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Abstract

Protein precipitation may be an alternative to conventional affinity capture of antibodies.
Typically, protein precipitation is performed by direct addition of the precipitating agent in a
single dose. Such approach does not consider co-precipitation of impurities and neglects the
dynamics of precipitate formation and inclusion of unwanted impurities. To overcome such
drawbacks, a gradual dosage of polyethylene glycol was proposed which impacted the final
purity and yield. In addition, dosage time resulted in different filterability of precipitates. For
continuous PEG addition, precipitation conditions need to be adjusted to improve product
quality and inform about the design of further purification steps. To obtain all required data for
scaling-up precipitation processes, devices for continuous protein precipitation were
developed. Such a device has a size of 1-5ml in form of a tubular reactor with multiple injection
points for controlled and precise addition of precipitating agent. Millidevices were used to study
and determine the most appropriate precipitation conditions such as the dosage time of the
precipitating agent, resulting filterability and the apparent solubility curves of antibodies and
impurities. However, the main unsolved impediment to consider protein precipitation as an
option at a large scale was the elevated buffer consumption. Therefore, a powder feeding
device to directly add PEG in solid form combined with millidevices was used for continuous
protein precipitation. Such an alternative process was economically and environmentally
evaluated and compared to current state-of-art processes for the capture step. Total costs of
goods and environmental footprint were significantly reduced. Findings presented in this work
will help to expedite the development of fully end-to-end platforms for continuous
bioprocesses. The economic and environmental assessment will help to guide the developers

to more efficient and environmentally friendly processes.
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Kurzfassung

Die Proteinprazipitation kann ein alternative Technologie zum herkdmmlich verwendeten
ersten Aufreinigungsschritt  fir monoklonale Antikoérper: Typischerweise wird die
Proteinpréazipitation durch direkte Zugabe des Fallungsmittels in einer einzigen Dosis
durchgefuhrt. Ein solcher Ansatz bertcksichtigt nicht die Mitfallung von Verunreinigungen und
vernachlassigt die Dynamik der Préazipitation und damit den Einschluss unerwiinschter
Verunreinigungen. Um solche Nachteile zu uberwinden, wurde eine graduelle Zudosierung
von Polyethylenglykol implementiert, mit der die endgultige Reinheit und Ausbeute verbessert
werden konnte. AulRerdem fuhrte die Zugabe in Abhangigkeit  zur
Zudosierungsgeschwindigkeit zu unterschiedlicher Filtrierbarkeit der Prazipitate. Um alle
erforderlichen Daten fir das Scale-up von Prazipitationsprozessen zu erhalten, wurden
Hochdurchsatz-Instrumente  zur  kontinuierlichen  Proteinfallung entwickelt. Solche
miniaturisierten Systeme wurden verwendet, um die am besten geeigneten
Fallungsbedingungen wie die Dosierungszeit des Fallungsmittels, die resultierende
Filtrierbarkeit und die Lo&slichkeitskurven von Antikérpern und Verunreinigungen zu
untersuchen und zu bestimmen. Das grofdte ungeldste Hindernis, Proteinprazipitation als
Option in groRem Malstab zu implementieren, ist traditionell der groRe Puffer- und
Wasserverbrauch, da das Fallungsmittel in Wasser vorgeldst werden muss. Daher wurde zur
kontinuierlichen Proteinfallung ein Pulverzufiihrgerét zur direkten Zugabe von PEG in fester
Form in Kombination mit den miniaturisierten Rohrreaktoren verwendet. Ein solches
alternatives Verfahren wurde wirtschaftlich und ©kologisch bewertet und mit aktuellen
Verfahren nach dem Stand der Technik fur den ersten Aufreinigungsschritt verglichen. Die
CoGs und der 6kologische FuRabdruck wurden dadurch deutlich reduziert. Die in dieser Arbeit
vorgestellten Ergebnisse werden dazu beitragen, die Entwicklung vollstandig kontinuierliche

Bioprozesse zu beschleunigen.

12



Introductory overview

Protein precipitation become an interesting alternative to the costly protein A column for the
capture step of monoclonal antibodies (mAbs). Herein, advances on precipitation as a
purifying technology for mAbs will be presented. For further development and optimization of
precipitation processes, novel devices will be described. Such devices mimic protein
precipitation and further steps. In addition, the impact of implementing emerging technologies
in the current process will be underlined. For a wider context of the applicability of precipitation,
the current state of continuous process of biopharmaceuticals will be reviewed, with related
topics such as regulatory aspects and economic and environmental impact.

Current status of continuous antibody production processing

Current mAbs production is based on hybrid processing which combines continuous and
batch-wise unit operations. Such a process is more economically favourable compared to
batch processes since it involves benefits from both mode operations, such as lowest
consumables and medium costs (Figure 1) 23. The production process of antibodies starts with
the seed train to generate an adequate cell density to start the fermentation. The preferred
production hosts for antibodies are mammalian cells, in particular Chinese Hamster Ovary
(CHO) which are able to perform post-translational modifications 4. However, antibodies have
been successfully produced in a huge variety of production systems such as bacteria ® and
yeast ©. Current mammalian cell lines present a doubling time of 20 — 30 hours and seed
expansion require around 20-30 days to obtain enough cell density to inoculate a production
reactor. Such slow doubling time results in an inefficient and inflexible process. Traditionally,
cells were passed through increasingly larger cultivation systems until a certain cell density.
However, such an approach was tedious and labour intensive which increased the risk of
contamination. Thus, generating sufficient biomass to inoculate the production bioreactor was
a critical part of the bioprocess. Currently, such seed train is intensified by retaining the cells
into perfusion devices to accelerate the expansion and generation of high cell densities. When
sufficient cells are available, the production bioreactor is inoculated at higher cell

concentrations.

Different configurations can be used in upstream processing for cell cultures, batch, fed-batch,
chemostat and perfusion. However, only the last two are operated in continuous and their use
depends on the production host 7. For example, continuous fermentations like a chemostat
can be typically used for organisms with a fast replication rate, such as bacteria. In this design,

fresh media is continuously added and cells are continuously removed. But this configuration
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is not suitable for mammalian cell fermentation with a much lower replication rate and are
susceptible to waste metabolites and media composition. In earlier stages, fermentations with
mammalian cells represented the major bottleneck of the antibodies production. The main
reasons were low yields and cell densities obtained, medium complexity, serum requirements
and shear sensitivity 8. In the past decades, upstream process has been significantly optimized
with the improvements in culture media and cell line engineering. Such improvements allowed
mADb titers to rise up to 10 g/L 2. Furthermore, recent advances in cell retention enabled
continuous fermentation with CHO cells by perfusion mode reactors. Perfusion systems
consist of a reactor where cells are retained using different mechanisms such as continuous
centrifugation 13, tangential flow filtration (TFF) or alternating flow filtration (ATF) 1416, Fresh
media is continuously added while depleted media and waste metabolites are continuously
removed !’. Such a design allows cell densities over 200 million cells/mL and titers above 5
mg/mL *8. Furthermore, such a system reduces the bioreactor size, increases the volumetric
productivity and results in higher product quality consistency than in fed-batch reactors.
Nevertheless, some drawbacks need to be also taken into consideration while operating
perfusion reactors with mammalian cells. Due to the slow growth rate of mammalian cells,
long-term fermentations, up to 90 days, are necessary to achieve sufficient cell concentration
and high volumetric productivities. Long fermentation will increase cell debris and impurities
such as host cell proteins (HCPs) and after certain aging mammalian cells undergo and
productivity will change over time. Then, such fluctuations in impurities and product
concentration will need to be assessed by the downstream process (DSP). Perfusion systems

can be already found implemented in several industrial processes % 2°,

e %ﬁ s

Perfusion Disk-stack
(+ ATF) centrifuge

S

g L

Dead end ProtA Virus lon Exchange _Viru_s UFDE - Formulation
filtration chromatography Inactivation chromatography Filtration

N-1seed

Figure 1. Flow scheme of a conventional antibody production process.

Continuous upstream processing is reasonably well established, but further development is
still required to achieve continuous downstream processes *°. The first step in a purification
strategy is the primary recovery. In perfusion fermentations where the production system is
coupled to a TFF or ATF for cell retention, no further primary separation is needed. Such
retention systems will function as an effective cell removal step. However, for other
configurations like chemostat or fed-batch such a step will be required. Typically, primary
separation is performed by centrifugation or filtration. Centrifugation can be performed
continuously in comparison to filtration, which is inherently a batch-wise operation. Filtration

can be operated continuously by implementing different filters in parallel. While one filter is
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used, a second filter is exchanged. However, such exchange operations can lead to sterility
problems. Additionally, due to the improvements in fermentation technologies, larger and more
complex burden are being placed on conventional clarification operations. To facilitate the
clarification process, several pre-treatments can be used. For instance, the addition of
flocculants such as Poly(diallyldimethylammonium chloride) (pDADMAC) to increase particle
size and enhance their separation by filtration or centrifugation 2. In addition, other impurities

like dsDNA and HCPs will be also flocculated and removed during this step.

The next purification operation is the capture step by affinity chromatography which is typically
the bottleneck in biomanufacturing and a significant contributor to the manufacturing costs of
goods. DSP for antibodies is currently based on a series of chromatography columns set-ups
which are primarily differentiated by the number of columns used and the loading sequence
22 Some examples are the periodic counter-current chromatography (PCC) with 3 or 4
columns, multi-column counter-current solvent gradient purification (MCSGP) presented with
2 columns, simulated moving bed chromatography (SMB) with 8 columns and other
parallelization or simplified technologies, which are operated in semi-continuous mode. Such
technologies rely on optimizing column loading by overloading a column over the breakthrough
point and loading the loss material in the subsequent column 22, All columns follow the same
operations and the cycle is continuously repeated. By increasing the number of columns and
reducing the changing times, the process will be closer to a fully continuous operation mode. However,
the system costs will increase since more expensive and complex equipment will be required and which
will also increase the points of potential failure 2. As well as resin stability and lifetime will need to be
continuously validated. In the case of PCC, the elution phase can be continuous but for others in which
the discharge is discontinuous, it is necessary to add a tank after the chromatography step to be able
to provide a continuous flow to the subsequent unit operations. Even the high recovery and specificity,
chromatography systems present several limitations such as low capacity, limited stability
under operation conditions or scale-related problems. The latest improvements in the upstream
process, with titers above 5 g/L 8, reduces significantly the performance of chromatography columns.
Thus, more columns need to be added to cope with current titers. But this comes at expenses of much
higher costs since the volume of resin and necessary instrumentation and equipment are also
higher. Because of the price pressure over the biotechnological products is high enough, in
the past years, non-chromatographic and titer-independent alternatives become more
attractive to overcome such drawbacks. In the past years, other systems such as monoliths
or membrane absorbers gained interest. These technologies remove limitations of particle
diffusion of the chromatography beats since particles move by convection, resulting in faster

volumetric throughput rates 2+ 2°,
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At the end of the process, there are the polishing operations where two orthogonal viral
removal operations are required. In batch mode, the product is concentrated in a hold tank
and incubated for 30-60 minutes at low pH to inactivate viruses and then filtrated. Lately, both
separations steps have been integrated in a single unit operation and adapted to be operated
continuously by eliminating the intermediate hold tanks, using tubular reactors or using
continuous flow through operations 2627, The final operation is the formulation where the active
drug is mixed with excipients to obtain the final product ensuring its stability. Formulation is
typically done by ultra/diafiltration process. Since such operation do not requires intermediate
hold tanks, this step has been already designed to operate continuously by using a cascade

of membranes or a single-pass tangential flow filtration (SPTFF) 2,

Continuous manufacturing for biopharmaceuticals — current limitations

Since biopharmaceutical companies were obtaining sufficient revenues over the past twenty
years, companies did not pay attention to costs and efficiency of manufacturing processes 2
%0 and innovation was mainly taking place in small companies or start-ups *°. However, the
biopharmaceutical market is, now, facing new challenges and uncertainties 2 22 31 32
Companies started considering more flexible and cost-effective manufacturing strategies such
as bioprocess intensification (Bl) and integrated continuous biomanufacturing (ICB). Such
approach consist of an end-to-end continuous process enabling the continuous mass flow
from the production bioreactor to the final downstream process (DSP) unit operation 2,
Regardless if it is process intensification or continuous manufacturing such improvements can
meet the requirement for the market pressures 2 3 2% 3439 Many industries such a chemical or
food industries have already switched from batch to continuous production to maximize
process flexibility and minimize production costs “°2, In continuous processes, the production
flow is operated uninterrupted from the supply of raw materials to the final product. Apart from
costs reduction and flexibility, other benefits that bring such transition are the increase in
productivity, more consistent product quality, more amenable to scale-up, automate and
flexible to be adopted across different drugs and higher reliability and safety due to the
continuous control and monitoring of the process and reduction of the environmental impact *
4345 Integrated continuous manufacturing has gained attention from the biopharmaceutical
industry, but its implementation did not get impulse yet. One of the main reasons is the higher
regulators and safety standards for pharmaceutical products *°. Furthermore, there are still
unsolved concerns regarding regulatory aspects, proper definitions of processes, process
control and monitoring strategies. Besides the regulatory aspects, also the increasing interest

in continuous manufacturing also highlighted the current limitations of its implementation.
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Such limitations include the lack of authentic continuous unit operations, lack of process
understanding or better performance in batch-wise operations in comparison to continuous. In
response to the increasing interest in ICB, the US Food and Drug Administration (FDA)
industry guidance already in 2019 included continuous manufacturing for biopharmaceuticals.
These guidelines particularly outlined the implementation of real-time monitoring to address
process and control % in line with quality-by-design (QbD) #’. To be able to implement such
technologies combining real-time measurements and model-based predictions such as
process analytical technology (PAT), better process understanding and risk assessment is

necessary.

A main technical concern is that a definition of “continuous manufacturing” does not exist. As well
as other terms such as continuous, fully continuous, etc are not well-defined and are typically
used for operations where the inflow or outflow, are not continuous. Some operations that are
operated in semi-continuous or periodically are defined as continuous. In general, every unit
operation in batch can be adapted to work continuously by adding hold tanks in between unit
operations. But, in a real continuous process, unit operations should be integrated between
units and hold volumes minimized. In addition, differences in residence time distribution (RTD)
between units need to be considered to integrate all unit operations in a fully continuous process without

the need of intermediate tanks to provide a steady state flow %,
DR DR
C 0 D T
B B> = B m

Figure 2. Graphical representation of the different operation modes. A) fully batch process B) semi-continuous
process with a discontinuous inflow but continuous outflow C) semi-continuous process with continuous inflow but
discontinuous outflow and D) fully continuous process where inflow and outflow are continuous. Published with
permission of the author (Satzer 4°, CC BY-NC).

Another technical concern is the interconnection between unit operations to have an operational end-
to-end manufacturing process. Not only the different RTDs are a problem, but also the fluctuations in
product and impurities concentrations. This can lead to major problems in downstream, since a
common process using chromatography systems is designed to deal with constant product
concentration. Such fluctuations can lead to a reduction in yield and purity. To investigate further
limitations and to determine the suitability of a process, new scale-down models need to be developed

and implemented 2. Efforts from industries and universities are being made to solve all these
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above-mentioned issues, an example is the EU project CODOBIO a research program focused
on continuous downstream processing combining process control strategies, new process design and

miniaturization of current technologies.

Another crucial element to consider during process development is the ecological impact. Since such
an aspect gained more attention in the past years, Process mass intensity (PMI) a metric comparing
the total resource consumption in mass per mass of a determined product, was developed. Such a
parameter can be used to compare the environmental impact of different process scenarios
bioprocesses. In the biopharmaceutical industry the main contributor to PMI is water consumption.
Therefore, water must be reduced to improve not only process economics but also the environmental

footprint. %

Non-chromatographic technologies

In the past years, several non-chromatographic alternatives have been investigated to replace
protein A affinity chromatography. Crystallization %!, aqueous two-phase extraction °2 53,
membrane filtration % and precipitation *%° are some examples. Such technologies are
widely used in the purification of small molecules and low-value products, and currently have
been adapted for more complex products such as antibodies. One of the main advantages is
that contrary to affinity columns, these alternatives increase selectivity and productivity with
higher titers 28. However, adapting such technologies entail additional challenges. For
instance, the use of solvents for protein precipitation and extraction may produce changes in
protein conformation or denaturation. Therefore, recent studies performed have been focused
on finding suitable working conditions to preserve the native structure of the proteins during
the process. Due to its simplicity and effectiveness, protein precipitation became one of the

most attractive alternative technologies.

Protein precipitation

Precipitation is a unit operation widely used in upstream processing for the recovery of proteins
from culture broths or cell homogenates. It is also applied in the downstream process for the
recovery of low-value products and to remove impurities or subproducts from fermentations.
Precipitation is an interesting unit operation at the beginning of the downstream process to
reduce the volume to be processed and minimize the size and cost of the equipment for the
subsequent processing steps. Precipitation can be used to remove the impurities or the target
protein. Removing the impurities from the main target by precipitation is an easy operation
since the main molecule should not be affected by the change of solubility and should remain

in the solution preserving the native structure and functionality. When precipitation is employed
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to precipitate the main product, the operation becomes slightly more complicated, since the
protein structure and functionality can be affected and further resolubilization steps are

necessary.

Protein precipitation is based on reducing the solubility of a protein below its solubility limits
on which protein precipitates. The behavior of a protein under certain solution conditions is
represented in a phase diagram (Figure 3). These diagrams are divided into 2 main zones:
undersaturation, where protein is below the saturation limit and precipitation will not occur;
and supersaturation where protein is at the maximum concentration that can be dissolved
under certain solution conditions and precipitation will occur instantaneously. This last one is
divided into 3 subregions: metastable zone, nucleation zone, and precipitation zone. In the
metastable zone, aggregates growth will be promoted but not the formation of new nucleis. In
the nucleation zone, nucleis will be spontaneously formed. The last region is the precipitation
zone, at this point the protein reached the maximum concentration and it will precipitate in an

uncontrolled manner forming amorphous aggregates.

A Supersaturation
\
\
\
\
\
\
\

Continuous S
\ precipitation Precipitation zone

Batch
precipitation

Protein concentration

Metastable zone
Solubility curve

>

Undersaturation

Precipitant concentration

Figure 3. Phase diagram of protein precipitation/crystallization. Hypothetical pathways in continuous precipitation
and batch are represented in red and blue lines (Adapted from 6% 93),

Several methodologies are used to reduce the solubility of the desired product, such addition
of salts, solvents, polymers, changes in pH, temperature or ionic strength. However, it also
depends on the nature and concentration of the protein. Typically, solubility data that can be
found in literature referrers to pure solutes and solvents. Since other factors such as
concentration of impurities, precipitating agent, temperature, pH and ionic strength have a
significant impact on solubility, solubility curves need to be determined experimentally. The

solubility of the antibodies is lowered with the increase of precipitating agent concentration by
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following a semi-logarithmic behavior without direct interaction with the antibodies °2. Such

behavior is given by equation (1).
logS = logS, — Bc @

Where S is the solubility of the protein, S, is the solubility of the protein in absence of a
precipitating agent, 3 represents the slope of the curve and c is the concentration of the
precipitating agent. This formula can be used to calculate the concentration of precipitating
agent necessary to precipitate a protein under certain conditions. Furthermore, it can be also
applied for impurities that typically show more flat curves. The differences in solubility at a
certain concentration of precipitating agent can be exploited to obtain a product with higher

purity 6364,

Methods for protein precipitation

In the biopharma industry, the most notable process where protein purification is applied is in
plasma fractionation °’. Protein precipitation is a well-established process for process
purification, which was the first time described by Cohn and is still being used % ¢, The Cohn
process is a series of purification steps based on adjusting pH, ethanol concentration,
temperature and conductivity to precipitate each fraction based on the differences in solubility
of the blood components. Due to the high specificity and recovery yields, the process was
adapted to purify monoclonal antibodies °’. Several organic solvents can be used for protein
precipitation including ethers, acetone and alcohols . The mechanism of ethanol precipitation
seems to be due to a decrease of dielectric point, which results in dehydration of proteins ©°.
This increases van der Waals forces between dehydrated proteins and as a consequence,
proteins precipitate. Nevertheless, because the addition of solvents can lead to changes in
the protein conformation, denaturation and loss of its biological activity, further alternatives
were necessary to be evaluated. In addition, since ethanol is an inflammable compound that
requires approved fire-proof facilities and extra operational measures, companies are reticent

to use it 7°.

Another precipitating agent with a long safety record in the pharmaceutical industry is
polyethylene glycol (PEG) *’. Already in the 60s, studies were made to investigate protein
precipitation using non-ionic polymers like PEG. Nowadays, the use of such polymers has
been widely extended for protein crystallization, precipitation and formulation studies. For
example, PEG precipitation is already a well-established purification method for purifying IgG
from human plasma, virus-like particles (VPL) and viral vaccines >4, Recently, PEG
precipitation has been also adapted for mAbs purification °¢ °% 7> Besides PEG as a

purification method, it is also combined with conjugated molecules to increase their time
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circulation in the blood stream altering the pharmacokinetic profile. In addition, it can be widely
found in a variety of consumer products such as cosmetics, food and pharmaceutical products
8, PEG is a synthetic biocompatible polymer, which can be synthesized with a broad range of
geometries, molecular weight and distributions. Depending on the molecular weight, PEG can
be found in liquid form (< 1000 Dalton) or solid form (> 1000 Dalton). They are well miscible
in water up to high concentrations due to their non-ionic and polar character, but resulting in
highly viscous solutions which hinder their mixing and removal. The viscosity of PEG solutions
is highly dependent on temperature. Since PEG solutions behave as Newtonian liquids,
viscosity is also independent of shear rate. Another bengfit of such a non-ionic polymer is that
protein precipitation can be performed under mild conditions and without interacting directly

with the protein, avoiding protein denaturation or activity loss.

PEG-induced precipitation is described by volume exclusion effect. PEG molecules exclude
water from the water shell surrounding the protein surface. In consequence, proteins are
concentrated in the remaining water molecules available and interactions between proteins
increase, resulting in their precipitation. Studies have found that PEGs ranging from 3350 to
6000 g/mol are the most suitable for protein precipitation due to the resulting lower intrinsic
viscosity and the minimal denaturation produced at room temperature. If the molecular weight
of the polymer is increased, the protein solubility and the required amount of polymer for
precipitation will decrease [3] but at the expense of higher viscosity. However, the
hydrodynamic radius of PEG plays an even more important role in the efficiency of PEG
precipitation, rather than molecular mass ® 7’. Despite several studies have been performed,
the mechanism behind protein precipitation is still not understood ’*. Apart from the excluded
volume, several models such as steric exclusion have been proposed to predict the
precipitation behaviour of the desired protein into a crude mixture. According to the theory of
attractive depletion, PEG is sterically excluded from the surface of the protein, where PEG
concentration is lower around the protein in comparison to the bulk. When two depletion zones
overlap, a concentration gradient is formed resulting in attraction between proteins and their
precipitation. Modelling and simulations can be used to reduce the number of experiments
required and to gain a deeper process understanding 8. However, even with the
approximations obtained with such models, none of these models can reliably predict protein
precipitation. Thus, precipitation process development and optimization rely mainly on

experimental approaches.

