-CD20 Crystallization Process Scale-up
General Process Design. The crystalliser setup consisted of two temperature-controlled jacketed vessels as described above, both connected to a membrane apparatus. Solution was pumped from both tanks using a double-headed SciLog Puretec Peristaltic Pump. Magnesium chloride solution was used as the osmotic solution with a 10:1 volume ratio of osmotic solution to feed material at the start of each process. 
After crystallization, the remaining mixture of crystals and solution was removed from the mAb tank and centrifuged at 1800 RFC for 15 minutes. The crystal phase was then removed and placed into 20 mL Costar 0.22 μm centrifugal spin filter tubes, with 0.5 g of crystal material in each tube. Multiple rinses were performed with a high-precipitant rinse solution, 20 mL per spin filter tube per rinse, with samples taken of the material and filtrate after each rinse for analysis.

Process Control Strategies. The mass of solution in the tank was tracked using a balance during each run, allowing determination of the TMF. Figure 13 shows data taken from a run using a single membrane in a batch crystallization process in which 200 mL of pre-treated Anti-CD20 solution was concentrated to ⁓93 mL over 64 hours, generating crystals. In Figure 13B it can be seen that the TMF decreases throughout the run from 2.6 g/h to 1.0 g/h, which may be due to water flux through the membrane increasing the osmotic concentration in the mAb tank and reducing the concentration of the osmotic solution.  Figure 13C shows turbidity measurements taken during the same process. In this example, turbidity remains static at low levels, and then slowly increases at roughly 36 hours as phase separation begins. At roughly 47 hours, turbidity begins to spike as crystal nucleation begins. Turbidity then falls as crystals precipitate out of solution and settle in the tank. Turbidity measurements were used in this way to monitor of the crystallization process and measure crystallization induction time. 

Single Membrane Scale. Single membrane batch processes were performed using a membrane area of 0.0162 m2. Runs were performed using several different osmotic solution concentrations between 1.8 and 3.4 M, with a strong effect on transmembrane-flux and final crystal quality observed. High osmotic solution concentrations (3.4 M MgCl2) resulted in high transmembrane flow rate values of over 6 g/h initially, which also produced lower-density, slurry-like crystals, likely due to increased nucleation rate and smaller crystal size. Lower osmotic solution concentrations (1.8 M MgCl2) produced comparatively lower transmembrane flux and higher-density crystals. The final conditions, used for the run shown in Figure 13, used a stripping solution concentration of 2.31 M MgCl2. Over 64 hours, pre-treated material containing 1.94 g of Anti-CD20 was concentrated to produce crystals with a 61% yield after three washing steps, with crystal purities up to 97% as measured by UPLC-SEC. This gives an effective productivity of 27.4 g/m2/day for the TMC process in batch mode with these conditions, not accounting for start-up/shutdown times.  

Increasing Scale and Implementing Continuous Operation. Increased scale runs were performed with flow from the jacketed vessels split between four membrane modules, giving a total membrane area of 0.0648 m2. The same osmotic solution strength, 2.31 M MgCl2, as the final single-membrane run was used. Runs were performed in a semi-continuous mode, with an initial batch phase followed by a continuous phase. Batch phase operation was similar to runs at the single-membrane scale, with volumes, flow rates and TMF scaled up by a factor of four. After significant crystallization had occurred (⁓37 hours), a sample of the material was taken, then the continuous phase started. In this phase, a SciLog Chemtech peristaltic pump was used to add further pre-treated material into the crystallization system to maintain the weight of the mAb tank, balancing the mass of water lost through the membrane. After a further ⁓150 mL of pre-treated material was added, the run was stopped, and the crystal material harvested. Large-scale runs produced ⁓50 g of crystals per run, containing ⁓5 g of Anti-CD20, demonstrating the parallel scalability of TMC.
Reporting Summary
Further information on experimental design is available in the key references linked to this article.
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FIGURES

Figure 1 | A model showing the macromolecular Y-shaped structure of a mAb molecule formed of two FAB regions and one FC region. FAB and FC domains are connected by flexible loops that make the whole antibody structure very flexible (http://www.amecrys-project.eu/index.php).


