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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 Proteinpräzipitation kann ein alternative Technologie zum herkömmlich verwendeten 

ersten Aufreinigungsschritt für monoklonale Antikörper: Typischerweise wird die 

Proteinpräzipitation durch direkte Zugabe des Fällungsmittels in einer einzigen Dosis 

durchgeführt. Ein solcher Ansatz berücksichtigt nicht die Mitfällung von Verunreinigungen und 

vernachlässigt die Dynamik der Präzipitation und damit den Einschluss unerwünschter 

Verunreinigungen. Um solche Nachteile zu überwinden, wurde eine graduelle Zudosierung 

von Polyethylenglykol implementiert, mit der die endgültige Reinheit und Ausbeute verbessert 

werden konnte. Außerdem führte die Zugabe in Abhängigkeit zur 

Zudosierungsgeschwindigkeit zu unterschiedlicher Filtrierbarkeit der Präzipitate. Um alle 

erforderlichen Daten für das Scale-up von Präzipitationsprozessen zu erhalten, wurden 

Hochdurchsatz-Instrumente zur kontinuierlichen Proteinfällung entwickelt. Solche 

miniaturisierten Systeme wurden verwendet, um die am besten geeigneten 

Fällungsbedingungen wie die Dosierungszeit des Fällungsmittels, die resultierende 

Filtrierbarkeit und die Löslichkeitskurven von Antikörpern und Verunreinigungen zu 

untersuchen und zu bestimmen. Das größte ungelöste Hindernis, Proteinpräzipitation als 

Option in großem Maßstab zu implementieren, ist traditionell der große Puffer- und 

Wasserverbrauch, da das Fällungsmittel in Wasser vorgelöst werden muss. Daher wurde zur 

kontinuierlichen Proteinfällung ein Pulverzuführgerät zur direkten Zugabe von PEG in fester 

Form in Kombination mit den miniaturisierten Rohrreaktoren verwendet. Ein solches 

alternatives Verfahren wurde wirtschaftlich und ökologisch bewertet und mit aktuellen 

Verfahren nach dem Stand der Technik für den ersten Aufreinigungsschritt verglichen. Die 

CoGs und der ökologische Fußabdruck wurden dadurch deutlich reduziert. Die in dieser Arbeit 

vorgestellten Ergebnisse werden dazu beitragen, die Entwicklung vollständig kontinuierliche 

Bioprozesse zu beschleunigen. 
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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) 2,3. 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 5 and 

yeast 6. 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 

mAb titers to rise up to 10 g/L  9-12. 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) 14-16. Fresh 

media is continuously added while depleted media and waste metabolites are continuously 

removed 17. Such a design allows cell densities over 200 million cells/mL and titers above 5 

mg/mL 18. 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 19, 20. 

Continuous upstream processing is reasonably well established, but further development is 

still required to achieve continuous downstream processes 19. 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 

Figure 1. Flow scheme of a conventional antibody production process. 
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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 21. 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 23. 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 18, 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 24, 25.  
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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 26, 27. 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) 28.  

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 29, 

30, and innovation was mainly taking place in small companies or start-ups 19. 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 (BI) 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 33. 

Regardless if it is process intensification or continuous manufacturing such improvements can 

meet the requirement for the market pressures 2, 3, 29, 34-39. Many industries such a chemical or 

food industries have already switched from batch to continuous production to maximize 

process flexibility and minimize production costs 40-42. 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 9, 

43-45. 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 19. 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 46  in line with quality-by-design (QbD) 47. 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 48.  

 

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 49, 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. 50 

Non-chromatographic technologies 

In the past years, several non-chromatographic alternatives have been investigated to replace 

protein A affinity chromatography. Crystallization 51, aqueous two-phase extraction 52, 53, 

membrane filtration 54  and precipitation 55-60
  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.  

 

Figure 3. Phase diagram of protein precipitation/crystallization. Hypothetical pathways in continuous precipitation 
and batch are represented in red and blue lines (Adapted from 61, 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 62. Such 

behavior is given by equation (1). 

𝑙𝑜𝑔𝑆 = 𝑙𝑜𝑔𝑆0 −  βc (1) 

Where 𝑆 is the solubility of the protein, 𝑆0 is the solubility of the protein in absence of a 

precipitating agent, β 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 63, 64.  

Methods for protein precipitation 

In the biopharma industry, the most notable process where protein purification is applied is in 

plasma fractionation 57. Protein precipitation is a well-established process for process 

purification, which was the first time described by Cohn and is still being used 65, 66. 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 67. Several organic solvents can be used for protein 

precipitation including ethers, acetone and alcohols 68. The mechanism of ethanol precipitation 

seems to be due to a decrease of dielectric point, which results in dehydration of proteins 69. 