In comparison to chromatography systems, precipitation has relatively lower selectivity within
complex mixtures. Even precipitation can achieve high concentration factors, resulting
precipitates may contain impurities that should be removed. To improve selectivity, differential

or fractional precipitation has been developed by combining different precipitation
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methodologies. PEG precipitation is strictly related to differences in size. If two proteins to be
separated do not differ in size at least by a factor of two, other precipitation methods should
be applied to increase the selectivity. Another method for protein precipitation is by using salts.
The mechanism of using salts for protein precipitation like ammonium sulfate or CaCl. is
known as salting-out. When salts and ions are added to a solution, the hydration layer between
molecules is disrupted and the surrounding water moves to expose the hydrophobic zones of
the proteins which leads to protein-protein interactions, causing precipitation and aggregation.
For example, calcium chloride is combined with phosphate to form insoluble precipitates which
co-precipitates large and negative molecules such as dsDNA, high molecular weight impurities
(HMWI) and HCPs. In addition, precipitation with zinc chloride has been also reported 3318 75
9. A suggested way of how might work is that ZnCl, form reversible bridges between proteins
reducing their solubility, resulting in the precipitation of the antibodies. However, ZnCl
precipitation is highly influenced and affected by the media composition. Therefore, it cannot

be always applied °.

Differences in isoelectric points (pl) can be also exploited as a methodology for precipitation.
Each protein presents a characteristic charge under determined pH conditions. Proteins can
be positively or negatively charged depending on the amino acids that are composed of. At
the pH which a protein has net charge of zero is known as the isoelectric point. Below that pH,
protein will be positively charged and above this pH negatively charged. Because of the
reduction in electrostatic repulsions, proteins exhibit their lowest solubility at pH near their pl.
Hence, proteins of the same size can be separated if they present different charges at a
determined pH. An example of this method is acid precipitation. Such precipitation method
has been used to precipitate the remaining HCPs or cell culture broth clarification 2% 8% 82,
Mammalian cells are mostly positively charged while antibodies have a more neutral — basic
pH around 7.8 — 10 8. Then, HCPs can be selectively precipitated from antibodies by adding
acid and adjusting the pH to the pl of the HCPs. Another example is precipitations with caprylic
acid (CA) > 88 CA was employed for the purification of antivenom from equine plasma and
more recently in antibody purification 8. The mechanism of CA precipitation is still not fully
understood. Some studies found that CA interacts directly with the protein. The change in pH
induces partial unfolding of the protein which exposes additional binding sites to which CA can
directly bind. Then, when more CA molecules are incorporated in form of mixed micelles.
Then, the interfacial surface of the protein becomes highly hydrophobic and induces protein-
protein interaction with causes the precipitation of the formed complexes 8. Combination of
different precipitating methodologies allowed precipitation to achieve similar yield and purity

to protein A chromatography.
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Other protein precipitation methodologies

Charged polymers have been widely employed to optimize precipitation and clarification of
cell culture broths. Some commonly used polymers are polyethyleneimine (PEI) 8, pDADMAC
218990 chitosan and stimulus-responsive polymers, such as modified polyallylamine (mPAA)
9 However, additional purification steps and analysis are necessary to verify their removal,
since PEI, for example, is toxic. In addition, charged polymers could strongly bind to ion

exchange columns, which interferes with other purification steps 2.

Another methodology for precipitation is by employing heat. This methodology takes
advantage of differences in the melting point between impurities and the target protein °. By
increasing the temperature, proteins will lose their structure, unfold, aggregate and precipitate.
Such methodology can easily apply for the removal of impurities since protein structure will be
irreversibly denaturized. This methodology has the drawback that the process must be able to
deal with high temperatures without interfering with the target protein or other compounds in
the broth.

Practical aspects of precipitation processes

As mentioned, precipitation is influenced by the nature and concentration of the protein, pH,
temperature, etc. Such factors significantly influence the effectiveness and quality of the
resulting precipitates, which will also impact their recovery. Particle characteristics such as
particle size and size distribution (PSD), density, and mechanical strength °°7 need to be
considered during precipitation operation. From an ideal recovery point of view, stronger
particles and narrower PSD are easy to filtrate than gelatinous or less strong particles with
wider PSD. Precipitation consists mainly of two processes, nucleation and growth. During the
nucleation phase, sub-micron particles are formed and during the growth, particles mature into
bigger particles by colliding and aggregating with other particles °. Nucleation is the initial step
during precipitation, where nucleais are formed. This process occurs within seconds and
requires good mixing to obtain uniform distribution of the precipitating agent to avoid
inhomogeneous distribution and formation of concentration gradients. Afterwards, nucleis will
collide between particles forming bigger particles. This step can be promoted by mixing. After
the agglomerates are formed those can still grow, and become stronger and denser patrticles.
This can be due to chemical composition adjustments. However, at this step mixing should be
less intense, since particles can break resulting in wider particle size distribution, which
hinders further solid-liquid separation steps. As mentioned above, solid-liquid separations are

more effective when particles are large and incompressible.
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Batch versus continuous processing

The current focus of the bioprocessing industry is to achieve a successful shift from batch to
continuous processing. Such a concern is reflected in the increased and renewed interest
towards non-chromatographic alternatives such as protein precipitation. Precipitation is
independent of the feed concentration ® and it can be simply scaled-up just by increasing
proportionally the amount of precipitating agent to a determined volume. Therefore, a single
reactor can be used for different concentrations. Basic designs for protein precipitation are
stirred tank reactor (STR) and tubular or plug-flow reactor for continuous operation. In STRs,
the first obstacle during reactor design is to establish a proper mixing to start the nucleation
without interfering with the optimal conditions for particle growth. All mixing vessels have an
inhomogeneous power input and shear forces throughout the reactor. This changes the
precipitate structure and will lead to further inconsistencies between small- and large-scale
mixing vessels. Furthermore, traditional precipitation processes are based on the direct
addition of precipitant in a single dose, which aggravates the mixing issues. Additionally, such
precipitation mode has limited control on the co-precipitation of impurities with the main
product and not considering batch-to-batch variations (Figure 3). Additionally, an excess of
the precipitating agent in certain regions of the bioreactor will provoke difficulties during the

resolubilization of the precipitates.

Several reactor designs have been proposed to overcome such drawbacks. Since
precipitation consists of mixing a protein solution with a precipitating agent up to a certain
concentration, an interesting reactor design for protein precipitation is a tubular reactor. Such
operation can be easily adapted to work in a fully continuous mode without interrupting the
mass flow for the product by using a tubular reactor 5% 710 Sych a reactor can be simply
modified to achieve a determined residence time by changing the tube dimensions or the flow
velocity through the reactor. Another design is the coiled inverted reactor % 192 which
promotes a secondary flow pattern that enhances radial mixing, simulating a plug-flow. Since
nucleation and aggregates growth are governed by different mechanisms, several studies
proposed a two-reactor process for each step. However, such reactors are still designed for a
single addition of precipitating agent, which will cause the above-mentioned issues. To
overcome the above-mentioned drawbacks, new precipitation strategies and reactor designs
need to be tested to limit the co-precipitation of impurities and improve particle characteristics.

For example, multiple additions of precipitating agent °8 102
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Economic analysis — Limitations in precipitation-based processes

Several economic analyses comparing different alternatives for the capture step have been
performed. Such studies showed that precipitation-based processes can economically
compete with conventional downstream processes based on chromatographic systems .
However, even with the economic and performance benefits, protein precipitation is not
widespread in the biopharmaceutical industry. Economic analysis revealed that the main
contribution to CoGs (Cost of goods) is dominated by materials, more specifically the large
amounts of stock solution of the precipitating agents . During precipitation, protein solution
is constantly diluted with a stock solution of precipitating agent up to a concentration where
precipitation conditions are reached. Because of the constant addition of the precipitating
agent, the initial product is constantly diluted and the final volume to be processed increases,
as well as, the size of the equipment, facilities and costs. Additionally, such large volumes
significantly impact on the costs and footprint associated to HVAC (Heating — Ventilation — Air
Conditioning) energy consumption and water processing by cleanrooms and storage areas.
To reduce such dilution effect during precipitation, stock solutions need to be near to the
maximal solubility. But in the case of a precipitant such as PEG, it requires long mixing times
and the viscosity increases significantly. Therefore, process design needs to be adapted to be
able to handle such highly viscous conditions during pumping and mixing °’. Despite the benefits
that precipitation can add to reduce downstream process costs, volume reduction is a requisite to attract

further industries to implement precipitation.

Solid-liquid separation

After precipitation, precipitates should be recovered or removed from the main solution. Two
main options are currently available for liquid-solid separation, centrifugation and filtration.
Separation by centrifugation is based on differences in density of the components. Centrifuges
are available to work fully in continuous in comparison with filtration, for example, disc-stack
centrifugation 1%, tubular bowl 1% and multi-chamber bowl centrifuges 1. Centrifugation of
biological solids can be difficult due to particles tending to be small and the suspension fluid
relatively viscous. Thus, the difference between densities is considerably small and
centrifugation performance is significantly reduced. Additionally, the use of centrifuges to
recover protein precipitates, may compact the resulting aggregates and difficult further
resolubilization. Therefore, resolubilization will require long and vigorous mixing, leading to
aggregates or denaturation of the proteins. Furthermore, during the centrifugation process,
shear forces may break the larger particles into smaller particles, complicating further
separation steps. Filtration is therefore more attractive for solid-liquid separation since avoids

the compaction of precipitates. Nevertheless, further drawbacks need to be assessed such as
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the increase of viscosity, which reduces the mass flow through the membrane 75, and reduction
in filter capacity due to wider particle size distribution of the aggregates. Furthermore, the
resulting characteristics of the aggregates such as density or compactness will have a

significant impact on filter performance.

Filtration

Filtration is a versatile unit operation that can be used in different stages during the
downstream of a molecule. It is used to separate components such as cell and cell debris from
a broth, concentrate a target protein, remove viruses, exchange buffers or desalting, etc.
Compared to other solid-liquid separations, filtration presents several benefits such as low
energy requirements or no need to use solvents or harsh chemicals. Filtration is based on
differences in particle size between components. A fluid is passed through a filter, particles
with bigger particle sizes than the pore size of the filter will be retained while smaller particles
will flow through. There are two modes to perform filtration, dead-end filtration, where the feed
flows orthogonally to the filter layer and tangential flow filtration, where the feed flows parallel
to the filter membrane. Dead-end filters are not recommended for processes where the main
product is precipitated, since the target product will be retained in the filter and in most cases
retained particles cannot be flushed away. In addition, such filters are not suitable for working
in continuous mode, since the filter will be filled with precipitates and the flux will decline over
time. However, this operation can be adapted to be fully continuous by implementing a series
of filters in parallel. During, dead-end filtration the filtration rate is greatest at the beginning
since there are no deposited solids and filter resistance is 0. Filter resistances increase with
the cake thickness depending on the structure of the particles and how are deposited. For
example, incompressible particles in a low viscous solution are easy to filtrate. Some
precipitating agents such as PEG or ammonium sulfate produce aggregates with similar
densities to the surrounding liquid, which complicates further processing. Many protein
precipitates are also colloidal or gelatinous, which creates extra equipment and handling

difficulties.

In TFF, precipitates can be easily recovered and resolubilized. Precipitates remain circulating
in parallel while impurities are flushed away. Furthermore, the material that is accumulated in
the membrane is flushed, which prevents the decay of permeate flux through the filter
membrane. TFF can be operated in a two steps set-up consisting in a concentration step,
where the buffer is removed and the targeted product is concentrated and a second step
where precipitates are washed out of impurities " 1%, However, filtration can only be fully
operated in continuous mode when using single-pass tangential flow filtration or a series of

multiple filtration units in a cascade. Even TFF prevents the formation of filter cake, a thick
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layer near the membrane, known as the concentration polarisation layer, can be formed and
reduce the flux during filtration. In a TFF operation, a pump is used to generate a feed flow
across the membrane surface. The generated pressure creates a pressure gradient that forces
solutes to pass through the membrane by convective flow. However, when larger particles
attempt to flow towards the membrane, those are rejected and remain near the surface of the
membrane creating the polarisation layer. Therefore, at the start of the operation when the
pressure is low, flux is pressure dependent but when the pressure starts increasing due to the
accumulation of materials, flux becomes mass-transfer controlled. At that stage, mass transfer
is controlled by the rate at which the material retained in the membrane is transported back to
the fluid °’.

Several strategies can be used to improve mass transfer and filterability without the need for

increased operational pressure. Such as:

¢ Increasing the filter area or the porosity to reduce cake resistance.

e Increase the average size or keep particle size distribution with minimum variations.
e Improve particle characteristics such as density or compactness

¢ Increase the flow velocity across the membrane to enhance mass transfer.

o Change the properties of the fluids such as viscosity or density by reducing the

Nevertheless, since the characteristics of the particles significantly influence the filtration
performance and excessive or insufficient mixing results in particle breakage or broad patrticle

size distribution, improving filterability starts on the precipitation step.

Scale-up and scale-down for precipitation processes and filtration

During process development, it is essential to acquire all relevant data. Process scale-down
offers the opportunity to investigate and evaluate several process parameters by minimizing
the development costs and time °’. During scaling-down, is essential to be able to mimic the
operation conditions to bring them to different scales, ensuring identical operation conditions
108 'When scaling-up and -down precipitation-based processes, two main operations need to
be considered, the process of precipitation by itself and the recovery of the precipitates by
filtration. Filtration processes are typically scaled up linearly. Basic process parameters such
as the transmembrane pressure, fluid velocity, etc, can be easily determined on lab scale and
applied at large or smaller scales. If filter characteristics such as filter material, pore size or
geometry are kept the same between scales, filtration performance should be also the same.
For example, for depth filtration, the filtration area is simply increased and other filters can be
parallelized to achieve continuous processing. For TFF, instead of increasing the size of the

membranes, it is typically scaled-up by increasing or decreasing the number of membranes.
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This is because if membranes are excessively large, the pressure drop between the inlet and
the outlet can be a limiting factor during the operation ¢’. The pressure-build-up during filtration
indicates the maximum possible load on a specific filter size and therefore determines the
necessary scalable filtration area for a given process.

Because of the simplicity of scalability of filtration and operations, flocculation becomes the
key operation during precipitation and for further solid-liquid separation. It is a complex
process where several mechanisms and variables are involved, such as the initial
concentration of impurities, flocculation time, flocculent dosage, temperature, reactor and
impeller design, etc. 1°°. Flocculation processes have been typically scaled up by using the
Camp number (Nca), which considers that flocculation performance at any vessel can be
achieved by mixing at the same average velocity gradient during a determined time. But
flocculation is affected by several variables and consists of many mechanisms. Thus, it is
necessary to apply a multidimensional approach, instead of a simple Camp number approach.
For example, by increasing the mixing intensity particle collision is promoted and accelerated
the formation and growth of the precipitates. But if agitation is excessively intense, turbulent
shear forces will break the flocs into smaller particles, which also will difficult the recovery of
the precipitates. Breakage of the flocs occurs mainly in the impeller region, where the greatest
energy dissipation rate is. Then, it is essential to consider the number of flocs passing though
the impeller region 1°°. Hence, the same flocculation time should be kept similar between two
flocculation processes to provide the same passages of the floc on the impeller region. Mixing
intensity also needs to be considered since floc growth and breakage are also affected. The
acting forces are proportional to the local energy dissipation, which can be approximated to
the power input of a specific impeller. Therefore, constant power input should be kept similar
between two flocculation processes. Furthermore, the chemical environment has also a
significant impact on flocculation and it is typically characterized by the flocculent dosage.
Thus, another scale-up correlation is keeping a similar dosage time between two flocculation
processes. By fulfilling these criteria, the same flocculation results should be obtained at
different scales 1% 119, For flocculation screenings the scale-down is limited. Therefore, new
scale-down models need to be developed to ensure the critical process parameters for fast

and efficient process development.
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Miniaturization and microdevices

Miniaturization dates back to the early 60s in the industry of microelectronics, but it was not
until the 90s when the first microfluidic device was manufactured. Such a device consisted of
a gas chromatographer with a 1.5 m microchannel engraved in silicon !, Since then, the field
of microfluidic devices has grown dramatically. The main reason for such an increasing
interest is the need to attain reliable and robust autonomous systems to obtain all required
information of a process or system, reducing time and costs. In the biopharma sector, a
considerable part of the company budget is spent on R&D. Due to current pressure over the
market, companies require fast and low-cost methodologies to obtain novel products as soon
as possible to remain competitive 2°. Over the last 20 years, high-throughput screening (HTS)
technologies have been used for process development, which already reduced the cost and
time of research and development. However, further cost reduction is still needed '2.
Additionally, not all unit operations can be properly scaled-down or two unit operations cannot
be integrated for further optimization 3 114 The possibility to integrate several units, control
and automation systems into microdevices, triggered the attention of researchers from
different fields such as bioprocesses, synthetic chemistry and biology. The exponential growth
of this field resulted in considerable advances in fields such as medicine, chemistry and
biology **°.

Microdevices for scale-down precipitation processes

The transformation towards continuous and integrated manufacturing goes through a better
process understanding. To swift from batch to continuous process, it is essential to perform
continuous experiments, because not all the engineering and scalability parameters can be
estimated form batch experiments. Furthermore, such a process can be even more
challenging when the outcome of one unit operation highly influences the subsequent unit
operation. Continuous experiments require long experimental times which translates to larger
amounts of materials compared to batch. Hence, miniaturized systems become a crucial
technology to perform such experiments. Processes can be studied under real working
conditions, obtaining all the relevant data during the early-stage development. Downscale
devices present several advantages over macroscopic systems, such as the reduction of
material required and development time 1¢11° automation in lab operations which minimizes
human experimental errors and increases throughput analysis of experimental conditions. As
mentioned above, precipitation and flocculation are affected by several parameters that need
to be considered to implement protein precipitation at larger scales. However, the amount of
material to perform a single experiment is around 600 mL "® (Figure 4), which is inconceivable

during early-stage development.
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Figure 4. A) Set-up of continuous precipitation connected to a filtration set-up. B) Miniaturized system of the
continuous precipitation set-up. Image A is extracted from 5.

Therefore, microfluidic devices are an interesting technology to overcome these drawbacks.
However, microdevices are still a novel technology and all its benefits are not fully optimized.
Scaling down processes to the limit has other disadvantages such as changes in flow patterns,
adsorption in the microchannels, evaporation and complexity increase and the integration of
multiple devices instead of only individual components. Because of the rigidity of several
materials and the limited performance of miniaturized equipment, valves, pumps or
connections cannot be easily integrated and must be combined with more flexible materials
such as Polydimethylsiloxane (PDMS) %. The addition of microvalves or micropumps will
increase manufacturing costs and the complexity of the design of the device 2. Another key
limitation factor in microfluidics fabrication is the lack of clean rooms and specialized training,
which limits the accessibility for many scientists. Therefore, new scale-down models need to
be developed to ensure mimicking the critical process parameters for fast and efficient process
development, keeping the design simple and low-cost.
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Microdevices — Theoretical aspects

Microfluidic can be defined as the study of fluid behaviour such as flow or mixing at

miniaturized scale. Because physical properties in microdevices differ from those occurring at

the macroscopic scale, while designing microdevices fluid properties need to be considered.

Flow regime: In microdevices only laminar flows occur, contrary to flows observed at
larger scales 1?2, Flow behaviour can be described by the Reynolds number (Re),
which considers fluid features such as density, viscosity, velocity, etc. For Re > 2000
is considered laminar flow. But in the case of microfluidics, Re is well below. Working
at such low numbers in microdevices implies difficulties during mixing processes. To
overcome such drawbacks, turbulences and dean vortexes are induced by complex
geometries, such as 3D serpentines 123 124,

Diffusivity: Because of the low Reynold numbers in microfluidics, mixing is mainly
driven by diffusion. But since the channel size is much smaller, the diffusion time will
be reduced in comparison to traditional laboratory methods such as microplates .
Surface-to-volume ratio: The ratio between the surface to the volume of a substance
that passes through at a determined time is much higher than at larger scales. It has
a significant impact because flow patterns differ and mass transfer enhances as the
dimension of the device is reduced, which accelerates diffusion processes. Therefore,
it needs to be considered while scaling-up*?®.

Pressure-driven flows: Several strategies are used to move the fluids through the
channels such as capillarity, gravity-drive, electrokinetic flow, etc. But the most
commonly used and easy to operate are pressure-driven flows. The flow is
characterized by a parabolic profile with the highest velocity in the center of the channel
and the velocity at the walls is considered zero ?°. However, pressure-driven flows
present certain inconvenient such as the hydrodynamic fluidic resistance,

hydrodynamic dispersion of the samples 126128 etc.

Microfabrication — Materials and Technologies

The increasing interest over the past decades in miniaturizing chemical and biological

processes pushed the development of new and emerging materials and technologies for

manufacturing microfluidic devices, also known as Lab on a Chip (LOC). Although the wide

range of materials and technologies available is an advantage, the selection of the most

suitable material for each particular application should be carefully evaluated ?° %0, The

selected material must be compatible with the used chemicals, process temperatures,
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biochemical and biophysical methods and further functional elements involved. Not only the
features of each material but as well, the manufacturing costs must be considered, since
typically microdevices are used as disposables, such devices should be inexpensive and able
to be mass-produced. Some of the typical materials used are glass, PDMS, silicon or
thermoplastics such as Poly(methyl methacrylate) (PMMA), Polystyrene (PS), Polycarbonate
(PC), etc. In addition, new methodologies still need to be developed regarding microfabrication

such as sealing, interconnections, integration of pumps, detection, etc 131132,

Some of the first substrates used for microfabrication were glass and silicon. Technologies for
both materials are already well-established since both were applied for a long time in the
microelectronic industry. The manufacturing process consists of photolithography or etching
of a wafer coated with a photoresist which is irradiated with UV to transfer a micropattern to a
photoresist mask. Another substrate extensively used in the fabrication of microfluidics is
PDMS due to its ease and low cost of microfabrication. PDMS is an elastomer consisting of a
cross-linked polymer chain. It is characterized by its gas permeability, elasticity and versatility,
which makes this material suitable for a wide range of applications including biologic systems.
Microdevices can be produced by several techniques such as negative molding, cutting, or
simply bonded to others via plasma activation to other PDMS or other materials like glass or
silicon. PDMS can be also found in liquid form which can be cured at mild temperatures and
cast with nanometer resolution by using photoresist templates. However, PDMS presents
several limitations, for instance, the integration of sensors, water evaporation, sensitivity to
certain chemicals, absorption of small hydrophobic molecules, etc. Due to the limitations of
PDMS and its high costs, thermoplastics become a popular substrate for mass-production of
microfluidic devices. Thermoplastics can be easily designed and cut by laser cutting systems
which provide precise and reproducible results, micromilling or hot embossing. Thermoplastics
can be mouldable when reaching the glass transition temperature (Tg) and recuperate their
characteristics when cooled down 33, Because of these properties, thermoplastics can be
easily bound by applying constant and controlled heat and pressure. Several thermoplastics
can be found in the market depending on specific requirements. The most common
thermoplastics are PMMA, PS, PC and Cyclic Olefin (Co-) Polymers (COP/COC) 134 135
However, such materials are not suitable for operations where aeration is required due to the
low gas transfer, such as cell cultures. Another substrate that was originally developed for
electronic devices is Low-Temperature Cofired Ceramics (LTCC). LTCC are ceramics
constituted by glass and Al,O3 and sintered at lower temperatures compared to conventional

ceramics. Such material eases the integration of fluidic and electronics by creating multilayers.

To even further reduce manufacturing costs, in the past years new materials have been

released in the market. For example, paper-based devices **¢, which gained interest due to
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the noteworthy low cost and operation requirements, or hydrogels *. Paper-based
microdevices are characterized by having high porosity which enhances liquid thread. In
contrast to other materials, paper-based material channels are not closed. The surface is
modified hydrophobically and the aqueous solution is precisely conducted through the
hydrophilic areas. However, detection methods in such devices are relatively limited compared

to other materials. Typically, colorimetry is the most used detection method.

As mentioned, hydrogels are also a promising alternative for developing microdevices
mimicking biological systems. They consist of a 3D extracellular matrix made of hydrophilic
polymer chains. Such matrixes are highly porous, which allows the diffusion of small molecules
through the membrane 32, Such materials are mainly used mainly in 3D cell culture for tissue-

engineering.