Figure 2 | Template-assisted membrane crystallization versus conventional chromatography-based DSP purification of mAbs. Pre-treatment in membrane-based DSP consisted in viral inactivation by titrating to pH 3.5 using 3 M acetic acid, a 1-hour hold, then titrating to pH 7 using 3 M Tris base. To remove aggregates produced by the VI process, the material is then centrifuged at 2800 RFC for 30 minutes. The inactivated material is concentrated from 3 mg/mL to 30 mg/mL via TFF ultrafiltration using a 30 kDa Sartocon Slice membrane, then diafiltered into 100  mM HEPES buffer.




Figure 3| Workflow for template-assisted membrane crystallization of monoclonal antibodies in downstream processing. 	Comment by Bronwen Dekker: I like this.
It would be good to check that it makes sense after reading the procedure.	Comment by G d: OK

Figure 4 | Nucleation rate of mAb crystals versus supersaturation (defined as the ratio of the actual mAb concentration to solubility). [I don’t understand why there is a negative sign for the supersaturation. Please avoid using red and green in the same image if possible. (colour blind readers).]	Comment by G d: The minus sign means that the parameter is unitless

Figure 5 | Phase diagram of Anti-CD20 in 1% PEG 400 (v/v) and 0.1 M Na2SO4 solutions as crystallization agent, at pH=7.4 and 20°C after 48 h under stirring conditions without templates. The dash lines are guides for the eyes, the solid lines delimitate the metastable zone limit and the estimated precipitation zone. The black cross highlights the crystallization condition chosen to study the crystallization behaviour of Anti-CD20. Reproduced from ref. 93.
Figure 6 | Examples of X-ray diffraction patterns obtained from Anti-CD20 crystals. The crystals were produced by batch a) and vapour diffusion b) methods. Images of the cryo-loop containing the crystals put on the X-ray beam (top) and corresponding detector images (bottom). Arrows show the correspondence between data resolution and Debye-Scherrer rings. The non-uniform distribution of intensity around the ring in b) reflects the uneven distribution of crystallite orientations under the X-ray beam. The difference between X-ray diffraction patterns in a) and b) arises from the lower number of crystals obtained by the vapour diffusion method, so that only the more intense ring at 66 Å is visible in b).	Comment by Bronwen Dekker: Edited, because we need to have an overall title that does not mention the panel letters.	Comment by G d: OK
Figure 7 | MIP result for templates pore size determination.

Figure 8 | SEM image (a) and TEM image (b) of a macroporous template particle.	Comment by Bronwen Dekker: Would it be meaningful to combine figures 8 and 9? To reduce the number of cited objects.	Comment by G d: OK

Figure 9 | of a macroporous template particle.

Figure 9 | SEM images of polymer membranes at two different magnifications. The images show a porous PVDF homopolymer membrane (above) and a PVDF/PVDF-cohexafluoropropylene blend polymer membrane (below) before functionalization. [It is difficult to read the text on the image itself. Please add more distinct scale bars, and state the length of the scale bars in the figure legend. I think that it would be clearer to just label them panels A-D.]

Figure 10 | Setup and results for the I04 beamline. a) Experimental setup of the beamline I04 of the Diamond Light Source. The loop was mounted on the goniometric head, and the cryostream nozzle maintained cryogenic conditions on the sample during data collection. b) Scores of the first principal component analysis obtained by processing the integrated diffraction patterns recorded on detector as a function of the angle of rotation of the loop. Detector images obtained by the X-ray diffraction experiment (c,e) and radial profiles, obtained by azimuthal integration of diffraction intensities from the corresponding top images and plotted as a function of momentum transfer (d,f). Images c and d correspond to a rotation angle of 30°, (d,f) to the rotation angle of 120°.

Figure 11 | Average size of crystallite domains, as determined by fitting radial diffraction profiles with a Gaussian function for peak at q=0.11 Å-1. The crystallite size assessment has been carried out on 5 crystals produced by the crystallizer and 1 crystal produced in lab, considering a single diffraction pattern for each crystal, chosen among those where the peak at q= 0.11 Å-1 clearly emerges from background.
Error bars have been determined by propagating the errors determined by the fit on the sigma parameter of the Gaussian function through the Scherrer equation, which relates the average crystallite size with the width of the diffraction peak. 

Figure 12 | Crystal size distribution of Anti-CD20 crystals obtained by TMC. 

Figure 13 | Process variables measured in real time during a batch process. Panel a) shows the change in the mass of the protein and crystal solution while panel b) shows the corresponding transmembrane flux smoothed using a 7-point moving average. Panel c) shows how turbidity (measured by scatter at 880 nm) changes across the same run.