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 70.  

Another precipitating agent with a long safety record in the pharmaceutical industry is 

polyethylene glycol (PEG) 57. 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 71-74. Recently, PEG 

precipitation has been also adapted for mAbs purification 56, 58, 75. 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 

76. 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 benefit 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 64, 77. Despite several studies have been performed, 

the mechanism behind protein precipitation is still not understood 74. 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 78. 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 CaCl2 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 33 18, 75, 

79. A suggested way of how might work is that ZnCl2 form reversible bridges between proteins 

reducing their solubility, resulting in the precipitation of the antibodies. However, ZnCl2 

precipitation is highly influenced and affected by the media composition. Therefore, it cannot 

be always applied 80.  

Differences in isoelectric points (pI) 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 pI. 

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 21, 81, 82. 

Mammalian cells are mostly positively charged while antibodies have a more neutral – basic 

pH around 7.8 – 10 83. Then, HCPs can be selectively precipitated from antibodies by adding 

acid and adjusting the pH to the pI of the HCPs. Another example is precipitations with caprylic 

acid (CA) 55, 84 85. CA was employed for the purification of antivenom from equine plasma and 

more recently in antibody purification 86. 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 87. 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) 88, pDADMAC 

21,89-90, chitosan and stimulus-responsive polymers, such as modified polyallylamine (mPAA) 

91. 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 92. 

Another methodology for precipitation is by employing heat. This methodology takes 

advantage of differences in the melting point between impurities and the target protein 93. 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 94-97 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 98. 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 particles. 

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. 

https://onlinelibrary.wiley.com/doi/10.1002/jctb.5500#jctb5500-bib-0002
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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 99 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 59, 75, 100. Such 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 101, 102, 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 58, 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 99. 

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 99. 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 97. 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 103, tubular bowl 104 and multi-chamber bowl centrifuges 105. 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 75, 106. 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 97.  

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. 

• Increase the average size or keep particle size distribution with minimum variations. 

• Improve particle characteristics such as density or compactness 

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

• 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 particle 

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 107. 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 97. 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. 109. 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 109. 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 109, 110. 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 111. 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 29. 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 112. 

Additionally, not all unit operations can be properly scaled-down or two unit operations cannot 

be integrated for further optimization 113, 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 115.  

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 116-119, 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 75 (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 75.  

 

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) 120. The addition of microvalves or micropumps will 

increase manufacturing costs and the complexity of the design of the device 121. 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 122. 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 117.  

• 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-up125. 

• 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 129. However, pressure-driven flows 

present certain inconvenient such as the hydrodynamic fluidic resistance, 

hydrodynamic dispersion of the samples 126-128, 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 129, 130. 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 131, 132. 

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 133. 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 Al2O3 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 136, which gained interest due to 



 33 

the noteworthy low cost and operation requirements, or hydrogels 137. 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 132. 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 138. 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 CO2 laser 139. 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. CO2 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 140. The most-commonly used 

techniques are fusion deposition modelling (FDM), stereolithography (SLA) and digital light 

processing (DLP) 112. 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 141. The availability of 

biopolymers allowed to transfer of such techniques to biotechnological applications such as 

the development of microbioreactors for cell culture 142 or 3D printed columns for 

chromatography processes 143. 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: 

• 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. 

• Develop and characterize milliscale fluidic devices capable of mimicking critical 

process parameters for fast and efficient process development. 

• 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 I - 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 58. However, the impact of resulting 

precipitates on subsequent purification steps was also omitted. In this first publication 

(Publication I), 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.144  

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. 
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Paper II - 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 II) 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). 

   

Figure 8. Millidevices were designed using CorelDRAW 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. 

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 II. 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.  

A) 

 

B) 

 

C) 

 

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. 145 
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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 I. 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. 

 

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. 145 

 

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 I. 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 III - Millidevices for solubility curve determination 

After the successful results with the millidevices, the third publication (Publication III) 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 Äkta system to reduce the number of 

required pumps and valves-free.  

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 Äkta system, without the need for flexible materials 

such as PDMS. 

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. 1  
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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 ZnCl2 and 

CaCl2 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 Äkta 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.  

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. 

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). 
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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 IV). 

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.  

 

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 IV – 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.  

 

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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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: 

• Poster Award at Recovery of Biological Products XIX – Rome 2022 

• Best Poster Award at Biopartitioning and purification conference – Aveiro 2022 

• 2nd Shared prize at BOKU / tecnet | accent Innovation Award 2022 

Patents: 

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

 