Other prototyping tools

A part from microfluidic devices, in recent years, other emerging open-source technologies
and prototyping tools have been developed 8. Tools such as laser cutters and 3D printers
become essential in many laboratories. Such technologies increase the scientific capacity and
empower researches to design and customize devices depending on their needs. Before these
technologies, designing and prototyping devices would have been dependent on third parties
and probably at high costs, which limited the applicability of trial-and-error approach to

optimize and design devices.

There are three types of laser cutting, but the most commonly used is the CO; laser ¥, It is
suitable to cut, engrave and boring. The laser beam is produced inside a crystal tube filled
with gas, which reacts and increases the energy creating heat. The light is reflected along the
tube to increase its intensity. When the light becomes powerful enough, the light is redirected
outside by several mirrors and through a focus lens to the working material. The mirror system
is combined with a control unit which allows the laser head to move in a different direction,

creating different patterns and shapes.
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Figure 5. COz laser cutter from Trotec Q500 for rapid prototyping (Picture extracted from www.happylab.at).

3D printing or additive manufacturing is a technology that allows the construction of objects in
three dimensions from computer-aided design (CAD) models. A huge variety of materials that
can be used and processes in the way of layers are created '4°. The most-commonly used
techniques are fusion deposition modelling (FDM), stereolithography (SLA) and digital light
processing (DLP) 2. In FDM, the material is in form of a filament that is melted o softened
and extruded to create different layers that solidify immediately. In SLA, photopolymers,
epoxies, etc are photopolymerized using a laser which hardens the liquid material forming a

solid part. Contrary that DLP, the polymer needs to be cured with UV light after it is jetted.

Figure 6. SLA 3D printers (left and middle) and curing station (right). (Published with permission of the author
Komuczki).

Such technologies can be combined with previously mentioned miniaturization techniques and
open-source microcontrollers to build up more complex devices '*'. The availability of
biopolymers allowed to transfer of such techniques to biotechnological applications such as
the development of microbioreactors for cell culture 42 or 3D printed columns for
chromatography processes 3. Undoubtedly, further challenges in bioprocesses will be
assessed by novel and disruptive technologies.
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Objectives

The overall objective of this work was to debottleneck current restrictions in development and
optimization of continuous precipitation process for purification of antibodies by developing
and optimizing laboratory devices. Such devices at millilitre scale should be able to rapidly
and cost-effectively screen precipitation and filtration conditions. Therefore, it was aimed to
develop and fabricate devices using innovation prototyping tools such as laser cutting tool or
3D printing and employed for purification of antibodies.

The following objectives were defined:

e Investigate and identify the key parameters with high impact on precipitation and
filtration. Propose engineering approaches and reactor geometries to improve the

purification process.

¢ Develop and demonstrate a continuous protein precipitation and compare on quality
properties of the products compared to batch-wise process. Determine if continuous

manufacturing led to more consistent product quality.

e Develop and characterize milliscale fluidic devices capable of mimicking critical

process parameters for fast and efficient process development.

o Evaluate economical and environmentally a continuous precipitation process and
compare it to current state-of-art methodologies used for antibodies capture step.
Identify the process limitations and propose and demonstrate alternative processes for

protein precipitation by using rapid prototyping tools.
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Contributions

Findings of this work are presented in this doctoral thesis and four publications. The first article
was published in Process Biochemistry with the title “Mode and dosage time in polyethylene
glycol precipitation process influences protein precipitate size and filterability”. A sequential
addition of PEG was proposed to circumvent the limitations of single addition of precipitating
agent. Furthermore, its effect on further separation steps such as filtration was investigated.
The second article was published in Journal of Chemical Technology & Biotechnology, entitled
“Milliscale reactors for integration of continuous precipitation and filtration”. Millidevices were
designed and developed as screening tools to obtain all relevant process data in the smallest
volume possible. Such devices were used to determine the optimal dosage time for higher
purification factors and resulting filterability. Its applicability was extended to other uses such
as determination of solubility curves for antibodies and impurities. Results were published in
a third article in Reaction Chemistry & Engineering with the title “Design of millidevices to
expedite apparent solubility measurements”. The last article was submitted in Separation and
purification technology with the title “Continuous precipitation of antibodies by feeding of solid
polyethylene glycol”. In this article limitations of precipitation-based processes were assessed.
The analysis concluded that the amount of buffer preparation, storage and clean rooms were
the major economic and environmental limitations. Prototyping tools were used to overcome
such limitations by proposing a new PEG precipitation process using PEG in a solid form,

reducing buffer consumption, manufacturing costs and environmental impact.

Paper | - Effect of dosage mode on protein precipitation

Traditional precipitation processes are based on direct addition of precipitant in a single dose,
with limited control on co-precipitation of impurities and not considering batch-to-batch
variations. In previous studies, continuous addition of PEG6000 presented several
advantages to the convention batch addition of PEG6000 °8. However, the impact of resulting
precipitates on subsequent purification steps was also omitted. In this first publication
(Publication 1), the effect of mode and dosage time of PEG6000 on particle size distribution,
fractal dimension and its effect on process parameters such as yield and purity was evaluated.
Furthermore, the 3D structure of the precipitates was studied by fractal dimension analysis to
determine the precipitate properties such as strength and compactness and its influence on

further solid-liquid separation by TFF and depth filtration.

Protein precipitation was performed by adding 40 % PEG stock solution in a single, gradual

or stepwise addition for 5 and 15 minutes (Figure 7).
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Figure 7. Experimental setup of the single addition, gradual and stepwise PEG6000 addition. Extracted from Pons

Royo et al.1*4

The particle size and particle size distribution were evaluated using an FBRM sensor which
monitored the mean particle size for 4 different antibody solutions. FBRM results showed that
short additions of PEG resulted in higher median PSD, whereas longer additions showed the
opposite result. There were no differences in the PSD when PEG addition was performed in
gradual or sequential mode. However, when PEG was added in a single addition, the median
chord length increased significantly by a factor of 1.8 at the expenses of wider PSD. The
resulting precipitates were evaluated by size exclusion and protein A chromatography to
determine the purification factor. Higher purification factors were obtained when precipitation
was performed in gradual and sequential mode for 5 and 15 minutes compared to conventional
single addition. To get an insight into the homogeneity of the fractal characteristics of particles
and characteristics such as compactness and density were assessed. Furthermore, to
evaluate the filterability of the precipitated solutions in terms of maximum possible load and
built-up pressure depending on the precipitation mode, precipitated solutions were filtrated
through a depth filter. Since for recovery of antibodies, TFF is a more suitable option, the built-
up pressure method was also assessed through a TFF. For both filtration modes, gradual
addition of precipitating agent reduced pressure on the filter and increased the loading
capacity on the filters. Therefore, larger volumes can be processed, reducing operational
costs. Precipitation methodology can be adjusted to improve the product quality attributes and

improve further purification steps. Such a study highlighted the importance of connecting unit
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operations during the design of continuous precipitation processes, as it was clearly observed
the mode of precipitation had a remarkable influence on the next filtration steps. It also
highlighted the importance of implementing methodologies capable of generating size
distributions, density distributions and fractal dimension distributions to assess precipitation
behavior. Such methodologies could be used to adjust the precipitation methodology to

improve the product quality attributes and inform about the design of further purification steps.

38



Paper Il - Millidevices for dosage determination

After demonstrating that the mode and addition time of precipitating agent affect the final purity
and further purification unit operations, the second publication (Publication 1) was focused on
designing and developing millidevices for screening precipitation conditions. Such millidevices
were able to determine the optimal dosage time for higher purification factors and improved
filterability. Millidevices were designed fulfilling certain requirements such as low total volume,
1-5 mL and residence time between 1 - 5 min. Due to the limitations in-house, devices were
manufactured from PMMA layers by laser cutting. Proper bonding is indispensable for layered
devices to avoid leakages, which has a big impact on their performance and reliability. PMMA

layers were adhered to each other by heat binding and applying slight pressure (Figure 8).

E

Figure 8. Millidevices were designed using CoreIDRAW 2020 (Corel Co., Canada) and laser cut (Laser Trotec
Speedy 100, Trotec GmbH, Austria). The microchannels were 1 mm wide and 3 mm deep. The main mixing
channels and injection microchannels were cut in 3 mm and inlets and outlets in 4 mm poly(methyl methacrylate)
(PMMA) sheets (Acrylstudio GmbHW, Austria). The PMMA sheets were heated to 165 °C for at least 45 min and
cooled down at room temperature. Prior to the bonding process, PMMA sheets were cleaned by rinsing with 70 %
ethanol.

—————— Y
[
o}

Since antibody precipitation is performed by 40% PEG solution which is characterized by its
high viscosity, vigorous mixing was required. Mixing in microscale devices is highly limited due
to the low Reynold numbers and absence of turbulences. To overcome such limitations,
instead of microdevices, devices were designed in a slightly bigger size. To determine the
most appropriate mixing design for the devices, different geometries were designed in
AutoDesk inventor. Each geometry was studied by CFD calculations in terms of mixing
performance, power input, pressure drop, shear stress and Camp number. Detailed
information regarding the CFD simulations can be found in Publication Il. CFD allowed for
predicting parameters such as the mixing behavior of the fluid flows and other hydrodynamic
phenomena, essential for further scaling-up. Such studies enhance the development of
devices in the early stages without the need for a trial-and-error approach. In addition, to ease
its useability, devices were designed to minimize the number the pumps required and without
valves. Furthermore, the devices integrated a standardized female Luer lock system which
allowed to be directly connected to typical laboratory equipment, without the need for flexible

materials such as polydimethylsiloxane.
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Devices consisted in the main mixing channel where the precipitating agent and protein
solution are mixed and which was modified depending on the experimental time required (1,
2, 3 or 5 min) and a main channel for the precipitating agent. Both channels were coupled by
a dispensing system consisting of multiple additions points grouped along the surface of the
mixing channel. This dispenser allows a continuous and controlled addition of the precipitating
agent along the device without valves and avoiding oversaturation of the precipitating agent
(Figure 10). Devices were designed to add the precipitating agent smoothly, addition points

were divided in 5 regions corresponding to 1/5 of the total time of the plate.
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Figure 9. Design of the multiple precipitation devices. A) Mixing channel for the addition of solution to be purified,
b) the main channel for the precipitating agent, c) example of addition channels distributed along the surface of
the mixing channel connecting the mixing channel with the main channel for the precipitating agent. Figure
retrieved from Pons Royo et al. 145

A) B)

Figure 10. Multilayer milidevices with multiple additions at different layers showing a) main channel to introduce
the precipitant agent continuously injected at different points along the mixing channel and b) addition channels
grouped in addition zones along the surface of the mixing channel. Figure retrieved from Pons Royo et al. 14°

40



Millidevices were used to evaluate the effect of time addition of PEG on the final purity with
two antibody supernatants. Protein precipitation was performed by single addition or gradual
addition of 40 % PEG at different times (Figure 11). Findings showed an increase in the
purification factor of 3-fold and 5-fold higher purification factor for both antibody solutions when
PEG was added during 3 and 5 minutes compared to other dosage times. Such results
corroborated findings on Publication |. Furthermore, results showed that the designed
milidevices can be used to determine the most appropriate dosage time to reduce co-

precipitation of impurities during precipitation.
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Figure 11. Purification factors achieved using milidevices for a) MAb1 and b) mAb2. Precipitates were recovered by
centrifugation, washed with 20 % PEG6000 and resolubilized with 1 x PBS pH 3.5. Data are given as mean *
standard deviation in the case of triplicate analysis. Figure extracted from Pons Royo et al. 14°

To mimic flocculation conditions in the millidevices as performed in a stirred tank reactor,
scale-down parameters were evaluated. Results showed that to be able to mimic such a
condition, channel size of the millidevices should satisfy P/\V=const as in a stirred tank reactor.
For filtration studies, millidevices were adapted to a 3 mm channel size. Afterwards, the impact
of the multiple additions of precipitating agent on depth filtration and tangential flow filtration
were evaluated. Antibody solutions were precipitated using the millidevices with and without
multiple additions for 5 min and in a stirred tank reactor. Solutions were filtered using a TFF
system at constant flow and transmembrane pressure (TMP) was recorded during the

experiment (Figure 12). Results obtained with a depth filter can be found in Publication II.
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Figure 12. Impact of addition time of PEG for precipitation on the performance of depth filtration for mAb2. Figure
retrieved from Pons Royo et al. 145

Results show significant differences in the filterability of protein precipitates for samples
precipitated using multiple additions and without. Such results corroborated findings in
Publication |. Gradual addition of PEG using multiple additions improved particle
characteristics and subsequent solid-liquid separation on TFF (Figure 12) and depth filtration
(Publication II). Findings show that the millidevices were able to simulate precipitation
conditions carried out in a stirred tank reactor. The use of such tools could cut down
development costs and time drastically if used for predicting the process performance of

subsequent solid-liquid separations.
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Paper Il - Millidevices for solubility curve determination

After the successful results with the millidevices, the third publication (Publication I11I) was
focused on extending the designed millidevices to further analysis such as the determination
of solubility curves. Protein solubility is a critical attribute to consider during process
development, which typically is determined manually. It provides essential information on

protein behaviour under certain solution conditions.

Devices were composed of a first channel for the protein solution and a second channel for
the precipitating agent. Both channels were coupled to 4 mixing channels by a valve-free
dispenser with different injection points. The dispenser coupled to the precipitating agent
channel was composed of several outlets depending on the final concentration to be reached.
Each mixing channel was coupled at 1, 2, 3 or 4 addition points, which at 1 ml/min flow of 40%
PEG6000 stock solution, 1 hole correspond to 3.6 + 0.4 % PEG6000 in 1 mL antibody solution,
2 holes 6.6 = 0.5 %, 3 holes 9.2 + 0.5 % and 4 holes 11.4 % + 0.5 %. The same mechanism
was used to distribute equally the main antibody solution in 4 different mixing channels by
keeping constant the number of holes. With such a design, antibodies can be continuously
harvested under different conditions. As in previous studies (Publication II), the design was
kept as simple as possible to be able to be used in an Akta system to reduce the number of
required pumps and valves-free.
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Figure 13. a) Final results of the apparent solubility curve prototype and b) 3D design of the developed device for
apparent solubility curve determination: 1) cell culture supernatant addition channel, 2) precipitating agent addition
channel, 3) injection points, 4) mixing/maturation area and 5) outlet for each studied condition. c) Schematic
representation of the injection channel. The injection channels are grouped in different injections zones to introduce
the precipitant agent continuously and at different concentrations. d) Geometrical design of the mixing channel for
liquids with distinct viscosities. f) Female luer lock fitting integrated in the inlets and outlets of the device. Extracted
from Pons Royo et al. !

Furthermore, each inlet and outlet integrated a standardized female Luer lock system which
allows being directly connected to commonly used lab equipment such as peristaltic pumps
or more complex equipment such as an Akta system, without the need for flexible materials
such as PDMS.
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The applicability of such a device was evaluated by determining solubility curves of 4 different
antibody solutions with 2 process-relevant precipitating agents, PEG6000 and ZnCl, and
CaCl; for dsDNA as impurity. Results were compared to solubility curves determined
manually. For the determination of the solubility curve using PEG6000, millidevice was
connected directly to an Akta system and the flow rate was set to the desired conditions. The
precipitating agent was distributed over a range of 3.6 % to 11.4 % PEG6000. Samples were
taken directly from the devices and analysed using a protein A column. Further results can be
found in Publication III.
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Figure 14. Comparison of solubility curves obtained with 40 % PEG6000 over a range of 3.65 % -11.43 % for mAbA,
mAbB, mAbC and mAbD manually and using the milidevices. (Figure extracted from Pons Royo et al. 1).

Results showed accurate measurements of apparent solubility curves, resulting in comparable
shapes as measurements performed manually. Furthermore, the flow distribution was very
accurate and precise. In comparison to other methodologies, the experimental time,
reagents and sample manipulation were clearly reduced. Furthermore, several solution
conditions can be tested simultaneously with only a single solution, without extra
sample handling steps required. In addition, the automation of the experiments will allow
the screening of larger experimental conditions in less time and reducing the operator
effects. Such devices can be easily modified and customized depending on the
experimental for any precipitation protocol or precipitation strategies, such as degradation or
stability studies. Findings show that millidevices should be used and implemented to ease the

screening conditions for the design and scaling down of processes.

44



Paper IV - Solid polyethylene glycol precipitation

Latest economic studies concluded that precipitation-based processes reduce manufacturing costs in
comparison to protein A chromatography processes. Such studies also highlighted materials as the
main contribution to CoGs, more precisely, the large amounts of concentrated stock solutions. Protein
precipitation is performed by adding a precipitating agent into the protein solution to reach precipitation
conditions. This step increases the volume of protein solution to be processed and subsequent unit
operations, facilities such as storage areas and clean rooms and costs associated with these facilities
such as energy consumption and water treatment. Therefore, reducing the amount of buffer required
for such a process is essential to make more attractive precipitation-based processes for the
pharmaceutical industry. For such a reason, the fourth article was focused on developing a new
precipitation process by adding PEG6000 continuously in a solid form without dilutions to

overcome such impediments (Publication 1V).

For continuous protein precipitation with solid PEG6000, in-house-made prototypes such as the
millidevices and the Dissolvr feeding unit were used. The antibody supernatant was combined
continuously with PEG6000 in solid form in a vessel tank. The protein solution then was
conducted through a mixing millidevice where precipitation occurred (Figure 15). Protein
precipitation was continuously performed for 4h. Results showed comparable recovery yields,
80 % to 85 % and purities of 100 % and 98 % were achieved independent of the PEG form.
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Figure 15. Experimental set-up for continuous protein precipitation using PEG6000 added in solid form. The feeding
device feeds solid PEG into a mixing vessel and transported through a tubular reactor (Figure retrieved from
Publication 1V — Submitted).

Afterwards, an economic and environmental evaluation of solid PEG precipitation was
performed and compared to conventional PEG precipitation and other standard purification
process based on affinity chromatography. We evaluated and compared 4 different scenarios
for the capture step of monoclonal antibodies. The first scenario corresponded to a typical
batch protein A step. The second scenario was a state-of-the-art method such as PCC protein

A. The third scenario corresponds to a conventional PEG precipitation in a liquid form, and the
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fourth scenario is protein precipitation by the direct addition of PEG in solid form. More detailed

information regarding the simulations can be found in Publication IV — Submitted.

The outcome of the economical evaluation showed that solid PEG was the most inexpensive
method to purify mAbs among the four scenarios considered (Figure 16). The solid PEG
method was 47 % cheaper compared to the liquid PEG and 60 % cheaper than Protein A -
PCC. For precipitation-based, the major cost comes from facility-dependent costs or
depreciated capital costs which represent approximately 76 % of the COGs followed by raw
materials and labor. Cost reduction between precipitation-based scenarios was almost entirely
to the reduction in equipment costs since two mixing tanks are replaced by the Dissolvr
system. Besides the equipment-related costs, facility-dependent costs and utilities derived
from HVAC and WFI (water for injection) were also reduced, which at these scales are the

dominating factor in such a process.
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Figure 16. Comparison of COGs for the four different scenarios (Figure retrieved from Publication IV — Submitted).
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For chromatography-based processes, facility-dependent costs account only for 33 % and 42
% for PCC and batch protein A, respectively, while consumables account for 55 % of the total
costs. The higher cost of the Protein A methods is instead explained by the very high selling
price of the resin and equipment. Since chromatographic units in PCC mode require less resin
than in batch mode, PCC model allows for saving significantly consumable costs.
Furthermore, the economic analysis highlighted that a key parameter in protein A processes

is the replacement frequency of the resin.

Looking at the environmental impact, water and steam are responsible for almost the entire
process mass intensity (PMI) in the four scenarios. HVAC also contributes significantly to the
emissions of the precipitations processes but it is negligible for protein A capturing given the
small cleanroom area occupied by the chromatographic units. Liquid PEG is the scenario with
the highest impact. Such impact was reduced by 55 % similar to chromatography-based
scenarios with the solid PEG precipitation. Such results showed that the precipitation-based
approach can compete with the current purification processes, in economic and environmental

terms.
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Summary and Conclusions

Conclusions

The main objective of this thesis was to develop and optimize devices at milliliter scale to
rapidly and cost-effectively screen precipitation and filtration conditions. Such devices allow
for debottlenecking of current restrictions in development and optimization of continuous

precipitation process for purification of antibodies.

Protein precipitation was performed on a laboratory scale using mAbs as a model system in 3
different modes of PEG addition, single, stepwise and gradual. Critical quality attributes of the
products, such as purity, yield, PSD, 3D structure, compactness and density of the resulting
precipitates were compared with the different addition modes. Additionally, filtration studies
were performed to investigate the influence of the resulting precipitates on further purification
steps. The continuous addition of precipitating agent was better compared to the conventional
single addition of PEG precipitation approach in terms of purity and yield. It can be concluded
that the dosage and mode of addition influence the precipitate properties, which also affect
the subsequent separation step, the harvest of the precipitate by microfiltration. Multiple and
continuous additions improved the filtration flux. Therefore, precipitation studies must be
coupled with filtration studies and batch precipitation methodology should be rendered

continuous to improve subsequent unit operations.

Millidevices were designed and developed to screen optimal conditions for precipitation such
as dosage time and resulting filterability. The use of such tools cut down development costs
and time drastically if used for predicting the process performance of subsequent solid-liquid
separations. The use of such millidevices was extended to determine process parameters
such as apparent solubility. The implementation of such devices and automation enhances

and eliminates human-prone errors.

Then precipitation was further improved by using addition of solid PEG instead of a
concentrated PEG stock solution. Similar yields and purities compared to conventional
precipitation processes could be obtained but the process economics and environmental
footprint were substantially improved. Techno-economic analysis highlight that capital
expenditures are the main cost drivers for the continuous precipitation processes. Therefore,
scaling down the equipment would be beneficial from the economic and environmental
perspective, as well to reduce the carbon footprint associated with HVAC energy consumption

in clean rooms.
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To conclude, the objectives of this doctoral thesis were achieved:

The key parameters with higher impact in protein precipitation and filtration were
identified. Results were used to determine the most suitable reactor geometry and
engineering approaches to improve protein precipitation and filtration.

The quality properties of the products were compared with the different dosage
addition modes. Results highlighted that continuous addition of precipitating agents led
to more consistent product quality.

Milliscale fluidic devices capable of mimicking critical process parameters for fast and
efficient process development were developed.

Process limitations of precipitation-based processes were identified and an alternative
process was proposed and demonstrated using rapid prototyping tools. The
conventional and alternative continuous precipitation processes were compared to
other current state-of-art methodologies used for antibodies capture step, in terms of

economics and environmental footprint.
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ARTICLEINFO ABSTRACT

Keywords: Precipitation has gained interest as alternative to the costly protein A chromatography for monoclonal antibody
Precipitation purification. Traditional precipitation processes are based on direct addition of precipitant in a single dose, with
Gradual limited control on co-precipitation of impurities and not considering batch-to-batch variations. We propose a
:lﬂAtrb:ﬂm gradual dosage of polyethylene glycol to prevent co-precipitation and control resulting floc size. We used focused
PEG beam reflectance measurement to demonstrate that the PEG6000 dosage time and the final concentration

significantly changes the particle size distribution (PSD). We demonstrated that gradual and stepwise precipitant
addition was superior to conventional batch PEG precipitation, improving product yield and purity by a factor of
4 for HCP removal, for samples pre-treated with CaCl, and caprylic acid. We studied the 3D structure of the
precipitates by fractal dimension and showed that precipitates exhibited different compactness and density
depending on the dosage time, resulting in different filterability in tangential flow filtration and depth filtration.
To switch from batch to continuous PEG addition, the 3D structure of precipitates needs to be considered due to
its high impact on the resulting process performance. Focused beam reflectance measurement (FBRM) and fractal
dimension can be used to adjust the precipitation methodology to improve the product quality attributes and
inform about the design of further purification steps.

1. Introduction

In recent years, precipitation has become an alternative for the
capture of recombinant antibodies from cell culture broth. Although
protein A chromatography is the preferred purification step in the bio-
pharmaceutical industry, because of its high recovery, yield and speci-
ficity [1] alternative technologies are necessary to bring manufacturing
costs down for monoclonal antibodies. Precipitation has gained interest
as an alternative due to the limitations and cost of affinity chromatog-
raphy during downstream processing. Precipitation, widely used in
low-value products, is a versatile and cheap unit operation that can be
operated fully continuously and does not require expensive equipment
or materials. Previous studies have shown that the combination of
polyethylene glycol (PEG), caprylic acid (CA) and CaCl, purification

steps enable a fully continuous and non-chromatographic process with a
similar purity and yield that is highly competitive to affinity chroma-
tography [2]. This renewed interest in precipitation is also observed in
the growth of the number of publications concerning antibody precipi-
tation procedures [1], and the amount of precipitating agents that have
been investigated in the past years, such as ethanol [3], PEG [2,4-8] or
ZnCl, [9] in combination with tangential flow filtration (TFF), contin-
uous centrifugation [10,11] or aqueous two-phases systems [12] to
switch from batch to a continuous process. However, a better under-
standing of the precipitation mechanisms and the impact of precipita-
tion on further purification steps is required. In addition, the majority of
research on antibody precipitation is focused on single addition pre-
cipitation approaches, where there is limited control on the coprecipi-
tation and do not consider variations in impurities such as the host cell

Abbreviations: CA, caprylic acid; CHO, Chinese hamster ovary; FBRM, focused beam reflectance measurement; Df, fractal dimension; HCP, host cell proteins;
HMWI, high molecular weight impurities; MWT, polymer molecular weight distribution; PEG, polyethylene glycol; PSD, particle size distribution; TFF, tangential
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* Corresponding author.

E-mail addresses: Carme.pons-royo@bolwu.ac.at (M.C. Pons Royo), alois.jungbauer@boku.ac.at (A. Jungbauer).

https://doi.org/10.1016/j.procbio.2022.01.017

Received 22 November 2021; Received in revised form 17 January 2022; Accepted 18 January 2022

Available online 21 January 2022

1359-5113/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M.C. Pons Royo et al

protein (HCP) or high molecular weight impurities (HMW]I) from batch
to batch. To circumvent this problem, multiple precipitation strategies
have been already proposed [2,3,6,13]. Hammerschmidt and co-—
workers [6] demonstrated that sequential addition of precipitating
agent is advantageous to classic PEG techniques in terms of purity and
yield.

Furthermore, successful implementation of a precipitation step by
the industry requires to consider the recovery of the precipitated protein
of interest. Several technologies have been used and implemented for
the purification of the antibodies and removal of impurities and other
recombinants [14]. Some of the preferred methodologies are centrifu-
gation, including disc-stack centrifugation [11], tubular bowl [15] and
multi-chamber bowl centrifuges [16] and filtration systems such as
tangential flow filtration (TFF) [4,9], single pass TFF [17] and
counter-current TFF [18-20]. However, when it comes to solid-liquid
separation for precipitation processes several problems remain un-
solved, particularly when the desired product is in the solid fraction. The
use of centrifuges for protein recovery, compacts the PEG precipitates
and increase the density of the particles, which will require vigorous
stirring to redissolve the precipitate and leading to prolonged process
time and denaturation and aggregation of the antibodies. Besides, the
shear disruption during the process lead to the breakage of the larger
particles into smaller particles, complicating further separation steps.
Tangential flow filtration is a gentler methodology that avoids
compaction of the precipitates and re-solubilization problems. Never-
theless, the addition of PEG6000 increases the viscosity of the solution
significantly hindering filtration performance. The increase of viscosity
increases the transmembrane pressure and limits the maximum flux
achievable, consequently reducing the mass flow through the membrane
[4]. Approaches for stepwise addition of precipitation agents or slow
gradual addition can be used to control the resulting particle size dis-
tribution and aging parameters related to the Camp number such as
particle density [21], has high potential for improving the filterability
during TFF and the performance of the combined precipitation and
precipitate harvest. Precipitation in the case of single addition precipi-
tation consists mainly of two processes, nucleation and growth, while
due to the addition of precipitant in a single dose, both will happen at
the same time. During nucleation sub-micron particles, called nuclei, are
formed that mature into bigger particles through aggregation and
collision leading to increasing particle size. To acquire a larger particle
size with a narrow particle size distribution (PSD), it is essential to limit
the nucleation rate and the creation of new nuclei during the process,
while promoting the particle growth to form larger aggregates [21].
However, targeting the exact band for particle growth with virtually no
nucleation can be difficult, and is protein dependent. Thus, the contin-
uous addition of precipitant agent is key to control growth and limit the
nucleation during particle growth for a desired size and size distribution
enhancing solid-liquid separation [10,11], which will minimize diffi-
culties during filtration as the pore size of the filtration membrane can
be better optimized for narrow particle size distributions and for a better
filtration rate.

In addition to particle size distribution, other parameters play an
important role during filtration such as the aging process, the
compactness and density of the precipitates [22]. Determination of
compactness and density can be done by different methodologies, one
powerful method to characterize the shape of complex structures like
precipitates is the fractal dimension. Various methods exist to determine
fractal dimensions, one based on light scatter yielding an average fractal
dimension of the mixture, and recently a microscopy-based 3D recon-
struction of precipitate structures was presented by our working group.
Microscopy based reconstruction is a powerful tool to compare and to
better understand structures of different particles and particle pop-
ulations. A 3D aggregate is considered to be fractal if its density de-
creases with radial distance from the core [23]. Therefore, smaller
fractal numbers are correlated to larger precipitates formed by looser
external layers, less compact and tough. Whilst smaller particles with
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higher fractal dimensions have therefore higher compactness and
toughness [10,11]. This methodology has been previously used to
characterize precipitate particles to understand precipitate populations
under different shear stress environments [23], the resistance to shear
break-up during centrifugation [10,11] or the influence of the flocs on
the cake formation and filtration performance [24-27]. Hence, fractal
dimension is an interesting tool to predict the particle behaviour during
solid-liquid separation, both centrifugation-based and filtration-based.
In this study we investigated the effect of gradual and stepwise PEG
addition on the particle size distribution, fractal dimension and its effect
on process parameters such as yield and purity. We used fractal
dimension analysis to study the 3D structure of the precipitates,
compactness and strength, and how these properties are influenced by
the PEG dosage time. Furthermore, we studied the correlation between
these properties and the ease of separation by TFF and depth filtration.

2. Materials and methods
2.1. CHO cell culture supernatants

Experiments were performed with clarified Chinese hamster ovary
(CHO) cell culture supernatants of Trastuzumab, Adalimumab and
additional antibodies labelled mAbl, mAb2 and mAb3. mAb2 and mAb3
are the same antibody but from different batches, previously used in
Sommer et al. [2,7]. These antibodies were used for evaluation of the
effect of batch-to-batch variations on particle size distribution. Prior to
the experiments, Trastuzumab was treated with 150 mM CaCl; and 1 %
CA at pH 4.5 and the pH was adjusted to 7.5 with 1 M Tris pH 8 to
precipitate impurities [23]. mAb concentrations were 1 g/L (Trastuzu-
mab), 0.36 g/L (Adalimumab), 1.4 g/L (mAbl), 1.13 g/L (mAb2) and
1.4 g/L (mAb3). The supernatants were filtered with a 0.22 pm mem-
brane (Merck KGaA, Darmstadt, Germany) before use.

2.2. Protein precipitation

Protein precipitation was performed in a 100 mL EasyMax 102 glass
reactor (Ref. num. 51161620, MettlerToledo AutoChem, Columbia, MD)
by adding 40 % PEG6000 stock solution (40 w/v%) to a determined PEG
concentration in 3 different modes, single addition, stepwise and grad-
ually. In single addition, the volume of PEG6000 required to achieve a
determined concentration was added in one addition, reaching 13 or 20
% PEG. Stepwise addition was performed by adding the equal amount of
PEG6000 in a series of steps every 1 min with a pipette (Gilson, Mid-
dleton, W1, USA), to get to the same final PEG concentration of 20 % in 5
min or 15 min and gradual addition of PEG6000 was performed using an
Azura compact pump (Flowspek AG, Hegenheimerstrasse, Basel) during
3, 5 and 15 min. For further chromatographic analysis specific to the
precipitate, precipitates were washed twice with 20 % PEG6000 and
centrifuged at 5000 g for 5 min. The superatant was withdrawn and the
pellet was resuspended with 1 x PBS pH 3.5 [6].

2.3. FBRM experiments

Particle size distribution was measured using the Particle Track G400
probe equipped with Focused Beam Reflectance Measurement (FBRM)
technology (Mettler Toledo AutoChem, Columbia, MD) [3,9]. The 100
mL EasyMax 102 glass reactor with an inner radius of 52 mm, 90 mm
height and 2.5 mm wall (Ref. num. 51161620, MettlerToledo
AutoChem, Columbia, MD) was filled with 70 mL antibody supernatant.
The reactor mixing was set to 150 rpm. The recording settings were 2
my/s chord length selection of Primary (fines), on a chord length from
0 to 1000 pm. After 5 min of equilibration, the desired amount of a stock
solution of 40 % PEG solution was added at different times, in gradual,
stepwise or single addition manner and particle size distribution was
recorded during 30 min. Results were analysed using the iC FBRM
software (MettlerToledo AutoChem, Columbia, MD).
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2.4. Protein A chromatography

Antibody concentration was determined using an Affinity column
POROS A 20 pm Column (2.1 x 30 mm, 0.1 mL; Thermo Scientific, MA,
USA), as previously described [29]. The equilibration buffer was 50 mM
potassium phosphate buffer with 150 mM NaCl at pH 7.0 and the elution
buffer was a 100 mM glycine buffer, pH 2.4.

2.5. Size exclusion chromatography

Sample purity was determined using a TSKgel® G3000SWXL HPLC
Column (5 pm, 7.8 x 300 mm, Tosoh, Tokyo, Japan) witha TSKgelSWXL
Guard Column (7 pm, 6.0 x 40 mm; Tosoh, Tokyo, Japan). We used a
Dionex Ultimate 3000 HPLC system with a diode array detector (Thermo
Fisher Scientific, MA, USA). The absorbance was measured at 280 nm.
The antibody purity was calculated as the ratio of the monomer peak
area to the sum of all peak areas, based on the 280 nm signal. The
running buffer was a 50 mM potassium phosphate buffer with 150 mM
Nacl at pH 7.0 (Merck KGaA, Darmstadt, Germany), filtered through
0.22 pm filters (Merck KGaA, Darmstadt, Germany) and degassed. 20 pL
of sample were injected into the column. Data was evaluated with
Chromeleon™software (ThermoFisher Scientific, MA, USA).

2.6. Fractal dimension analysis

Fractal dimension analysis was determined using a Leica DMI6000B
wide-field fluorescence microscope with an objective HCX PL APO
100x/1.40 Oil, as previously described [23]. Matlab2020 and the Image
Processing Toolbox of MatLab were used for object detection and
binarization. Box counting on different scales was used to calculate the
fractal dimension, the surface, total volume, and density for each object.

2.7. Depth filtration

The precipitated antibody solution was filtered using a non-sterile
PVDF syringe Millex GV filter of 0.22 pm, 4.5 cm®(Merck KGaA,
Darmstadt, Germany) at a flow rate of 1333 LMH. Pressure was recorded
with a PendoTech pressure sensor (PendoTech, Princeton, NJ, USA)
connected to a PressureMAT Sensor Monitor (PendoTech, Princeton, NJ,
USA).

Process Biochemistry 114 (2022) 77-85
2.8. Tangential flow filtration

Tangential flow filtration (TFF) was performed with a 0.2 pm poly-
ethersulfone (PES) MicroKros® hollow fiber filter module (Repligen,
MA, USA). In a first step, the precipitate was concentrated at a constant
tangential flow rate of 460 LMH and the filtrate flux of 20 LMH. In a
second step, the precipitate was washed with 20 % PEG6000 solution,
using the same conditions as those used in the first step. The trans-
membrane pressure (TMP) was recorded with a PendoTech pressure
sensor (PendoTech, Princeton, NJ, USA) connected to a PressureMAT
Sensor Monitor (PendoTech, Princeton, NJ, USA). Data was evaluated
using the PressureMAT software (PendoTech, Princeton, NJ, USA).

3. Results and discussion
3.1. Influence of the addition time on particle size distribution

We used PEG6000, a well-known industrial precipitating agent for
plasma and monoclonal antibodies, to characterize the overall precipi-
tation behaviour of the antibodies. We added PEG to 5 different anti-
body cell free culture harvests either with a single addition, by gradual
or stepwise addition (Fig. 1). Other experimental conditions such as
energy input and temperature were kept identical between the different
addition schemes to minimize the impact of addition, since such factors
can have significant impact on precipitation performance [30-33]. In
addition, as PEG is polydisperse and the distribution of molecular
weights could change from lot to lot, we used the same stock from the
same lot number of chemicals. Effects besides the addition time due to
changing shear rate, temperature or PEG composition have been done in
the past and we focused on the addition time in this study. The influence
of the dosage time of PEG on the particle size distribution was therefore
investigated. In single addition, the volume of PEG6000 required to
achieve a determined concentration was added in one addition, reaching
13 or 20 % PEG. In gradual mode, PEG6000 was added without inter-
ruption until a PEG concentration of 20 % was achieved. Gradual
addition was done either over a period of 5 or 15 min. Stepwise addition
was performed by adding the equal amount of PEG6000 in a series of
steps every 1 min, to get to the same final PEG concentration of 20 % in
either 5 min or 15 min, corresponding to 5 or 15 additions respectively.
These precipitation experiments were monitored with FBRM measuring
the mean particle size and the particle size distribution. Since there were
no variations on PSD when precipitation was performed in stepwise and
gradual mode, the experiment was only performed in gradual mode with
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Fig. 1. Experimental setup of the single addition, gradual and stepwise PEG6000 addition.
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Trastuzumab. In addition, to analyse if previous treatment of the anti-
body has an effect on the PSD, prior to the experiments, Trastuzumab
was purified using multiple precipitation steps [28,34]. In the first step
the supernatant was treated with 150 mM CaCl, to precipitate HMWI
such as dsDNA and aggregates. Afterwards, 1 % CA at pH 4.5 was added
to precipitate HCPs and prior the PEG addition to precipitate the anti-
bodies in a purified and concentrated form, the pH was adjusted to 7.5
with 1 M Tris pH 8. The PSD obtained from the 5 antibodies precipitated
at different conditions (single, gradual and stepwise), dosage times (3
min, 5 min and 15 min) and a final concentration of 20 % or 13 %, are
shown in Table 1.

Similar behaviour was found for all the antibodies. The fast addition
of PEG resulted in higher median PSD whereas, longer additions showed
the opposite result. Interestingly, the single addition and long (15 min)
addition times yielded the same median particle size. Additionally, no
significant differences were found in particle size when PEG was added
gradually or stepwise (Table 1). Single addition of PEG at higher con-
centrations resulted in a significant increase of median chord length, by
a factor around 1.8 compared to lower concentrations. However, this
effect was not observed on longer dosage times. A possible reason to
explain this increase of median chord length could be caused by the
coprecipitation during PEG precipitation (discussed in the next section).
The direct addition of precipitant in excess would create immediately
supersaturation conditions and impurities such as HMWI or HCPs which
are heedlessly coprecipitated with the main product [6]. Thus, this effect
would be more pronounced for single addition of PEG and at higher
concentrations than with a gradual addition. However, mAbl and mAb2
precipitated in a single addition of 13 % PEG presented similar purity
compared to the single addition of 20 % PEG. Besides mAb1 and mAb2
precipitated in a single addition of 13 % PEG presented higher yield, 61
% and 78 % respectively, compared to 50 % obtained with the 20 % PEG
single addition and gradual addition. These results show that higher PEG
concentrations have no positive effect on yield and probably purity.
Nevertheless, according to theory longer addition times either gradual
or stepwise should consequently lead to larger particle size in compar-
ison to shorter and faster addition, but that is not observed for the 15
min time period in our experiments. Since protein precipitation reaches
the kinetic equilibrium, relatively fast, in less than 15 min [7,35], we
assumed that mixing during PEG addition was completed. Additionally,
particle size distribution change was recorded for 30 min to ensure full
particle growth. We see consequently slightly higher medium chord

Table 1
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lengths during 3 or 5 min addition of PEG compared to single time ad-
ditions, but we see smaller cord lengths for 15 min addition. In these
experiments, we used a mixing vessel during precipitation, which also
means that we introduce shear force gradually during the experiment,
and 15 min mixing combined with relatively soft precipitates might lead
to continuous breaking of formed precipitates during the experiment.
Such behaviour has been shown for similar systems [21,36,37].

To better understand the forming particle sizes and their distribu-
tion, we utilized the cord length distribution provided by the FBRM
measurement (Fig. 2). The medium chord length was larger for single
time addition of 20 % PEG in comparison to 3, 5 or 15 min addition
times, here presented for the gradual addition of PEG. Such a broad size
distribution is undesirable for further processing, as all subsequent unit
operations have to be engineered to handle both small and large parti-
cles. Longer addition times, or most likely, the combination of longer
addition time and longer mixing times, lead to smaller particles sizes and
a smaller particle size distribution. Furthermore, the effect of antibody
concentration in the supernatant was evaluated. It can be seen from the
results that changes of the particle size distribution due to higher protein
concentration were negligible at this range (Table 1). This effect,

— single addition (20% PEG)
— 3 min addition (20% PEG)
—- 5 min addition (20% PEG)
== 15 min addition (20% PEG)
single addition (13% PEG)

% (No Weight)

Chord length (micron)

Fig. 2. Normalized particle size distribution obtained for mAbl at different
PEG6000 addition times (single addition, 3 min, 5 min and 15 min
gradual addition).

Median and mean chord length (jim) with different PEG addition times, (single addition, 3 min, 5 min and 15 min in gradual and stepwise mode) and PEG con-

centration (20 % PEG and 13 % PEG) for five monoclonal antibodies (Trast b (1 g/L), Adali b (0.36 g/L), mAbl (1.4 g/L), mAb2 (1.13 g/L) and mAb3 (1.4
g/L).
Trastuzumab Adalimumab mAbl mAb2 mAb3
Addition Median Mean Median Mean Median Mean Median Mean Median Mean
time chord length  particlesize  chord length  particle size  chord length  particle size  chord length  particle size  chord length  particle size
(pm) (pm) (pm) (pm) (pm) (pm) (pm) (pm) (pm) (pm)
Single 10.79 14.23 + nd. nd. 1113 14.86 = 12.04 14.08 = 11.52 12.03 =
addition 115 1.24 1.27 1.22
(20 %)
Single nd. nd. 5.18 6.89 = 2.41 5.89 1112 + 6.55 6.36 = 1.34 n.d. n.d.
addition 1.33
(13 %)
Gradual 3 8.34 11.33 + 7.31 9.32+£1.97 6.49 9.09 = 1.32 n.d. n.d. 6.41 1249 =
min (20 %) 1.25 1.21
Gradual 5 7.08 10.70 = 6.48 8.67 £ 2.22 6.49 9.37 = 1.29 6.48 9.85 = 1.29 6.68 9.02 +1.33
min (20 %) 1.27
Stepwise 5 7.09 10.90 = nd. nd. n.d. n.d. n.d. n.d. n.d. n.d.
min (20 %) 1.25
Gradual 15 6.70 11.97 5.62 7.60 = 2.19 5.60 8.36 = 1.34 5.65 9.08 = 1.34 5.77 9.02 £ 1.27
min (20 %) 1.21
Stepwise 15 6.37 11.30 = nd. nd. n.d. n.d. n.d. n.d. n.d. n.d.
min (20 %) 1.90
n.d., not determined.
' Experiments performed with 13 % PEG6000.
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however, is expected to become considerable at higher protein con-
centrations [11].

3.2. Influence of the addition time on purity

To determine the influence of the dosage time of PEG on yield and
purity and respectively the inclusion of HMWI and HCP in the precipi-
tate itself, samples from different precipitation methods and times were
analysed. Precipitates were washed twice with 20 % PEG6000 and the
pellet was resuspended with 1 x PBS pH 3.5. Concentration of impu-
rities, were assessed by integration of total area in size exclusion chro-
matography and the monomer antibody concentration. Yield was
determined by comparing the monomer antibody peak of the cell culture
supernatant and the precipitation samples using an analytical protein A
chromatography. Then, the purification factor was calculated as the
ratio of the concentration of impurities and antibodies after PEG pre-
cipitation, over the respective supernatant before PEG precipitation. The
purification factors obtained after different time of dosage are shown in
Fig. 3.

The three antibodies showed a similar tendency in respect to the
achieved purification factor. There was no significant effect of the
addition time on the purification factor. Different purity factors have
been obtained with different antibodies, but this is expected due to the
nature of the antibody and the composition of the respective superna-
tant. For instance, the relative initial purity of mAb1, mAb2 and mAb3
were respectively, 13.64 %, 12.04 % and 28.29 % and differences in the
HCP composition are to be expected as well.

In prior studies [2,7] the combination of CaCl, and CA before PEG
precipitation showed an improvement on the purity values comparable
to protein A purification. The effect of the CaCl,/CA pre-treatment of the
antibodies on purity was also assessed. The different mode of addition,
single, gradual and stepwise were tested with Trastuzumab pre-treated
with 150 mM CaCl, and 1 % CA at pH 4.5 and the pH adjusted to 7.5
with 1 M Tris pH 8 [28]. When the pre-treated culture supematant, with
a relative purity of 11.04 %, was further purified with PEG precipitation
the mode of addition had a substantial influence on the obtained purity,
96-99 % purity was achieved with sequential and gradual addition in
comparison to 88 % obtained in batch addition (Fig. 4).

Compared to single addition the stepwise or gradual resulted in an up
to 4-fold higher purity factor. This effect could not be observed when the
culture supernatant was directedly precipitated with PEG and not pre-
treated. Increasing the duration of the addition and number of steps
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Fig. 3. Purification factors achieved using single and gradual addition for
mAb1, mAb2 and mAb3. Precipitates were recovered by centrifugation, washed
with 20 % PEG6000 and resolubilized with 1xPBS pH 3.5. Experiments were
performed in triplicates and data is given as mean + standard deviation.
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Fig. 4. Purification factors achieved using single, stepwise and gradual PEG
addition for Trastuzumab. Precipitates were recovered by centrifugation,
washed with 20 % PEG6000 and resolubilized with 1xPBS pH 3.5. Experiments
were performed in triplicates and data is given as mean + standard deviation.

did not further increase purification factor. The gradual or stepwise
addition of PEG avoids a localized overshoot of precipitant concentra-
tion due to mixing inhomogeneities. Other impurities are co-
precipitated by the overshoot and do not readily re-dissolve or they
are effectively occluded in the precipitate. These results reinforce that
gradual and stepwise precipitation can be a favourable approach for
increasing process robustness, reducing the coprecipitation and can
reduce issues related to batch variations.

3.3. Influence of the addition time on fractal dimension

Fractal dimension (Df) analysis was used to characterize the pre-
cipitate particles and to understand the influence of PEG addition time
and mode of addition on particle compactness, density and 3D structure.
The analysis was performed with mAb1 precipitated in a single addition,
5 and 15 min gradual addition. We did not test sequential addition, as no
benefits were seen for the purification factor in previous experiments.
For all the precipitate samples, the fractal dimension, particle diameter,
particle volume and density were determined by microscopy and sub-
sequent particle 3D-structure reconstruction (Table 2).

In order to get an insight into the homogeneity of the fractal char-
acteristics of particles were investigated and determined if mono- or
multifractality were present. Mono-fractal precipitates show the same
fractality on all size scales, while multifractal objects have different
fractalities depending on the size scale. This either translates to a uni-
form structure in small and large scale features present (monofractality)
or relates to a microstructure that significantly differs from the macro-
structure in the case of multifractality. Multifractality could point to the
formation of features of different sizes by different mechanisms, while
mono-fractality is the expected behaviour for a single mechanism for the
formation. All samples presented mono-fractality that indicates that
precipitate properties are uniform on all size scales (Fig. 5). Despite the
mono-fractality of each individual precipitate, there was considerable

Table 2
Median fractal dimension and density obtained with mAb1 at different PEG
addition times (single addition and 5 min and 15 min gradual addition).

Single 5-min 15-min addition (n =
addition addition 10)
(n =10) (n=10)
Fractal dimension 241+ 0.12 2.22 £ 0.20 241 = 0.06
(median)
Density (median) 0.16 = 0.07 0.27 £ 0.07 0.18 = 0.03
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Fig. 5. Fractal dimension plots of mAb1 precipitated with different PEG addition times (single addition, 5 min and 15 min gradual addition) presented as size scale vs

box count number of representative precipitate objects in the sample. The slope rep

monofractality.

variance in the slope and fractality within each sample, most pro-
nounced for single (2.41 + 0.12) and 5 min addition (2.22 =+ 0.20). For
15 min, slopes were very similar and more homogeneous (2.41 + 0.06).
Simulation studies have shown that reaction limited precipitates and
diffusion limited precipitates show differing fractal dimensions of 1.7 for
reaction limited and 2.4 for diffusion limited precipitation. Our results
firmly point to diffusion limited precipitation in all cases, irrespectively
of single addition or continuous addition over 5 or 15 min [38]. The
narrower size distribution achieved during 15 min addition is of further
importance, because a narrower fractal dimension distribution refers to
more uniform densities of particles present in the mixture [23]. The
slope of the linear curve shown in Fig. 5 is the fractal dimension and this
value is correlated to the compactness and toughness of the aggregates,
where higher fractal dimensions point to a more compact precipitate.
The highest fractal dimension was obtained by precipitates formed in a
single addition and by 15-min with a similar value and 5-min addition
with the lowest fractal dimension. This should indicate that single
addition and 15-min precipitates are more compact and less porous than
the 5-min precipitates, which is not what we initially expected. The
classical expectation would be that single addition should lead to less
dense particles, and longer additions should lead to more compact
precipitates, as rapid addition would lead to instant nucleation, fast
growth and subsequent agglomeration of precipitates. In contract,
continuous addition should lead to nucleation only in the beginning, and
afterwards to a gradual growth of already existing precipitates. In
addition, single addition should lead to significantly broader particle
size distributions. In our case, this behaviour is not visible clearly, as 5
minaddition has the highest variation and less dense particles. While the
fractal dimension is somewhat similar between the samples, especially

the fractal di while the linear nature of the curve shows
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the average fractal dimension, the average size and size distribution is
significantly different. As seen in the chord length distribution in Table 1

As fractal dimension on its own is somewhat similar, we tried to
analyse if a combination of multiple factors like fractal dimension, the
particle size in number of voxels in the 3D precipitate structure recon-
struction, and the density calculated from the same structure as volume
occupied by the precipitate vs volume of an encompassing sphere yield
distinet populations from one experiment to the next (Fig. 6). Thereis a
clear cut between populations generated at different dosage times for
particle sizes obtained by this method, which is in line with the FBRM
measurements before, with the single addition showing the largest
particles. To further understand these populations, density was plotted
against the particle size in number of voxels (Fig. 6). When looking at the
density of resulting particles against fractal dimension, the particle
population for 15 min addition time has a more constant density and
fractal dimension, whereas the distribution of density is very broad in
the other samples. With the limited number of particles in each of the
analysis no definitive assessment can be made, but it seems that 15 min
addition time results in both the most constant size distribution as
assessed by FBRM and microscopy analysis as well as the most constant
fractal dimension and density. This analysis highlights the importance of
methodologies capable of generating size distributions, density distri-
butions and fractal dimension distributions to assess precipitation
behaivor, as measurements that only generate an average characteristic
for the whole population will miss how broad the distribution in that
sample actually is.
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Fig. 6. Correlations between particle size, particle density and fractal dimension at different PEG addition times (single addition, 5 min and 15 min gradual
addition). Particle size is determined by voxel count of the reconstructed 3D structure of particles and particle density by the volume occupied by the precipitate vs

the encompassing sphere of the particle.
3.4. Influence of the addition time on depth filtration

To evaluate the impact of PEG dosage and the 3D structure of the
precipitates on liquid-solid separation, precipitated solutions were
filtered through a depth filter at constant flow. Here, since speed was
kept constant, filtration performance was studied based on the pressure
built up in the filter. The pressure-buildup during filtration indicates the
maximum possible load on a specific filter size and therefore determines
the necessary scalable filtration area for a given process. Recorded
pressure mass flow per unit area membrane curves are shown in Fig. 7.
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Fig. 7. Impact of addition time of PEG for precipitation (single addition, 5 min
and 15 min gradual addition) on the performance of depth filtration for mAb1
showing pre-filter pressures during filtration.
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The pressure increase is significantly steeper for single injection and 5-
min addition. This is expected because a corresponding broader PSD
was observed in the experiments, compared to 15-min addition with the
narrowest PSD (Fig. 2). With a wide particles size distribution the voids
in the cake will be filled with fine particles and therefore the pressure
drop is higher compared to cakes with narrow PSD. Furthermore, the
specific cake resistance and compressibility, are also affected by pre-
cipitate size, density and porosity [24,25], and showed a big impact on
filterability. Cakes formed with more homogeneous precipitates will
show lower backpressure, even with small particles. Unfortunately, we
could not correlate the filtration performance to the fractal dimension
results (Table 2) meaning that in our case the particle size distribution
was the only determining factor for pressure build-up during filtration.
Density and porosity of the resulting precipitate was either too similar as
indicated by a similar fractal dimension, or the effect was negligible in
our experiments. As pointed out, theory would dictate that for
solid-liquid separation it is desirable to have large particles rather than
fine particles to facilitate the filterability, but our results differ from that
premise and in contrast we see a high impact from the broadness of the
PSD and not the average size of particles. In order to improve filter-
ability, the PSD can be influenced by the mode of addition of precipitant
and narrow PSDs should be prioritized. From a process perspective,
depth filtration is capable of removing precipitates efficiently, but
recovering precipitated product from the depth filtration can be diffi-
cult, and we therefore recommend it mainly for the case of impurity
precipitation where no recovery of precipitate from the filter is
necessary.
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For product recovery, tangential flow filtration is preferred in com-
parison to depth filtration, as the recovery of the precipitate is much
easier and dissolution of the precipitate can be done after flushing it
from the filter capsule. So we evaluated the impact of PEG dosage and
the 3D structure of the precipitates on TFF and compared the results to
our results for depth filtration. The precipitated solutions were filtered
using a TFF in a constant flux mode recording the TMP during the
process to monitor membrane fouling during operation (Fig. 8). TMP
remained almost constant for the 5 and 15 min addition time samples,
throughout the experiments at around 0.4 bar. However, TMP for single
PEG addition increased gradually indicating a gradual fouling of the
membrane. As for depth filtration, membrane fouling was affected by
PSD but also for precipitate density and compactness, and interestingly
the behaivor between depth filtration and TFF was significantly
different [26,27]. Zhao et al. [26] observed that precipitates that are
largest and strongest will lead to a cake formation much more porous
and less compressible. Thus, showing an improvement on the flux
decline compared to smaller and less strong precipitates populations.
However, our obtained results do not corraborrate with this idea as the
smallest precipitates in our experiments are the ones from the 15 min
addition time, which shows the best filtration performance in both depth
filtration and tangential flow filtration. Although precipitates formed in
a single addition exhibit larger average particles size, the variability of
the particle poplulation in size, density and strength seemed to have a
bigger influence on the filtration performance than the average particle
size. Interestingly, although the depth filtration experiment showed
significant differences between 5 and 15 min addition time, no differ-
ence was observed in TFF performance.

We were able to show significant differences in filterability for single
addition of precipitant as well as gradual addition over 5 min and 15
min, highlighting the importance of process development for precipi-
tation that does include the solid-liquid separation step. Results only
based on particle size and inferring the filterability from the average
particle size would have led to bad design decisions. We were also able
to provide data on density and size distributions as well as fractal
dimension distributions, shedding light on possible causes for these
differences, and such parameters could be expanded in the future to
serve as engineering key parameters to determine filterability. However,
average size and average fractal dimension did not show any clear
correlation in our data, with the most importing parameter shown to be
the broadness of the particle size distribution. Our findings will also
impact the design of continuous precipitation processes, as we could
clearly show that a gradual or stepwise addition of the precipitant yields
significant benefits for filtration and can be easily implemented inde-
pendent of the establishment of engineering design rules based on par-
ticle size distribution or fractality of particles.

4. Conclusions

The mode of addition of precipitant influences the purity of the
precipitate and has an impact on the filterability during subsequent solid
removal by depth filtration or tangential flow filtration. By gradual and
stepwise addition, we were able to demonstrate the influence on the
final precipitate size and particle size distribution, significantly
improving further processing and making the setup of subsequent unit
operations significantly easier. We achieved significantly higher purifi-
cation factors with gradual and stepwise precipitation compared to
single addition by limiting the co-precipitation of other compounds.
Additionally, we were able to influence characteristics of the resulting
precipitate like toughness, density and fractal dimension to boost the
performance of subsequent unit operations. We showed that specific
precipitate characteristics can relate to the filterability for precipitate
harvest by TFF or depth filtration significantly, highlighting the
importance of precipitate structure for the solid-liquid separation step.
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Fig. 8. Impact of time addition of PEG (single addition, 5 min and 15 min
gradual addition) on transmembrane pressure (TMP) during tangential flow
filtration (TFF) for mAb1.

This is especially true for particle size distribution. Fractal dimension
analysis and focused beam reflectance measurements are perfect tools
for investigating precipitation processes and future models can build
upon such data to predict filterability of the resulting precipitate for
depth filtration which was shown in our study. For the tested TFF, more
studies need to implement such measurements to deduct a clearer pic-
ture and a mechanistic morel, and they should be employed in the
process development of precipitate unit operation regularly. Use of such
tools could cut down development cost and time drastically if used for
predicting process performance of subsequent solid-liquid separations.
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Abstract

BACKGROUND: The development of integrated continuous biomanufacturing processes faces a significant challenge when the
parameters for the design of the process cannot be accurately estimated from those of batch experiments. Process design is
even more challenging if the outcome of one unit operation highly influences the performance of the subsequent one, such
as in harvesting of a precipitate by filtration. In the case of protein precipitation, results from the batch and continuous experie-
ments deviate and their scale-down is limited. Microfluidics suffer from poor mixing characteristics. Thus, milliscale devices
were developed to maintain mixing performance but at the expense of a slightly larger scale.

RESULTS: Milliscale devices were developed for the precipitation of antibodies in continuous tubular reactors to compare dif-
ferent dosage times in small scale. The reactors have multiple addition points for precipitant for the continuous, controlled and
precise addition of the precipitating agent without valves. The designed devices have a narrow residence time distribution to
achieve fast mixing and a small volume that reduces the time and cost for experiments tenfold. Milliscale devices were used to
evaluate the most appropriate dosage time for protein precipitation, thus improving purity by a factor of 3 compared to single
addition. The resulting filterability of precipitates in tangential flow filtration and depth filtration was improved.

CONCLUSION: Results demonstrated that multiple additions were more beneficial than single addition because they help to
reduce pressure and increase filter capacity. Such devices can be used to determine and adjust the precipitation methodology
to optimize floc formation and improve solid-liquid separation while reducing development time and cost.

© 2022 The Authors. Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Keywords: scale-down; precipitation; mAbs; IgG; continuous
|

Thus, so milliscale devices were developed to maintain mixing
performance but at the expense of a slightly larger scale.
Although several continuous reactors have been proposed for
continuous precipitation, the process is still being performed in
stirred tank reactors (STRs).>'® An example is blood plasma frac-
tionation, where a continuous process has been stablished,"
but the industrial process is still performed in batch mode. The
use of stirred tank reactors carries certain disadvantages, such as
inefficient mixing that can result in inhomogeneous distribution
and concentration gradients of the precipitating agent.® In addi-
tion to inhomogeneities of concentrations, all mixing vessels have
an inhomogeneous power input and shear forces throughout the

INTRODUCTION

There is significant interest in the biopharmaceutical industry for
developing end-to-end continuous manufacturing platforms for
monoclonal antibodies.'? Protein precipitation has been proven
to be an efficient alternative to chromatography A columns.® It
can be easily adapted and operated in a fully continuous mode
with consistent and reproducible results.*® Furthermore, the lat-
est studies have demonstrated that precipitation can achieve a
similar yield and purity to protein A chromatography.*® Despite
all these advantages and its availability at the industrial scale, its
implementation in antibody purification is still not widespread.
A main challenge when developing an integrated continuous bio-

manufacturing process is the lack of methodologies to accurately
estimate the engineering parameters for continuous batchwise
processes. Such a challenge escalates when the outcome of one
unit operation highly influences the performance of the subse-
quent one. This is the case with harvesting a precipitate by filtra-
tion. When a lot of material is required, long-term experiments
become expensive. In the case of protein precipitation, the results
from batch and continuous processes deviate and scale-down is
limited. Microfluidics suffer from poor mixing characteristics.
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reactor. This changes the precipitate structure and will lead to fur-
ther inconsistencies between small- and large-scale mixing ves-
sels. Furthermore, studies focused on protein precipitation are
often based on batch addition of the precipitating agent. Sequen-
tial precipitation can be advantageous over single addition in
terms of purity, yield, and filterability.>'?"* An interesting reactor
design for protein precipitation uses tubular reactors. Since pre-
cipitation is carried out while the mixture of protein solution
and precipitant agents are flowing through the tube, several pre-
cipitation strategies can be tested that would not be possible in
stirred tank reactors and that would avoid any problems due to
mixing inhomogeneities. Further benefits of tubular reactors
include the simple and flexible design that can be modified
depending on the required maturation time or on the desired
aging. Precipitation occurs almost instantaneously when the
phase transition occurs by addition of a precipitant. Static mixers
can be inserted in the tubular reactor to narrow the residence
time distribution and to achieve fast mixing. Power input in stirred
tank reactors has often been associated with precipitation perfor-
mance but it has been misinterpreted. The power input in STRs
reduces the mixing time and, therefore, it has been wrongly asso-
ciated with precipitation. Floc size distribution is influenced by
power input but not precipitation kinetics, which happens in a
matter of seconds. Freedom in designing mixing and shear stress
behavior is especially important during the design of a precipita-
tion process and its scale-up.

For several years, Camp number (N.,) was used as a main param-
eter for scaling-up flocculation processes. However, this approach
has been widely criticized because flocculation is a complex process
in which several variables and factors interfere;'*™" thus, a multidi-
mensional approach is necessary. Recent studies proposed other cri-
teria for scale-up flocculation processes, such as constant power
input, flocculent dosage, or flocculation time between reactors.'®
Efforts have been made to scale-down to mL downstream process
(DSP) units keeping analogous process criteria. The complex geom-
etries and systems used at the industrial scale make miniaturization
down to the microscale complicated, especially for mixing phenom-
ena that are hydrodynamically vastly different in the microscale.'®
However, there are some examples of DSP microdevices developed
to study solid-liquid separations,”® crystallization,”' >* membranes or
adsorption; even the EU project CODOBIO? is an example of the
efforts being made to develop microfluidic devices for chromatogra-
phy systems and extraction.

To design and develop millifluidic devices, computational fluid
dynamics (CFD) is a valuable methodology to predict fluid flows,
mass transfer, mixing behavior, residence time distribution, and
other hydrodynamic phenomena. It can help to predict homoge-
nous mixing in the small scale because laminar flow mixing
becomes a difficult task and, at the microscale, mixing is slow
and achieved essentially by diffusion.?’ Due to the velocity of
the flows and the length of the channels in the devices, there is
frequently not sufficient diffusion for proper mixing. It is often
necessary to test different designs to find a proper geometry that
introduces enough turbulence for proper mixing with the
anticipated flow velocities and viscosities. Several patterns
and passive mixing geometries have been studied to enhance
mixing performance.?® CFD allows for estimating essential
parameters, such as pressure drop, power input, mixing effi-
ciency, and other hydrodynamic parameters, to determine the
mixing between inlet streams in milli- and microdevices®” and
further scaling parameters.

In this study, a milliscale device has been developed for the pre-
cipitation of antibodies in continuous tubular reactors to compare
different dosage times in a small scale. The designed milliscale
device has a small volume and narrow residence time distribution
that reduces the time and cost of the experiments. In addition, dif-
ferent approaches for scaling-down flocculation process are
discussed.

MATERIALS AND METHODS

CHO cell culture supernatants

Cell culture supernatants from Chinese hamster ovary (CHO) of
antibodies labelled mAb1 (1 g/L) and mAb2 (1.4 g/L) were filtered
with a 0.22 pm membrane (Merck KGaA, Darmstadt, Germany)
prior to use. Respectively, their HCP concentrations were
10.25 g/L and 3.5 g/L and their dsDNA concentrations were
4.56 ng/mL and 17.74 ng/mL.

Protein A chromatography

Antibody quantification was performed using an affinity column
POROS A 20 pm Column (2.1 x 30 mm, 0.1 mL; Thermo Scientific,
MA, USA), with 50 mM phosphate buffer, pH 7.0 as equilibration
buffer, and a 100 mM glycine buffer, pH 2.5, as elution buffer. This
method was already described in the literature.?®

Size exclusion chromatography

The purity of each sample was determined using a size exclusion
TSKgel® G3000SWXL HPLC Column (5 pm, 7.8 x 300 mm) with a
TSKgelSWXL Guard Column (7 pm, 6.0 X 40 mm; Tosoh, Tokyo,
Japan) connected to a Dionex Ultimate 3000 HPLC system with
a diode array detector (Thermo Fisher Scientific, MA, USA). The
running buffer was a 50 mM sodium phosphate buffer with
150 mM NaCl at pH 7.0 (Merck KGaA, Darmstadt, Germany).**

Depth filtration

The precipitated antibody solution was filtered using a non-sterile
PVDF syringe Millex GV filter of 0.22 pm, 4.5 cm? (Merck KGaA, Darm-
stadt, Germany), at a flow rate of 1333 L'm™>h~". Pressure was
recorded with a PendoTech pressure sensor (PendoTech, Princeton,
NJ, USA) connected to a PressureMAT Sensor Monitor (PendoTech,
Princeton, NJ, USA), as in the work by Pons Royo et al®

Tangential flow filtration

Filterability experiments were performed using a 0.2 um
polyethersulfone (PES) tangential flow filtration (TFF) MicroKros®
hollow fiber filter module (Repligen, MA, USA). Supernatant was
filtrated at a constant tangential flow of 460 L-m~>-h™" and the fil-
trate flux of 20 L-m~>h~". Transmembrane pressure (TMP) was
recorded using a PendoTech pressure sensor (PendoTech, Prince-
ton, NJ, USA) connected to a PressureMAT Sensor Monitor
(PendoTech, Princeton, NJ, USA). Data was evaluated using the
PressureMAT software (PendoTech, Princeton, NJ, USA), as in the
work by Pons Royo et al.*®

Design of precipitation reactors

Millifabrication

Milliscale devices were designed using CorelDRAW 2020 (Corel Co,,
Canada) and crafted by laser cutting (Laser Trotec Speedy 100, Tro-
tec GmbH, Austria). The microchannels were 1 mm wide and 3 mm
deep. The main mixing channels and addition microchannels were
cut in 3 mm and inlets and outlet were cut in 4 mm poly(methyl
methacrylate) (PMMA) sheets (Acrylstudio GmbHW, Austria). The
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PMMA sheets were heated up to 165 °C for at least 45 min and
cooled down at room temperature. Prior to the bonding process,
PMMA sheets were cleaned by rinsing them with 70% ethanol.

Continuous precipitation setup

Continuous PEG6000 precipitation was performed using the
designed milliscale devices with one inlet connected to an Azura
compact pump (Flowspek AG, Hegenheimerstrasse, Basel) for the
antibody solution and a second pressure pump to the 40% (w/w)
PEG6000 solution. Protein precipitation in a stirred tank reactor
was performed in a 100 mL EasyMax 102 glass reactor (Ref.
num. 51 161 620, Mettler Toledo AutoChem, Columbia, MD). The
collected precipitated solution was continuously mixed for
15 min to ensure complete precipitation. Then, the precipitated
solutions were washed with 20% (w/w) PEG6000 and resolubi-
lized with 1xPBS solution (pH 3.5).

Computational fluid dynamics (CFD) simulations

Geometries were designed using Autodesk Inventor 2019
(Autodesk, San Rafael, CA, USA). The CFD simulations for compar-
ative analysis of the different geometries were conducted using
the software STAR-CCM+ V.12.02.011 provided by Siemens. Due
to the binary mixture of water and 40% (w/w) PEG6000 solution,
an Eulerian n-phase model was used to study the fluid dynamics
inside the mixing geometries. The mesh of the channel geometry
was made using the trimmed meshing technique. This technique
divides the geometry into cubic elements and improves the com-
putational time. The number of elements was kept at around
20 000 to allow for an adequate reproduction while maintaining
a low computational time. To test the possible dependence of
the results on the structure of the mesh, other techniques (such
as tetrahedral meshing) were performed. The end results did
not deviate from each other, but the trimmed technique provided
lower residuals while maintaining short computational times. The
mixing designs were analyzed considering the working fluids as a
mix between water and 40% (w/w) PEG6000 solution with a den-
sity p of 1.000 kg-m~ and 1.068 kg-m~>, and a viscosity p of
0.001 Pa:s and 0.049978 Pas, respectively. For the serpentine
models 1 and 2, corresponding to the Y-shape and T-shape ser-
pentines, each working solution was introduced though the
opposite inlet. For the serpentine model 3, the working solutions
were introduced through the canals using the same inlet. The out-
let was kept as a split outlet. The mass fraction of the species and
pressure were both set to zero. For the walls on the inside of the
channels, no slip condition was specified. Further information
was iterated from the neighboring cells. The mass flow rates
in all cases were 0.0083kgs™' for the water flow and
0.0089 kg s~ for the 40% (w/w) PEG6000 flow to obtain a final
solution of 20% (w/w) PEG6000. Both fluids are considered
incompressible and don't show any mass transfer between
phases. Due to the small size of the channels, the regime is
taken as laminar flow. Thus, the conservation equations of mass

and momentum are obtained from the Navier-Stokes model with-
out any adjustment of turbulence:

g—/;+v~(pV)=0 )
a({,;tv) +V-(/7V!7)=—Vp+V(uVV) +pg+F  (2)

where p is the fluid density, V is the fluid velocity, p is the pressure,
is the dynamic viscosity, g refers to gravity in m s, and F, refers
to surface tension forces in N. A semi-implicit pressure-linked
equation (SIMPLE) algorithm and third-order upwind discretiza-
tion (MUSCL) were used to solve the above equations.

The implementation of the different phases was implemented
with the following equations:

l%; [%(m/’r)*'v' (aiﬂivi)] =0

(3)

where alpha is the mass fraction of each phase. This has the fol-
lowing consideration:

= a=1 (4)

This enables us to adequately capture and model the motion of
the different fluid phases contained in the system.
Mixing performance was calculated as follows:*

3

= (5)

(ai_ﬂ'eo)z

1
nj

(6)

Tmax

Energy dissipation was used to determine the volumetric power
input:

[;:(pvdv
v

(7)

<lvwo

where ¢, is the energy dissipation due to motion in s™2. This is
calculated with the following equation:*'

(G 5+ (3] e
g+ (35

Shear rate (y) and shear stress (i) was calculated as:
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Table 1. Geometrical parameters of the designed channel geometries
Channel geometry Length (mm) Width (mm) Height (mm) Wavelength (1) Amplitude (mm)
Simple T mixer 85 0.9 3.0 — —
2D serpentine 85 09 6.0 1.5 30
3D serpentine 85 09 9.0 21 3.0
n=nr (10)  of the characteristics of each flow. To improve the first design, a
second geometry with 2D turns was proposed to enhance further
Camp number (Nc,) was calculated as: mixing. However, the second design did not induce sufficient per-
turbation or interactions between PEG and water for them to be
dvi P mixed, resulting in the formation of two phase layers. For the third
G= =\ (11) model, a geometry with 3D turns was proposed. Previous studies
H have shown that 3D turns enhance mixing by generating chaotic
Nca=Gt (12)  flows and create secondary flows, thus braiding the fluids.*® As

where G is the average shear rate and t is the time of exposure to
shear.

RESULTS

Several methodologies can be used to determine the suitable
precipitation conditions, including addition time and mode of
precipitating agents in batchwise processes. However, there is
no technology to evaluate such conditions in continuous mode.
Furthermore, in both approaches, experiments require large
amounts of buffer protein solutions and long experimental and
manipulation times. To enhance precipitation studies, millifluidic
devices were designed for continuous precipitation at different
dosage times and evaluated the filterability of the precipitates.
First, several geometries for static mixers were designed and eval-
uated by CFD. After selecting the most appropriate geometry, the
device was crafted by laser cutting and experimentally tested.

-

try c p ional study

3 different serpentine models were proposed with different
grades of complexity to determine the most suitable mixing
design for viscous liquids (Table 1). A comparative analysis of
the different serpentine channel geometries was performed using
CFD model (Fig. 1). The optimal design was examined based on
the mixing index and pressure drop. Additionally, the Camp num-
ber and shear stress were calculated (Table 2).

CFD simulations were performed using the same flow condi-
tions in the three cases: 0.5 mL/min of 40% (w/w) PEG6000 solu-
tion mixed with 0.5 mL/min MilliQ reaching 20% (w/w) PEG6000.
Results showed that the first geometry did not induce any pertur-
bation on the flow. The simple design for the diffusion of the
streams resulted in insufficient diffusion and no mixing because

observed, the induction of more chaotic flows allows the third
geometry to perform adequate mixing within a few turns,
obtaining the best mixing performance compared with the
other two models, where the mixing quality was insufficient.
Dividing and interlacing the streams was more efficient than
just relying on diffusion (where mixing occurs slowly and
requires longer channels).?®

The mixing performance was evaluated using the mixing index,
which ranges from 0 (corresponding to the worst mixing) to 1 (the
best performance); results are shown in Table 2. The best mixing per-
formance was obtained with the 3D serpentine (yield of 0.66), while
the worst was obtained with the simple T mixer (0.25). In addition,
mixing with the 2D serpentine was very poor, showing that 2D does
not create enough of the chaotic flows required for mixing (which
the 3D achieves). The power input required to induce proper mixing
is one the factors to consider for reducing costs, especially because
this cost should be kept as low as possible. Power input can also
be correlated to the pressure drop; here, the pressure drop required
for each mixing geometry was calculated. The highest value was
obtained with the 3D serpentine, which performs up to 12 times bet-
ter than the other designs. The secondary flows generated by this
complex geometry will enhance mixing but it will also increase
the pressure drop and, thus, the power required.*® Even with the
high pressure drop, the serpentine model 3 was selected for the
design of the milliscale devices.

Visual validation of CFD simulation

Water and 40% (w/w) PEG6000 solution were colored with food
coloring to verify the calculated mixing performance of the CFD
models with the prototypes (Fig. 2). Both solutions were injected
into each inlet using a pressure pump at the same rate as those
in the CFD simulations (Fig. 2). Results agreed well with the

e it

0.00000 0.20000

Volume Fraction of Water
40000 0.60000

0.50000 1.0000

Figure 1. Design of different channel geometries in CFD. Mixing performance in (a) Simple T mixer, (b) 2D serpentine model, and (c) 3D serpentine

model.
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Table 2. Mixing index and pressure drop obtained with the different channel geometries

Channel geometry Mixing index Pressure drop (Pa) Camp number Shear stress (s™')
Simple T mixer 0.15 160 169 10
2D serpentine 0.25 380 406 27
3D serpentine 0.66 1952 2044 55

simulated mixing efficiencies. In the case of the simple Y mixer
and the 2D serpentine, they both resulted in the formation of a
double layer of the colored solutions, thus proving the poor mix-
ing of these geometries. However, immediate mixing was clearly
observed with the 3D serpentine. Based on this good agreement,
it can be concluded that the CFD simulations were valid and can
be used to study the effect of geometries on mixing and to find
the optimum design.

Design of the devices

Devices were designed with CorelDRAW and manufactured from
Polymethylmethacrylate (PMMA) by laser cutting. To prevent fur-
ther leakage between the PMMA sheets, heat binding at 165 °C
was used to adhere them to each other. The multiple precipitation
devices (Fig. 3) consisted of a main mixing channel (1) with an
inlet for the addition of the solution to be purified (2) and a single
outlet (3). This main channel was coupled to a second channel for
the precipitating agent (4) with a valves-free dispenser with sev-
eral outlets grouped in 5 addition zones along the surface of the
main channel (corresponding to approximately 1/5 of the total
volume). For single addition experiments, the device consisted
of a single addition channel for the precipitating agent coupled
to the mixing channel. To ensure proper mixing, the main channel
was designed with the selected geometry (Fig. 3). Devices were
designed to obtain 1, 2, 3, and 5 min addition times at a flow of
1 mL/min. The flow of the precipitating agent can be modified to
achieve a desired concentration depending on the experimental

needs. To facilitate precipitation studies, milliscale devices were
designed to be directly connected to an automated system, like an
Akta system or a peristatic pump, without the need for further mate-
rials. The nature of the pumping did not influence the performance
of the devices. A standardized female luer lock was integrated on
each inlet and outlet. The luer lock was created by drilling with an
M6 broach to obtain the same shape as a female luer lock.*? Hence,
devices can be directly connected to the required system by simply
rotating the tube connector. To further reduce manufacturing costs
and to simplify the complexity of the design, the devices were
designed with a valves-free dispenser comprised of several outlets
(0.1 mm in diameter) along the mixing channel that allow for the
gradual and controlled addition of the precipitating agent, thus
avoiding oversaturation (Fig. 3(c)). Besides the dispenser, milliscale
devices were designed to be operated with the minimum number
of pumps, only 2: one for the supernatant and a second for the pre-
cipitating agent. In addition, issues related to sample evaporation
during experiments can be avoided because of the low gas perme-
ability that PMMA presents.>* Such a design allowed for a fast screen-
ing to obtain the required data for further scale-up of the
precipitation process, including the addition time and resulting
filterability.

Determination of the time of precipitant addition

Previous studies have demonstrated that multiple additions of
the precipitant substantially improved the final purity.?® The
designed milliscale devices were used to evaluate the influence

Figure 2. Experimental validation of the 3 different mixing models. (a) Top view of the simple Y mixer; (b) Side view and (c) Top view of the 2D serpentine;

and (d) Side view and (e) Top view of the 3D serpentine.
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Figure 3. Design of the multiple precipitation devices. (a) Mixing channel for the addition of solution to be purified; (b) main channel for the precipitating
agent; (c) example of addition channels distributed along the surface of the mixing channel connecting the mixing channel with the main channel for the

precipitating agent.

of the time addition of PEG on the final purity. The milliscale
device for single addition consisted of a single addition point
coupled to the mixing channel. For continuous addition, the milli-
scale devices consisted of several addition points coupled to the
mixing channel (Fig. 4). The 40% (w/w) PEG6000 solution was
added in volume ratios reaching 20% (w/w) PEG6000 at the outlet
of the mixing channel during 1, 2, 3, and 5 min. The collected sam-
ples were analyzed for purity and yield. The purity of each sample
was assessed as the ratio of the monomer peak area correspond-
ing to the antibody to the total area in size exclusion chromatog-
raphy. Recovery yield was determined by comparing the
monomer antibody peak of the initial cell culture supernatant
and the precipitation samples using an analytical protein A chro-
matography. Concentration of impurities and recovery yield were
assessed by purification factor (Fig. 5).2

The effect of the CaCl,/CA pre-treatment of the antibodies on
purity was also evaluated. Prior to the experiments, mAb1 was
purified with multiple precipitation steps of CaCl,/CA** to study
the influence previous treatments on the purification factor. First,
mAb1 was treated with 150 mM CaCl, to precipitate dsDNA and
HMWI. To precipitate HCPs, 1% (v/v) CA was added at pH 4.5
and then the pH was adjusted to 7.5 with 1 M Tris (pH 8) prior to

(A)

PEG experiments. The different times of addition were tested with
pre-treated mAb1 supernatant and mAb2 without pre-treatment.
In both cases, the time of addition had an influence on the purifi-
cation factor; this resulted in a 3-fold higher purity factor for mAb1
and 5-fold for mAb2 when PEG was added during 3 and 5 min.
The continuous addition of PEG along the tubular reactor pre-
vents the co-precipitation of impurities and mixing inhomogene-
ity, as occurrs with single addition. These results show that the
designed milliscale devices can be used to determine the most
appropriate dosage time to reduce the co-precipitation of impuri-
ties during precipitation.

Scale-down flocculation for precipitate filterability

In addition to improving the final purity of the precipitates, multi-
ple additions of precipitant significantly improved the filterability
of the precipitates. Flocculation is a complex process; to be able to
use the milliscale devices to determine the dosage time for better
filterability, the influence of typical scale-down parameters (such
as shear stress and power input) were investigated to mimic the
flocculation conditions of a stirred tank, but in the milliscale
devices. Two approaches were evaluated to scale down the floc-
culation conditions by changing the channel size of the milliscale

(B)

Figure 4. Multilayer milliscale devices with multiple additions at different layers showing (a) main channel to introduce the precipitant agent continu-
ously injected at different points along the mixing channel and (b) addition channels grouped in addition zones along the surface of the mixing channel.
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Figure 5. Purification factors achieved using milliscale devices for (a) mAb1 and (b) mAb2 in a single addition, 1, 2, 3, or 5 min addition of the precipitat-
ing agent. Precipitates were recovered by centrifugation, washed with 20% PEG6000, and resolubilized with 1 x PBS pH 3.5. Data are given as mean

+ standard deviation in the case of triplicate analysis.

devices: first, to obtain a shear stress similar to that in a stirred
tank, and second, to obtain a similar power input. Calculations
were performed using the CFD models (Table 3).

CFD calculations were performed using the same flow condi-
tions and residence times for all the cases. Results showed that
channel sizes ranging from 0.9 to 1.5 mm had similar shear stress
values to those obtained with the stirred tank reactor. A similar
power input was obtained with channel sizes ranging from 1.7
to 3 mm.

To evaluate both scale-down approaches, mAb2 solution was
precipitated by adding 40% (w/w) PEG stock solution to reach a
final concentration of 20% (w/w) PEG6000. Precipitation experi-
ments were performed using different tubular reactors with dif-
ferent channel sizes (1.2, 1.5, 2, 2.5, 3 mm). The precipitated
solutions were filtrated using a depth filter and the pressure was
measured throughout the experiment (Fig. 6). Results were com-
pared to the filtration behavior of a solution precipitated in a stir-
red tank reactor. To avoid variations on the Camp number, the
devices were designed with the same residence time (5 min).

Two filterability trends were found depending on the scale-
down condition applied. When the culture supernatant was pre-
cipitated using channels satisfying N, = const., the filterability
behavior of the solution differed from that of the stirred tank reac-
tor. However, when the culture supernatant was precipitated
using channels satisfying P/V = const, a similar filterability was

Table 3. Calculated parameters for different channel sizes of the
tubular reactors. The same experimental time (5 min) was used for
the calculation of the Camp number. Experiments with the stirred tank
reactor were previously performed by Pons Royo et al.”®

Channel size Shear stress ~ Camp number  Power input
0.9 mm 55 2044 165.0
1.2 mm 21 612 16.5
1.5 mm 17 219 9.0
1.7 mm 13 47 6.4
2mm 1 41 4.5
25 mm 10 36 37
3mm 10 36 25
Stirred tank reactor 32 980 23

obtained. That behavior was clearly observed on the milliscale
device with a 1.7 mm channel size that had the same shear stress
as the reactor with a 2.5 mm channel size, but the power input
increased by a factor of 2. This shows that the particle population
was influenced mainly by the power input, instead of by the shear
stress or Camp number. These results corroborate previous stud-
ies that demonstrate that flocculation scale-down could not be
achieved by constant Camp number or shear stress.'® Since flock
breakage and collision are mainly taking place in the impeller
region and considering the energy dissipation over a tank is typi-
cally approximated to the power input by the impeller, power
input is clearly a more accurate parameter for scaling down.
Higher energy dissipation rates (165-4.5 W/m?) lead to particle
populations that are much more homogeneous and stronger than
those obtained when flocculation occurs in a stirred tank reactor
(225 W/m?). Hence, by satisfying the flocculation conditions
P/V = const,, the filterability behavior of a tank reactor was mim-
icked in the milliscale devices. For further filtration experiments,
milliscale devices were adapted to 3 mm channel size.

Influence of multiple additions on depth filtration

The impact of the multiple additions of PEG on liquid-solid sepa-
ration was evaluated using the milliscale devices. Filterability
was studied based on the built-up pressure in the filter by keeping
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Figure 6. Impact of the channel size of the reactor on the performance of
depth filtration for mAb2.
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Figure 7. Impact of addition time of PEG for precipitation on the perfor-
mance of depth filtration for mAb2 showing pre-filter pressures during fil-
tration. Protein precipitation was performed in a stirred tank reactor with
single addition, 1.2 mm channel size device, and 5 min devices with and
without multiple additions of PEG6000.

a constant flow. To scale-up a given process, it is essential to
determine the maximum possible load on a specific filter, which
is indicated by the built-up pressure. Antibody solution was pre-
cipitated using milliscale devices with and without multiple addi-
tions of PEG6000 (Fig. 3). Precipitated solutions were filtered using
a depth filter at a constant flow of 10 mL/min. Recorded pressure
mass flow per unit area membrane curves were recorded (Fig. 7).
Results were compared to the filtration behavior of a solution pre-
cipitated in a stirred tank reactor with a single addition and a
1.2 mm channel size device without multiple additions.

Result showed a similar filterability when precipitation was carried
out in a stirred tank reactor and a tubular reactor without multiple
addition. In contrast, when protein precipitation occurred in the
devices with multiple additions, a shift on filterability was observed
approaching the trend observed when protein precipitation was per-
formed in a device with 1.2 mm channel size. These results were
already shown in previous studies.? Floc properties (such as particle
size, density, and porosity) were affected by multiple additions of
PEG. These multiple additions also affected the specific cake resis-
tance and compressibility, showing a big impact on filterability.
Based on these results, flocculation performance can be improved
by installing multiple addition points instead of increasing the stir-
ring speed or power input, and this will be less expensive.

0.6
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TMP (bar)
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Without device
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Device wo multiple addition
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Figure 8. Impact of addition time of PEG for precipitation on the perfor-
mance of depth filtration for mAb2 showing pre-filter pressures during fil-
tration. Protein precipitation experiments were performed in a stirred tank
reactor and 5 min devices — 3 mm with and without multiple additions.
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Table4. Comparison of the required material for each methodology
for a single experiment in comparison to experiments performed by
Pons Royo et al.”®

Milliscale Stirred tank
devices (mL) reactor (mL)
Antibody 5 50
solution
40% PEG6000 5 50

Influence of multiple additions on tangential flow

filtration

For the recovery of precipitated antibodies, solid-liquid separa-
tion can be performed with tangential flow filtration (TFF),
which simplifies the recovery process and the subsequent puri-
fication steps compared to depth filtration. Therefore, the
impact of the multiple additions of PEG was evaluated using
the milliscale devices on liquid-solid separation by using a
TFF. Solutions precipitated in a stirred tank reactor and 5 min
additions of PEG with and without multiple additions were fil-
trated using a TFF system at a constant flow. TMP was recorded
throughout the experiment (Fig. 8).

Results show significant differences in the filterability of pro-
tein precipitates for samples precipitated using multiple addi-
tions and without. When precipitation was performed in a
stirred tank reactor with a single addition of PEG, TMP
increased gradually, meaning that the filter was gradually foul-
ing. Similar behavior was observed when a protein solution was
precipitated without multiple addition points in a milliscale
device. However, when solutions were precipitated gradually
with the multiple addition points, a lower TMP was observed.
As for depth filtration, multiple additions of PEG affected the
properties of the resulting flocs and membrane fouling. This
behavior was already shown in previous studies.”® Findings
show that the milliscale devices can be used to determine the
most appropriate dosage time and the resulting filterability,
both of which will impact the design of the process. In addition,
the use of milliscale devices showed a clear reduction in the
material and experimental time required for each experiment
by a factor of 10 (Table 4).

The freedom in designing the milliscale devices allows for
evaluating different precipitation strategies at very small vol-
umes, which would not be possible in stirred tank reactors or
other small-scale approaches. Additionally, the simple design
of the device will enhance the automation of precipitation
studies, thus allowing for the screening of larger experimental
conditions to reduce time and costs, and to further operator
effects.®®

CONCLUSIONS

In this study, a proof of concept for milliscale devices as a screen-
ing tool to facilitate precipitation studies was presented. Milliscale
devices can be used to compare different dosage times and their
resulting filterability to find the most favorable precipitation con-
ditions. Such experimental conditions cannot be acquired by
small scale batch experiments of p-fluidics. To ensure fast and
proper mixing for viscous liquids, a 3D serpentine mixer was used;
however, this was at the expense of a higher pressure drop. In
addition, the installation of multiple addition points improves
flocculation performance and the filterability of the precipitate.
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Since these devices are suited for automated and parallel high-
throughput process development, the experimental time and
sample volume were reduced by a factor of 10, as well. CFD was
a relevant tool to evaluate key design parameters, such as mixing
performance, for determined fluid conditions and further scalabil-
ity approaches. Further advantages of using such a software dur-
ing prototyping include the additional time and cost reductions.
Additionally, power input proved to be the key variable to con-
sider for scaling flocculation processes, instead of Camp number.
Such milliscale devices are an interesting tool to facilitate further
development and optimization of precipitation processes. These
screening tools allow for testing new precipitation strategies that
would not be possible in batch or other small-scale alternatives,
thus reducing experimental time and costs.

NOMENCLATURE

,t-: Surface tension forces (N)

M; Mixing index

v Velocity (m/s)

CA Caprylic acid

CFD Computational fluid dynamics
CHO Chinese hamster ovary

DSP Downstream process

G Average shear rate (s™')

HCP Host cell proteins

HMWI High molecular weight impurities

MUSCL Third-order upwind discretization
N Newton

Nca Camp number

P Power (W)

PEG Polyethylene glycol

PMMA Poly(methyl methacrylate)
SIMPLE Semi-implicit pressure-linked equation
TFF Tangential flow filtration (to L-m~2h™")
TMP Transmembrane pressure (bar)

\ Volume (m?)

g Gravity (m-s™%)

n Number of phases

p Pressure (Pa)

t Time (s)

a Mass fraction

v Shear rate (s™")

n Shear stress (Pa)

" Dynamic viscosity (Pa-s)

» Fluid density (kg-m — )

T Mixing performance

Tmax Maximum mixing performance
oy Energy dissipation (m?%/s®)
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Introduction

Design of millidevices to expedite apparent
solubility measurements

Maria del Carme Pons Royo, #2°¢ Jean-Luc Beulay,? Eric Valery,?
Alois Jungbauer @*°¢ and Peter Satzer®

Protein solubility is a critical attribute in the development and production of monoclonal antibodies.
Available solubility data refer to pure solutes which do not consider solvents and impurities which have a
significant effect on solubility. Thus, solubility curves need to be determined experimentally. Previously
established methods to determine the apparent solubility of proteins are based on manual assays which
are time-consuming and labor-intensive. We present the design of simple and adaptable millidevices for
fast solubility curve determination. Such a device in the form of a tubular reactor was manufactured from
polymethylmethacrylate by laser cutting. The reactors had multiple injection points for the precipitant that
allowed a controlled and precise addition of the precipitating agent at different concentrations. Hence,
antibodies could be directly harvested at different concentrations of precipitating agents. The simple and
flexible design allowed the number of pumps required to be reduced to only one for each solution and
the distribution of the precipitating agent at different concentrations without valves. To demonstrate the
wide applicability of the prototype in determining solubility curves, we used 2 industrially relevant
precipitating agents, PEG6000 and ZnCl,, to measure the apparent solubilities of 4 antibodies and CaCl,
to measure the apparent solubility curves for dsDNA. In all cases, the data obtained were consistent
between the device and manual assays with good reproducibility. This millidevice can be used for fast
characterization of protein solutions such as solubility, degradation or stability of the antibodies under
different conditions.

composition, pH and ionic strength™'* as well as intrinsic
factors and properties of the protein itself, such as size,

Protein solubility is a key parameter during development and
production of therapeutic proteins. It is especially important
during identification of drug candidates or formulation at
high protein concentrations.'™ Detailed data on solubility are
necessary to avoid issues with solubility such as aggregation,
which impact negatively on protein stability, immunogenicity
and efficacy. Furthermore, protein solubility plays an
important role in the development of precipitation processes,
which have received renewed interest as an alternative to
protein A chromatography for the purification of
antibodies.*'®  Solubility curves are defined as the
thermodynamic equilibrium between the solid and the liquid
phase. This equilibrium can be affected by several
parameters, including external factors like solution
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charge distribution, overall charge, etc.'® For the process
design of protein precipitation, it is essential to determine
the solubility curve of each component in the harvest,
including impurities. To predict the process performance and
to evaluate the separation behavior, it would be necessary to
collect the solubility data on each component from the cell
culture supernatant under certain buffer conditions and
concentrations.'* However, published solubility data refer to
pure solutes and solvents while impurities can have a
significant effect on solution properties. Previous studies'®"’
determined that curves obtained from purified antibodies
and total protein impurities present different features and
can result in different apparent solubilities. Therefore, the
solubility in solution is typically referred to as “apparent
solubility”.* Typically, antibodies present higher solubility
and steeper curves than impurities, with lower solubility and
flatter curves. These differences in solubility can be exploited
to precipitate mAbs avoiding coprecipitation of impurities.
For that reason, apparent solubility curves need to be
determined experimentally.'® As described by Juckes,' the
apparent solubility of purified antibodies and impurities can
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be derived from a linear regression following a semi-
logarithmic behavior, where the apparent maximum solubility
will be extrapolated from the intercept in the absence of a
precipitating agent such as PEG.>” From these studies, a
model for non-ionic precipitation was established. Hence, a
common method to determine the relative apparent solubility
of each component is using non-ionic polymers as
precipitating agents like PEG (polyethylene glycol) to decrease
protein solubility.”*' This methodology has been extensively
used to determine the apparent solubility curves of various
proteins.**~*!

Nevertheless, all these methodologies for determining the
relative apparent solubility require a vast stock of reagents at
different pH values, ionic strength, viscosity, etc. as well as
several manipulation steps such as filtration, centrifugation
or additional mixing systems, which complicate the
utilization of handling systems.*****>~3* The emergence of
microfluidic technology provides a new method to investigate
protein solubilization under several solution conditions.
Analysis with microdevices can be performed with high
precision, high speed, and high throughput, while reducing
the required experimental time and the amount of protein
required.’® Furthermore, it is important to highlight that
microdevices can lead to more automated labs and
miniaturized analyses.’® Characterization of protein solutions
using microdevices has been already described,””** to select
flocculating agents® or investigate protein phase behavior.*’
Unfortunately, these devices are not widely used in
laboratories.”® Most of these microdevices require a clean-
room environment for their fabrication," which is not
available in most laboratories. Besides the lack of appropriate
facilities, the cost and expertise to develop and fabricate such
microdevices are another drawback. For example, the
integration of microvalves or micropumps to achieve better
flow control will increase the complexity and the cost of the
device.*>"* Additionally, valves or pumps cannot be easily
integrated in several materials such as glass or silicon,
because of their rigidity. Thus, these materials must be
combined with more flexible materials such as PDMS, which
will allow the integration of valves or connection to
pumps.*** Another difficulty is the implementation of
appropriate kinetics into microfluidic devices. As all flows are
laminar in such devices, achieving proper mixing between
highly viscous solutions like a PEG solution and low viscous
solutions like the harvest from a monoclonal fermentation is
not always easy."” All in all, going to such small scales allows
for a reduction in protein solution consumption, but comes
with a large cost in terms of necessary equipment and
expertise, not present in many labs.

In this work, we have developed a millifluidic device to
determine apparent solubility profiles to circumvent the
issues typical for already presented microfluidic devices. We
demonstrated the feasibility of apparent solubility curve
determination using these new millidevices in various
industrially relevant buffers for protein and DNA purification.
We compared our methodology with a typical manual assay
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to evaluate the accuracy and precision of our millidevices. In
addition, we demonstrated a proof of concept to develop
more automated devices for accelerating downstream
processing.

Materials and methods
CHO cell culture supernatants

Experiments were performed with 4 different clarified
Chinese hamster ovary (CHO) cell culture supernatants of
antibodies labeled mAbA, mAbB, mAbC and mAbD. The
concentration of the antibodies was, respectively, 1.4 g L',
1.2 g LY, 115 g L' and 1.3 g L™'. Respectively, the HCP
concentration was 3.5 g L ', 83 gL, 86 gL 'and 10.25 g
L', and for dsDNA, 17.74 ng mL 110.37 ng mL 1521 ng
mL ', and 4.56 ng mL '. The supernatants were filtered with
a 0.22 pm membrane (Merck KGaA, Darmstadt, Germany)
before use.

Protein A chromatography

Protein A chromatography for protein concentration was
performed using an affinity column POROS A 20 pm Column
(2.1 x 30 mm, 0.1 mL; Thermo Scientific, MA, USA), as
previously described.*® The column was equilibrated with 50
mM phosphate buffer with 150 mM NaCl, pH 7.0, and eluted
with 100 mM glycine buffer, pH 2.4.

dsDNA assay

Quantification of double-stranded DNA was performed using
a Quant-iT PicoGreen dsDNA reagent (Invitrogen, Waltham,
MA, United States). Samples were diluted in serial 1:2
dilutions in a 96-well plate using 1x TE buffer (10 mM Tris-
HCl, 1 mM ethylenediaminetetraacetic acid, pH 7.5). 100 pL
of sample dilution was transferred to a black microtiter plate
and mixed with 100 pL of diluted PicoGreen reagent. The
intensity was measured at 480 nm excitation and with an
emission filter of 520 nm. The concentration was calculated
using a standard lambda DNA solution (Invitrogen, Waltham,
MA, United States).

Prototype fabrication

Millidevices were designed using CorelDRAW 2020 (Corel
Co., Canada) and a laser cutter (Laser Trotec Speedy 100,
Trotec GmbH, Austria). The microchannels were 1 mm wide
and 3 mm deep. The main mixing channels and injection
microchannels were cut in 3 mm, and the inlets and outlets
in 4 mm poly(methyl methacrylate) (PMMA) sheets
(Acrylstudio GmbHW, Austria). The PMMA sheets were
heated to 165 °C for at least 45 min and cooled down at room
temperature. Prior to the bonding process, PMMA sheets
were cleaned by rinsing with 70% ethanol.

Apparent solubility curve determination - manually

Manual apparent solubility curve determination was
performed in 1.5 mL vials (Eppendorf, Germany), by adding

This journal is © The Royal Society of Chemistry 2022
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each stock solution, 30 mM ZnCl,, 40% PEG6000 and 300
mM CaCl,, in a determined ratio into 1 mL cell culture
supernatant to obtain the desired final concentrations, 2.7
mM to 8.6 mM ZnCl,, 3.6% to 11.4% PEG600 and 27.3 mM
to 85.7 mM CaCl,. After 15 min of incubation at room
temperature on an end-over-end shaker, the samples were
centrifuged at 4.000g for 10 min. The supernatant was
withdrawn and analysed with protein A  affinity
chromatography for mAb concentration or with the
PicoGreen assay for dsDNA concentration.

Apparent solubility curve determination - devices

Continuous apparent solubility curve determination was
performed with the millidevice directly connected to an AKTA
pure 25 system (Cytiva, Uppsala, Sweden). The flow rate was
set at 4 mL min ' for the mAb supernatant and 1 mL min™*
for the precipitating solution to obtain the desired final
concentrations, 2.7 mM to 8.6 mM ZnCl,, 3.6% to 11.4%
PEG600 and 27.3 mM to 85.7 mM CaCl,. The collected
precipitated solution was continuously mixed for 15 minutes
to ensure complete precipitation. After that, the samples were
centrifuged at 4.000g for 10min. The supernatant was
withdrawn and analysed with protein A  affinity
chromatography for mAb concentration or with the
PicoGreen assay for dsDNA concentration.

Results and discussion
Design of precipitation reactors

Although several methodologies have been developed to
determine apparent solubility, manual methods are time-
consuming and labor-intensive due to the large amounts of
buffer solutions and concentrations that need to be
managed: sample, precipitant, buffer, etc. To facilitate this
procedure, we designed millifluidic devices that can be used
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in an automated system such as an Akta system to determine
the protein solubility. The millidevices were designed using
CorelDRAW and manufactured from polymethylmethacrylate
(PMMA) by laser cutting. PMMA sheets were stacked and
adhered to each other by heat binding at 165 °C to ensure
that they are fully sealed and there is no leakage. The
millidevice was composed of a main inlet path for the protein
solution (1) and a second path for the selected precipitating
agent (2), both connected through a valve-free dispenser with
different injection points (3) depending on the required
concentration of the precipitating agent to be added (Fig. 1).
To ensure proper mixing even for viscous liquids, the
millidevice was designed with a complex serpentine pattern
as a passive mixer, 1 mm wide and 3 mm deep (4) (Fig. 1),
and with several outlets for each tested condition (5). Our
millidevices were designed to be microvalve-free to reduce
the manufacturing costs and the complexity of the design
and to simplify the experimental setup by reducing the
number of pumps required to only 2, one for the supernatant
and one for the precipitating agent (Fig. 1). The dispenser
was composed of several outlets grouped in different
injection zones, which regulate the addition of precipitating
agents. In this case, the device was composed of 4 zones with
1, 2, 3 and 4 holes of 0.1 mm in diameter. The total
precipitant flow running in the main channel was divided in
different fractions, which will result in different
concentrations of the precipitating agent. For example, at 1
ml min' flow of 40% PEG6000 stock solution, 1 hole
corresponds to 3.6 + 0.4% PEG6000 in 1 mL antibody
solution, 2 holes to 6.6 + 0.5%, 3 holes to 9.2 + 0.5% and 4
holes to 11.4% + 0.5%. The same mechanism was used to
distribute equally the main antibody solution in 4 different
mixing channels, but in that case, the number of holes was
kept constant (Fig. 1c) to obtain the same flow in the mixing
channels, 1 mL min"'. The mixing channels were also
coupled to the dispenser for precipitating agents, in which a

Fig. 1 a) Final result of the device for apparent solubility curve determination and b) 3D design of the developed device for apparent solubility
curve determination: 1) cell culture supernatant addition channel, 2) precipitating agent addition channel, 3) injection points, 4) mixing/maturation
area and 5) outlet for each studied condition. c) Schematic representation of the injection channel. The injection channels are grouped in different
injection zones to introduce the precipitating agent continuously and at different concentrations. d) Geometrical design of the mixing channel for
liquids with distinct viscosities. €) Female luer lock fitting integrated in the inlets and outlets of the device.
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determined amount of precipitating agent was added onto
the number of holes connected to the selected mixing
channel with the antibody solution. Therefore, antibodies
can be harvested at different precipitating agent
concentrations in the outlet of each mixing channel.
Furthermore, the device integrated a standardized female
luer lock system (Fig. 1) in each inlet and outlet, which allows
the device to be directly connected to commonly used lab
equipment such as peristaltic pumps or more complex
equipment such as an Akta system, without the need for
flexible materials such as polydimethylsiloxane (PDMS)
(Fig. 2).

The female luer lock fitting was achieved by drilling with
an M6 broach the PMMA to obtain the same mold as a
female luer lock. Therefore, the male luer lock from the
laboratory equipment can be simply connected by rotating
the tube connector. In addition, as PMMA is barely
permeable to gasses, sample evaporation can be neglected."
The automation of the precipitation methodology allowed the
screening of a larger number of conditions and solutions,
identifying rapidly and accurately the necessary solubility
information for molecule selection or the design of a
precipitation process at an early stage. Additionally, the
flexibility of the design and the mixing system allows the
developed prototypes to be customized and modified for any
precipitation protocol or precipitation strategy.

Apparent solubility curves

Antibody precipitation with PEG6000. To demonstrate the
feasibility and accuracy of the prototype to determine a wide
range of solubility curves, we determined the solubility
behavior of 4 antibodies and their impurities. The
effectiveness and accuracy of the millidevice were
qualitatively evaluated by comparing the solubility curves
determined manually and with the devices. Firstly, the
millidevice was tested using PEG6000, a known and

Fig. 2 a) Graphical representation of the device performance under
laboratory conditions. The device is directly connected to the dual
pumps of an Akta chromatography system. b) Picture of the device
connected under laboratory conditions.
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commonly used precipitating agent to measure the apparent
solubility of proteins. The device was connected directly to
the pumps of an Akta system with the flow rate set to 4 mL
min' for the supernatant and 1 mL min ' for the 40%
PEG6000 solution. Thus, the precipitating agent was
distributed creating solubility curves over a range of 3.6% to
11.4% PEG6000. The samples were taken from the devices
and filtered prior to mAb quantification. Afterwards,
solubility measurements were repeated manually and
compared to the results obtained with the devices to
determine their effectiveness and accuracy. The antibody
concentration in the liquid phase was plotted against the
precipitating agent concentration (Fig. 3). The increase in
PEG concentration led to a decrease in antibody
concentration in the supernatant as expected. For PEG
concentrations below 4% PEG 6000, all mAbs remained in
solution (>90%). When the PEG concentration increased
above 11%, only 10% of the total antibodies remained in
solution, except for mAbA, where 40% remained in solution.
In contrast, mAbC required the lowest PEG concentration to
achieve complete precipitation, compared to the rest. The
different behaviours and concentrations of the mAbs used in
this study show that the device is capable of accurately
measuring the apparent solubility also in complex solutions.
The apparent solubility curves for all 4 antibodies do not
follow a strong sigmoidal curve like typically expected.***”**
This is normal and typical for apparent solubilities recorded
using crude harvest. With the presence of impurities, the
apparent solubility of mAbs can be drastically different from
the solubility recorded for pure protein.'” The use of
millidevices resulted in comparable shapes of the
precipitation curves to those from experiments performed
manually, with differences between methods below 10%,
except for mAbA which presents a deviation of 15%. We can
assume that the variation was caused by shear stress that
caused different sizes and size distributions of the
precipitated particles.”®

Antibody precipitation with ZnCl,. The millidevice was
also tested wusing ZnCl,, another known antibody
precipitating agent recently presented with and without the
combination with PEG6000.™"** While PEG6000 shows the
mixing behavior in the system of a highly viscous stock
solution (PEG), with ZnCl, we can evaluate the mixing
behavior for stock solutions with lower viscosity. The
apparent solubility curve was determined over a range of 2.7
mM to 8.6 mM ZnCl, with mixing a flow rate of 4 mL min*
for the supernatant and 1 mL min ' for 30 mM ZnCl,
solution. The samples were taken from the devices and
filtered, prior to mAb quantification. Afterwards, the antibody
concentration in the liquid phase was plotted against the
precipitating agent concentration (Fig. 4). Antibodies in
solution decreased with the increase of ZnCl, concentration
(Fig. 4). Similar behavior was observed to that in previous
experiments (Fig. 4). For ZnCl, concentrations below 2 mM,
antibodies remained in solution (>90%), except for mAbC
which required lower precipitant concentrations to achieve

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Comparison of apparent solubility curves obtained with 40% PEG6000 over a range of 3.65-11.43% for mAbA, mAbB, mAbC and mAbD
manually and using the millidevices. Experiments were performed in triplicate and data are given as mean * standard deviation.

almost complete protein precipitation. With 8.5 mM ZnCl,,
almost all antibodies were precipitated except for mAbA,
which is also the case for PEG6000. Afterwards, apparent
solubility measurements were repeated manually and
compared to the results obtained with the devices to
determine their effectiveness and accuracy. Again, the
different behaviors and concentrations of the mAbs used in
this study show that the device is capable of accurately
measuring the apparent solubility using other precipitating
agents, with differences between methods below 10%, except
for mAbA which presents a deviation of 12%. These results
again show that the variation could be produced by the shear
stress inducing different particle sizes and size
distributions.****

Double-strand DNA precipitation with CaCl,. Impurities
present in the cell culture supernatants such as HCP and
dsDNA can be easily precipitated by pH precipitation®
and precipitating agents like CaCl,*** or CA.>*® To
demonstrate the application of the millidevice to measure
the apparent solubility of different dsDNA concentrations,
the experiment was performed with CaCl, with the 4

This journal is © The Royal Society of Chemistry 2022
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different mAb supernatants. The apparent solubility curves
were determined over a range of 27.3 mM to 85.7 mM
CaCl, with mixing a flow rate of 4 mL min"' for the
supernatant and 1 mL min ' for 300 mM CaCl, solution.
The samples were taken from the devices and filtered,
prior to dsDNA quantification. Afterwards, the dsDNA
concentration in the liquid phase was plotted against the
precipitating agent concentration (Fig. 5). The addition of
CaCl, resulted in the precipitation of dsDNA (Fig. 5). Due
to the differences in the initial concentration of dsDNA
of each supernatant, each apparent solubility curve
showed a particular shape, different also from the
required CaCl, concentration to obtain acceptable dsDNA
concentrations, comparable to currently used purification
methods. Impurities such as dsDNA in solution decreased
with the increase of CaCl, concentration. For mADbA,
mAbB and mAbD, lower CaCl, concentration was
necessary to achieve almost complete dsDNA precipitation,
almost no dsDNA was found at 85.7 mM CacCl, (>0.3 ng
mL "), while for mAbC higher concentration, 0.5 ng mL ',
was found.
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Fig. 4 Comparison of apparent solubility curves obtained with 30 mM ZnCl, over a range of 2.7 mM to 8.6 mM for mAbA, mAbB, mAbC and
mAbD manually and using the millidevices. Experiments were performed in triplicate and data are given as mean * standard deviation.

The different behaviors and concentrations of the
impurities used in this study show that the device is capable
of accurately measure the apparent solubility for impurities
such as dsDNA and using another precipitating agent.
Afterwards, apparent solubility measurements were repeated
manually. We compared both methods to determine the
effectiveness and accuracy of the prototypes. The use of
millidevices resulted in comparable shapes of the
precipitation curves to those from experiments performed
manually. Since results of dsDNA of mAbA did not show
similar deviations as with PEG6000 and ZnCl,, that may
confirm that previous variation on the solubility curves were
caused by shear stress.

In addition, the results showed that the flow distribution
was very accurate and precise, similar to the results obtained
manually for the different supernatants and precipitating
agents. The use of millidevices resulted in comparable
shapes of the precipitation curves to those from experiments
performed manually. There was a clear reduction in the
experimental time and sample manipulation handling by a
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factor of 5 (Table 1), since intermediate steps, such as
centrifugation to remove precipitates or transferring the
supernatants to 96-well plates for the analysis, can be
skipped. The above-mentioned issues can be overcome by
using a more sophisticated prototyping tool such as a 3D
printer, where more soft and complex geometries can be
obtained. Hence, it will provide proper mixing with lower
shear stress and volume reduction, which will lead to a
higher reduction of material consumption compared to the
manual method.>” In comparison with similar devices
previously reported, several precipitant concentrations can be
tested simultaneously with a single solution in a couple of
minutes, without extra sample handling steps, as observed in
previous devices, where samples need to be manipulated and
transferred to other devices,>*” ™
the apparent solubility of proteins.

Additionally, the flexibility of the design and the mixing
system allows the developed prototypes to be customized and
modified for any precipitation protocol or precipitation
strategy. An example of an alternative process could be

or methods to determine
14,17,60

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Comparison of apparent solubility curves obtained with 300 mM CaCl, over a range of 27.3 mM to 85.7 mM for mAbA, mAbB, mAbC and
mAbD manually and using the millidevices. Experiments were performed in triplicate and data are given as mean + standard deviation.

protein resolubilization, which is often neglected during
precipitation studies. Commonly, samples are diluted in
different buffers and concentrations to determine the
optimal dilution ratio. Millidevices can be used to screen
resolubilization buffers at different concentrations and
dilutions. Other interesting uses could be for formulation
development for protein stability and to assess protein
aggregation under certain conditions. Furthermore, our
millidevices provide enhanced mixing which accelerates mAb
resolubilization and reduces experimental times, as
compared to previous resolubilization studies.'” In addition,
the automation of the experiments will allow the screening of

Table 1 Comparison of the required material for each methodology for
a single solubility curve performed in triplicate

Millidevices Manual
Antibody solution 2.5 mL 12 mL
40% PEG6000 0.2 mL 1mL
30 mM ZnCl, 0.2 mL 1mL

This journal is © The Royal Society of Chemistry 2022
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larger experimental conditions in shorter time and will
reduce operator effects.®!

Conclusions

In this study, we showed a proof of concept of millidevices
for determining apparent solubility curves for antibodies and
impurities. The developed prototype showed consistent
performance and very good reproducibility compared to
conventional techniques such as manual apparent solubility
determination.  Further advantages of using these
millidevices are the reduction of reagents, sample
consumption and experimental time by reducing the
experimental steps, such as centrifugation. A much higher
number of experimental conditions can be screened with the
automation of the PEG precipitation methodology while
removing further human-prone errors such as operator
effects. In addition, the easy, flexible and manufacturable in-
house screening tools can be modified depending on the
experimental needs, for example, determination of
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Paper
degradation or stability of antibodies at different
concentrations during formulation. Millidevices are an
interesting tool to develop and optimize processes, which
should start being implemented for screening and down-
scaling processes.
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Highlights

e PEG6000 in powder form was dissolved within minutes

e Continuous protein precipitation with solid PEG6000 was performed during 4 h
e Direct addition of PEG shows comparable yield and purity as liquid PEG addition
e Manufacturing costs are reduced by 47% by the direct addition of PEG6000

e Carbon footprint is reduced by 60%

Abstract

The economic benefits of continuous PEG precipitation of antibodies compared to continuous capture by
protein A affinity chromatography have been always lowered by the excess amount of material needed
for the process. PEG is added as a concentrated stock solution and therefore liquid handling is increased
during this step. To fully exploit the benefits of PEG precipitation, the precipitant must be added in solid
form. We used an in-line feeding device with a screw conveyor delivery system directly from solids for
the continuous addition of PEG6000 in a powder form. The powder feeding device was connected to a
tubular reactor where the precipitation occurs. Protein precipitation was continuously performed for 4h.
Avyield of 76 and 79% with a purity of 98% was achieved. The total cost of goods and the environmental
footprint were compared with typical chromatography-based purification methods; batch and continuous
periodic countercurrent protein A affinity chromatography with four columns. Solid PEG precipitation
showed a remarkable reduction in water consumption and equipment size, reducing production costs by
45% compared to liquid PEG and 53% cheaper than Protein A periodic counter-current chromatography.
Process mass intensity was reduced by 55% and carbon emissions by 60%. The reduction of water by the
direct addition of PEG also impacted the environmental footprint and process costs. This is an attractive
approach for a continuous capture step yielding an uninterrupted mass flow of the product and will pave
the way for PEG precipitation as a capture step.

Keywords: Monoclonal antibodies, continuous precipitation, solid PEG, IgG, SuperPro Designer, protein A
affinity chromatography
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Abbreviations: CAPEX, capital expenditures; COGm, Cost of Goods Manufactured; COGs, Cost of Goods;
GMP, Good Manufacturing Practice; HVAC, Heating Ventilation and Air Conditioning; mAbs, monoclonal
antibodies; PEG, Poly(ethylene glycol); PMI, Process Mass Intensity; PMMA, Poly(methyl methacrylate);
PCC, Periodic countercurrent chromatography; WAter Related Impact of Energy, WARIEN; WFI, Water for
Injection.

1. Introduction

Polyethylene glycol (PEG) precipitation is an interesting method for direct capture of recombinant antibodies from
clarified culture supernatant. Precipitation can be easily adapted to work in a continuous mode using tubular
reactors and scaled up [1-9]. The method is also insensitive to variations in shear forces [10] and in feed
concentrations as previously shown, the same reactor configurations could be used for a feed ranging
from 0.5-8 g/l antibody in the supernatant [11]. Despite the robustness of the process, the economic
benefits of continuous PEG precipitation of antibodies compared to continuous capture by protein A
affinity chromatography have been always lowered by the excess amount of material needed. PEG is
added as a concentrated stock solution and therefore liquid handling is increased during this step. To fully
exploit the benefits of PEG precipitation, the precipitant must be added in solid form and becomes fully
competitive to chromatographic capture.

Economic analysis showed that precipitation-based processes reduce costs at all stages compared to protein A based
systems [12, 13]. In these Costs of Goods (CoGs) studies, the main cost contribution of materials in precipitation was
the use of large amounts of concentration stock solutions of precipitating agents and washing and redissolution
buffers [14, 15]. Protein precipitation is carried out by adding a stock solution of a precipitating agent to the
supernatant to reach precipitation conditions. The addition of the stock solution increases the volume
which must be processed to harvest and redissolve the precipitate and further purification, and thus, it
increases equipment size and buffer consumption and consequently, manufacturing costs [11, 16-19].
Hence, the elevated buffer consumption is still an impediment to fully consider protein precipitation as an
option to substitute chromatography systems. Another drawback of working with precipitating agents such as
PEG6000 is that stock solutions need to be close to the maximal solubility. The preparation of such stock solutions
requires long mixing times and high viscosity is obtained. Since viscosity has a significant impact on the
performance of the unit operations, the bioprocess design and economics need to be adapted accordingly
[20]. Therefore, working at such PEG concentrations can be challenging and unfavourable. Besides
production costs, another important factor to consider in a process is the environmental footprint. This
can be evaluated by process mass intensity (PMI), a parameter that related the mass of consumed
materials to the produced product and the Water Related Impact of Energy (WARIEN), which quantifies
the energy consumption and the resulting carbon emissions per kg of product [13, 21-24]. Such metrics
indicate where further improvements could be performed for potential savings in resource consumption
and carbon footprint. The latest studies showed that the main contribution to the environmental footprint
comes from water consumption and storage. In the case of protein precipitation, such values are relatively
higher compared to conventional chromatography-based systems due to the large amounts of buffer
consumption. Hence, a reduction in buffer consumption during protein precipitation would be beneficial
not only from an economical point of view but also for an environmental footprint.

Undoubtedly, further challenges in bioprocesses will be assessed by novel and disruptive technologies. The
emerging open sources and prototyping tools such as 3D printers or laser cutters empowered researchers
to design and customize devices depending on our needs. The availability of such technologies increases
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significantly the scientific capacity and opens new horizons for setting up innovative process ideas [25]. Komuczki
et al. [26, 27] developed a 3D printed device for buffer preparation directly from solids. Such a device reduced the
facility footprint by avoiding intermediate hold tanks and buffer preparation steps [27]. In this study, we used such a
device to replace stock solutions by directly precipitating proteins with PEG6000 in solid form. This new approach
minimized the buffer consumption for wash and redissolution of the antibodies, reduced the size and cost of the
equipment and facilitated operation conditions as it is not necessary to work with high viscous stock solutions.
Afterwards, we evaluated economical and environmentally both precipitation processes and compared to well
established purification methods. The output of our analysis highlighted how our new precipitation approach is an
attractive alternative for the capture step.

2. Materials and Methods

2.1 CHO Cell culture supernatants

Experiments were performed with IgG1, produced in fed-batch in Chinese hamster ovary (CHO) cell
culture supernatant with a concentration of 1.2 g/L and 0.3 g/L. Antibodies were labelled mAb0O1 and
mAbO2 respectively. Antibody supernatant was previously filtered with a 0.22 um membrane (Merck
KGaA, Darmstadt, Germany) before use.

2.2 Experimental set-up

For continuous precipitation of antibodies directly from powder, we used a similar experimental set-up
as performed by Komuczki et al. [27]. Experiments were performed using the Dissolvr device controlled by a
minicomputer Raspberry Pi 3 (Raspberry Pl Foundation, Cambridge, United Kingdom) programmed with Python
(Python Software Foundation, Wilmington, United States). Solid PEG6000 was put into the storage tank in the upper
part of the feeding device. The supernatant and PEG6000 were continuously fed into an in-house designed stirred
tank reactor using Autodesk Inventor 2019 (Autodesk, San Rafael, CA, USA) and 3D printed by Sculpteo (Villejuif,
France) with a magnetic stirrer. The outlet of the stirred tank was connected to a 5 min residence time continuous
tubular reactor build-up with 3 mm poly(methyl methacrylate) (PMMA) sheets (Acrylstudio GmbHW,
Austria), designed using CorelDRAW 2020 (Corel Co., Canada) and laser cut (Laser Trotec Speedy 100, Trotec GmbH,
Austria), connected to an Akta Pure 25 system (Cytiva, Uppsala, Sweden). Previously, calibration experiments
were performed using an Entris® Precision balance (Sartorius, Gottingen, Germany) connected to the
Raspberry Pi 3. The data were collected online using the Simple Data Logger software (Smartlux SARL,
Born, Luxembourg). For continuous precipitation of antibodies directly from the stock solution, we
connected both solutions to the AKTA Pure 25 system (Cytiva, Uppsala, Sweden) with the flow rate was
set at 0.55 mL/min for the antibody supernatant and 0.45 mL/min for the 40 % PEG6000 stock solution,
to a final concentration of 15 % PEG. The outlet of the AKTA Pure was connected to the 5 min residence time
continuous tubular reactor. For further chromatographic analysis specific to the precipitate, samples were
centrifuged at 4.000 x g for 10 min, the supernatant was discarded and precipitates were washed twice with
20 % PEG6000. The pellet was resuspended with 1 x PBS pH 3.5 [9].
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2.3 Protein A

Affinity column POROS A 20 um Column (2.1 x 30 mm, 0.1 mL; Thermo Scientific, MA, USA), was used to
determine antibody concentration. 50 mM sodium phosphate buffer with 150 mM NaCl at pH 7.0 was
used as equilibration buffer and 100 mM glycine buffer at pH 2.4 was used as elution buffer [1].

2.4 Size exclusion chromatography

Sample purity was determined using a TSKgel® G3000SWXL HPLC Column (5 um, 7.8 x 300 mm, Tosoh,
Tokyo, Japan) with a TSKgelSWXL Guard Column (7 um, 6.0 x 40 mm; Tosoh, Tokyo, Japan), as previously
performed [11]. We used a Dionex Ultimate 3000 HPLC system with a diode array detector (Thermo Fisher
Scientific, MA, USA). The absorbance was measured at 280 nm. The antibody purity was calculated as the
ratio of the monomer peak area to the sum of all peak areas, based on the 280 nm signal. The running
buffer was a 50 mM potassium phosphate buffer with 150 mM NacCl at pH 7.0 (Merck KGaA, Darmstadt,
Germany), filtered through 0.22 pum filters (Merck KGaA, Darmstadt, Germany) and degassed. 20 pl of the
sample was injected into the column. Data were evaluated with ChromeleonTM software (ThermoFisher
Scientific, MA, USA).

2.5 Cost data and modeling

The techno-economic evaluation of protein precipitation using solid PEG was performed using the
software SuperPro Designer v.12 (Intelligen, Inc.). The process parameters were retrieved from the
literature [11, 13], the experiments described herein and the built-in databases of SuperPro Designer and
Biosolve Process v.8.3 (Biopharm Services, Ltd). Two processes were compared: protein precipitation via
direct addition of solid PEG to the supernatant (Figure 4) versus the addition of liquid PEG also to the
supernatant (Figure 5). Both the processes were modeled according to the settings of a base case scenario
representing a typical medium-size antibody production facility (1000 kg yr™*) that operates in continuous
mode (Table 1). Since the focus of the paper is on PEG precipitation, the upstream section together with
the antibody polishing steps was not included in the model. The electricity consumption of the HVAC
system required in a GMP facility was calculated separately from the SuperPro model by estimating the
cleanroom area and then applying an energy coefficient retrieved from a previous antibody production
study [28](Table 2). The impact on costs and energy of water and steam production was also estimated
separately thanks to a tool developed by Cataldo et al. (2020). Finally, the Process Mass Intensity (PMI)
value was calculated (Equation (1)) to obtain the metrics that allow for a comparison of the overall
environmental performance of the two processes [13].

Total water, raw materials, consmables used in process (kg) (1)

Tiatal Y= active pharmaceutical ingredient (kg)

3. Results

3.1 Protein precipitation in batch mode

The concept of using directly PEG in powder form for protein precipitation was already investigated [16].
However, the knowledge available for such a process and its applicability was not fully exploited. First, we
evaluated the influence of the form of PEG6000, whether liquid (pre-dissolved PEG) or solid, on the yield
and purity of protein precipitation in batch mode (Figure 1). Protein precipitation was performed with 10
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mL of supernatants of mAb0O1 and mAb02 by adding PEG liquid PEG6000 at 40 % solution and direct solid
form (1.5g milled PEG6000) to a final concentration of 15 % PEG6000. For further chromatography
analysis, we withdrew the supernatant and washed twice the precipitates with 20 % PEG6000. The pellet
was resuspended with 1 x PBS pH 3.5 [6]. Recovery yields were determined using an analytical protein A
chromatography column, comparing the monomer peak of the antibody in the cell culture supernatant
and precipitated samples. The purity of the samples was assessed by size exclusion chromatography [1].

Results showed comparable yields for both antibodies with liquid and solid precipitation, 80 % and 87 %
for mAbO1 and 66 % and 59 % for mAb02, respectively. Additionally, no antibody was found in the
supernatants proving that complete protein precipitation reaches the kinetic equilibrium relatively fast

[29, 30]. Nevertheless, the lower yields obtained during redissolution, highlight that further optimization

studies on precipitation should be focused on the redissolution of the precipitated antibodies. To further

confirm that the addition of PEG in solid form did not have any influence on the protein behavior during
precipitation, the purities of both methods were compared. Purity percentages of the samples were
equally comparable with 100 % and 99 % for mAb0O1 and 89 % and 86 % for mAb02, for liquid and solid
precipitation respectively. Further experiments were performed with mAbO1 due to the higher recovery
yield obtained. Additionally, achieving a quickly steady state is of utmost importance for a continuous
process. We measured the dissolution rate of PEG to a concentration of 15 % to evaluate the viability of
transferring solid PEG to a continuous process. Complete solid PEG6000 dissolution at a concentration of
15 % (w/v) was achieved in approximately 1 min, which is in contrast to the long mixing times required
for stock solutions up to 50 % (w/v). Thus, direct solid precipitation can be easily adapted to work fully
continuously. The possibility to reduce the PEG concentration used for the washing step was not
considered since a peg concentration below 15 % will lead to product loss.

3.2 Protein precipitation in continuous mode

To perform the continuous solid addition experiment, we built up a setup consisting of a scale-flow control
unit loop ensuring a constant volume of 6 mL into a mixing vessel connected to the additional device. The
constant volume was ensured by visual monitoring using a scale. The mixing vessel was connected to a pump of an
AKTA system with a flow of 2 mL/ min connected to a 5 min tubular reactor and the Dissolvr was set to 0.25
g /min. To avoid the accumulation of moisture, we integrated the Dissolvr into a chamber with slight over-
pressure with dry process air (Figure 2) [27]. We used a similar setup for the liquid PEG addition, but the
40 % PEG6000 stock solution was added to the supernatant using a Y-shaped connector. Samples were
collected in factions of 2, 20 and 40 mL depending on the running time. Since the dosing system is
depending on the hygroscopic characteristics of the powder, prior to the experiments, the device was
calibrated to determine the dosing rate in grams per revolution [27].

We were able to perform continuous precipitation of antibodies with PEG in solid form during 4 h. To
determine the time required to achieve the steady state and to ensure that complete precipitation was
achieved, we analyzed the supernatants. Steady-state was achieved after 5 min process time. As in batch
experiments, no antibody was found in the supernatants proving that complete protein precipitation
reaches the kinetic equilibrium relatively fast. Furthermore, the constant linear addition of PEG over the
total run demonstrates a robust and precise approach. For further analysis, we withdrew the supernatant and
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washed twice the precipitates with 20 % PEG6000. The pellet was resuspended with 1 x PBS pH 3.5 [6].
Afterwards, samples were analyzed for recovery yield and purity. Results showed comparable yields and
purities for both approaches, 76 % and 79 % and 98 % and 98 %, for liquid and solid respectively along the
4h run (Figure 3). Therefore, the form of PEG6000 for protein precipitation did not show any negative
influence on the protein behavior during precipitation in comparison to liquid precipitation. Nevertheless
the lower yields obtained during redissolution, highlight that further optimization studies on precipitation
should be focused on the redissolution of the precipitated antibodies.

3.3. Economic analysis

We evaluated and compared four different scenarios for the capture step of monoclonal antibodies with
subsequent low pH virus inactivation. The first scenario corresponded to a typical batch protein A affinity
chromatography capture step. The second scenario was a continuous protein A affinity chromatography
capture employing periodic counter-current loading. The third scenario was a continuous precipitation by
adding the PEG in a liquid form, and the fourth scenario was a continuous precipitation by direct addition
of PEG in solid form (Figure 4). The economic models simulate the purification of 1000 kg yr* of antibodies
during 330 operating days. In Table 1, the main parameters used for the simulations with the relative
sources are summarized. In the continuous processes, one production campaign lasted 10 days. The
flowcharts in Figure 4 show the purification steps for each scenario. The continuous chromatographic
capture was calculated with a scenario assuming a four-column periodic counter-current loading system
while the batch scenario only has a single large column, sizes of the equipment were calculated through
the mass balances. In the liquid PEG scenario, PEG is first dissolved to a final 50% stock solution in a stirred
tank reactor. Because of PEG solution is close to the maximum PEG solubility in water, such solution needs

to be mixed at least for 24h to ensure proper dissolution. Afterwards, the PEG stock solution is mixed into

the supernatant to 15 % PEG concentration and transferred to a 10 min residence time (RT) tubular reactor

where precipitation occurs. In the solid PEG scenario, the dissolution tanks of the liquid PEG process are
replaced by the Dissolvr® system that mixes the solid PEG directly into the supernatant in a stirred tank to

15 % PEG concentration and then transfers the formed solution to a tubular reactor with 10 min RT.
Subsequently, the product is redissolved in a tank at a low pH (1 hr RT) before passing through a second
tubular reactor (10 min RT) where viral inactivation occurs thanks to the acidic conditions. The equipment
is sized according to the volumetric flow of the stream to process and the RT (Supplementary materials).

The process simulations performed with SuperPro Designer show that solid PEG is the most economical
method to purify antibodies among the four considered scenarios, with a COGs of 972 € kg (Figure 5a).
Overall, the Solid PEG method is 45 % cheaper compared to the liquid PEG and 53 % cheaper than Protein
A PCC which is the state-of-the-art in antibody manufacturing [31]. Both the PEG processes show a similar
distribution of the costs (Figure 5b) with the capital expenditures (CAPEX) representing the majority of
the COGs followed by the raw materials and the labor. The reduction in the COGs between the two is due
almost entirely to the lower equipment costs since two large mixing tanks (7.5 m*and 12.5 m? of capacity)
are replaced by the Dissolvr® system (Figure 6,). In our base case for chromatographic capture, we

assumed 175 cycles as column lifetime and a binding capacity of 60 g L* which are documented
characteristics of new-generation protein A affinity chromatography media [32]. The higher cost of the
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Protein A methods is explained by the very high selling price of the resin (assumed to be 10,800 € L, bulk
purchase price) which accounts for over 50 % of the COGs (consumables in Figure 5b). The smaller size of
the chromatographic units in PCC mode compared to Batch mode allows to save equipment and
consumable costs since less resin is needed to pack the columns. Given the large impact of the resin cost
on the final COGS of antibodies, the column lifetime is a crucial parameter in the economics of protein A
purification. By applying a + 50 % change on the column lifetime, the antibody-COGs for protein A in PCC
mode ranges from 3063 € kg™ (-50 %) to 1609 € kg (+50 %).

3.4 Environmental analysis

The PMI is a widely used environmental metric describing the total mass of materials consumed to
manufacture a unit of product [13, 22]. Liquid PEG is the scenario with the highest PMI (953 kg kg™
antibody). By the addition of PEG in solid form, PMI was reduced by 55 % similar to chromatography-
based scenarios (around 400 kg kg?) (Figure 7). Water and steam are responsible for almost the entire
PMI in the four scenarios, this is in line with other findings focused on the environmental analysis of
biopharmaceuticals [13]. Extra WFI and steam are used to solubilize the PEG and clean the additional
mixing vessels of the liquid PEG scenario hence the higher PMI and carbon emissions (Figure 7a).
Producing WFI and steam is an energy-intensive process that is described by the WAter Related Impact of
ENergy (WARIEN) metrics [13]. By using the WARIEN metrics it was calculated that the carbon footprint
of WFI is 56.1 gCO2 eq. kg-1 and 193.5 gCO2 eq. kg-1 for steam for solid and liquid PEG precipitation
respectively, with the assumption of using the Austrian energy grid and natural gas for producing the
steam. Therefore, carbon emissions were reduced by 60 % compared to liquid PEG precipitation, reaching
similar values as the chromatography-based scenarios. If WFI was produced with membranes rather than
via distillation the final carbon footprint of WARIEN would be 26 % lower. HVAC also contributes
significantly to the emissions of the precipitations processes but it is negligible for protein A step given
the small cleanroom area occupied by the chromatographic units. Overall solid PEG and the two protein
A scenarios have a very similar ecological impact.

4. Conclusions

It is possible to continuously perform protein precipitation by direct addition of PEG6000 in solid form.
The operation was performed for 4h demonstrating a robust and precise approach. By direct addition of the
precipitant in solid form, the CoGs are substantially reduced and this also is reflected by the environmental
footprint. The direct addition of solid PEG for the capture of antibodies is the most economical way
compared to continuous capture by protein A affinity chromatography, continuous capture by addition of
liquid PEG or batch capture by protein A affinity chromatography. Capital expenditures are the main cost
drivers for continuous precipitation processes. Therefore, scaling down the equipment costs leads to a
cheaper antibody purification strategy compared to conventional protein A chromatography. Moreover, It reduces
the carbon footprint associated with HVAC energy consumption by smaller cleanroom and storage areas.
This is an attractive approach for a continuous capture step yielding an uninterrupted mass flow of the
product and will pave the way for PEG precipitation as a capture step.
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395 Tables

396 Table 1. Model settings defining the four scenarios for the TEA. The recipe cycle time

Main models settings

Settings Solid PEG Liquid PEG  Batch PCC protein A Source
protein
A
Yearly 1000 1000 1000 1000 [35]{Kelley, 2009
throughput #5}
(kg yr)
Operating days 330 330 330 330 Assumed
per year
(days yr)
Mode of Semi- Semi- Batch Semi-continuous Assumed
operation continuous continuous
Batch 10° 10° Ik 13¢ 2Assumed
duration/run
R bCalculated based
durstion teps duration
on steps
(days™) J
(1 cycle)
Calculated based
on steps duration
(55 cycles in PCC
mode)
Recipe cycle 14 14 14 14 Assumed
time (days™)
# of batches/# 21 21 21 21 Assumed
of runs (yr?)
Antibody titre 0.5 0.5 0.5 0.5 [36]
in supernatant
(ww™)
Antibody yield 85°¢ 85°¢ 97¢ 97¢ ‘Lab-scale
(%) experiments

9Built-in database
BioSolve
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Figures

Figure 1. Yield and purity comparison of solid and liquid PE6000 precipitation in batch mode with mAbO1
and mAbO2. Precipitates were recovered by centrifugation, washed with 20% PEG6000 and dissolved with
1xPBS pH 3.5. Experiments were performed in triplicates and data are given as mean + standard deviation.
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416  Figure 2. Experimental set-up for continuous protein precipitation using PEG6000 added in solid form. The
417  feeding device feeds solid PEG into a mixing vessel and transported through a tubular reactor.
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431  Figure 3. a) Recovery yields and b) purity of mAbO1 using liquid and solid PEG precipitation. Precipitates
432  were recovered by centrifugation, washed with 20% PEG6000 and redissolved with 1xPBS pH 3.5.
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Figure 4. Processes flowcharts: a)

Batch Protein A, after elution the antibody solution undergoes viral

inactivation in a mixing tank. b) PCC protein A. c) Liquid PEG, highlighted in red the mixing tanks for the

dissolution of PEG. After the precipitation step in a tubular reactor, the supernatant undergoes a two

steps tangential flow filtration (TFF) followed by redissolution of antibody with phosphate buffer, dead-

end filtration of the undissolved antibody and pH neutralization. d) Solid PEG, highlighted in red the
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Figure 5. a) CAPEX and OPEX comparison b) COGs breakdown.
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Figure 6. The difference in COGs, split into subcategories, between a) Solid and Liquid PEG b) Solid PEG
and PCC protein A.
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478  Figure 7. a) Carbon footprint of the four-purification methods b) PMI calculations.
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Supplementary material
CAPEX tables

Table 1. Total Equipment Purchasing Costs for the Solid and Liquid PEG processes.

Solid PEG Liquid PEG
Equipment Quantity Size sticos Quantity Size Toloinsk
(€) (€)
PEG container 0 N/A N/A 2 am2m? 4,000
(hopper)
PEG dissolution P N/A N/A 2 7.5 m3; 12.5 310,000
tank m
Liquid PEG +
supernatant 0 N/A N/A 1 50L 4,500
mixing tank
50L

Dissolvr system 2 (mixing 13,000 0 N/A N/A

tank)

Max Max
Tubular reactor 2 throughput 20,000 2 throughput 20,000

100 L/hr 100 L/hr

Microfilter (TFF1) 1 20 m? 55,000 1 30 m? 70,000
Diafilter (TFF 2) 1 30 m2 77,000 1 30 m2 77,000
Redissolution tank 1 50L 4,500 1 50L 4,500
Dead-end filter 1 10 m? 38,000 1 10 m? 38,000
il 1 s0L 4,500 1 s0L 4,500
tank
Uiilistad 53,000 133,363
equipment (20%
of total MEPC)
Main Equipment 265,000 666,813
Purchase Cost
(MEPC)
Auxiliary 1,200,000 1,200,000
equipment PC
(Clean-in-place
skids)
Total Equipment
Purchasing Cost
(TEPC) (Incl.
auxiliary eq.) 1,465,000 1,866,813
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Table 2. Total Equipment Purchase Costs for the PCC Protein A and Protein A Batch processes.

Protein A PCC Protein A Batch
Equipment | Quantity Size Tot?L)Cost Quantity Size Clgtt?l€)
PBA Column 420L 200,000 1|205L 428,000
Dead-end
filter 1|10m? 40,000 1| 10m? 40,000
pH
neutralization
tank 1|2 m? 85,320 1|4m? 115,110
Unlisted
equipment
(20% of total
MEPC) 81,330 145,778
MEPC
406,650 728,888
Auxiliary
equipment
PC (Clean-in-
place skids) 300,000 300,000
TEPC 706,650 1028888
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Table 3. Total Direct Fixed Cost for the four simulated processes.

Protein A
Solid PEG Liquid PEG Protein APCC | Batch
Composite Lang's factor 8.13 8.13 8.13 8.13
MEPC [€] 265,000 666,813 406,650 728,888
Total Direct Fixed Cost
(TDFC) (Incl. auxiliary
equipment) [€] 3,354,450 6,621,186 3,606,065 6,225,855
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List of abbreviations

ATF
BI

CA
CAD
CFD
CHO
COP/COC
CoGs
DLP
DSP
FBRM
FDA
FDM
HCP
HMWI
HTS
HVAC
ICB
LOC
LTCC
mAbs
MCSGP

MmPAA
NCa
PAT
PC
PCC
pDADMAC
PDMS
PEG
PEI

pl

PMI
PMMA

Alternating flow filtration

Bioprocess intensification

Caprylic acid

Computer-aided design
Computational fluid dynamics
Chinese hamster ovary

Cyclic Olefin (Co-) Polymers

Cost of Goods

Digital light processing

Downstream process

Focused beam reflectance measurement
Food and drug administration

Fusion deposition modeling

Host cell proteins

High molecular weight impurities
High-throughput screening

Heating — ventilation — air conditioning
Integrated continuous biomanufacturing
Lab on a Chip

Low-Temperature Cofired Ceramics
Monoclonal antibodies

Multi-column counter-current solvent
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Appendix A: Academic CV

Conferences:

1.

Bioprocessing Summit — Boston, 2021
Online Poster presentation: How to design continuous devices to improve tangential

flow filtration and product quality in protein precipitation

2. 40th International Symposium on the Separation of Proteins, Peptides &
Polynucleotides (ISPPP) — Porto, 2021
Oral presentation: How to design continuous devices to improve tangential flow
filtration and product quality in protein precipitation

3. PepTalk — The protein Science and Production Week - San Diego, 2022
Online Poster presentation: How to design continuous devices to improve tangential
flow filtration and product quality in protein precipitation

4. Bioprocessing Summit Europe — Barcelona, 2022
Oral presentation: Milliscale devices to accelerate process development for protein
precipitation and filtration

5. Biomania - Brno, 2022
Oral presentation: Milliscale devices to accelerate process development for protein
precipitation and filtration

6. Recovery of Biological Products — Rome, 2022
Poster presentation: Milliscale devices to accelerate process development for protein
precipitation and filtration

7. Biopartitioning and purification conference — Aveiro, 2022
Poster presentation: Milliscale devices to accelerate process development for protein
precipitation and filtration.

8. Integrated Continuous Biomanufacturing — Sitges, 2022
Poster presentation: Continuous precipitation of antibodies by feeding of solid
polyethylene glycol

Awards:

e Poster Award at Recovery of Biological Products XIX — Rome 2022

o Best Poster Award at Biopartitioning and purification conference — Aveiro 2022

e 2" Shared prize at BOKU / tecnet | accent Innovation Award 2022

Patents:

Apparatus and method for the purification of biomolecules. Patent No. WO2022083901
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