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Abstract 
Protein-based drugs are becoming increasingly important both therapeutically 

and economically. However, these drugs are complex and costly to manufacture, 

making them difficult to access for many patients and not feasible for disease indications 

requiring large volumes and low costs. Therefore, advances are needed in protein drug 

manufacturing and especially in downstream processing, which represents the greatest 

bottleneck in modern protein drug processes. Here, we present a range of new protein 

purification methods as well as critical analyses of existing methods, focusing on 

separations that exploit changes in chemical phase as a low-cost alternative to 

chromatography. First, we develop a low-cost and highly scalable purification method 

for the clinical-stage antiviral Griffithsin. We show that the method dramatically 

improves upon the current process for production of clinical trial material. Second, we 

extend the Griffithsin purification method by scaling it up and integrating it with an 

auto-inducible cell lysis method, increasing purification performance enough to enable a 

complete clinical-quality process without any conventional chromatography. Finally, we 

conduct a meta-analysis of phase change-based protein purification methods. We show 

that, contrary to the common assumption in the field, the major barrier to adoption of 

these methods is cost rather than purification performance, and we identify for the first 

time the key factors driving purification costs across a wide range of such methods. 
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1. Introduction  
Protein-based drugs, which can enable more specific targeting and effector 

functions than their small-molecule counterparts, are becoming increasingly important 

both economically and therapeutically. However, they are also complex and costly to 

manufacture, making them difficult to access even for patients in wealthy countries 

(Blackstone & Fuhr, 2007), virtually unavailable in many parts of the world (Ewen et al., 

2019; Saqib et al., 2018), and infeasible for indications requiring large volumes and low 

costs. Therefore, innovations are needed in manufacturing methods and especially in 

downstream processing, which is generally the limiting factor for cost and throughput 

in modern protein drug processes (Farid, 2017; Straathof, 2011). 

One approach to reducing protein drug manufacturing costs has been to target 

conventional packed-bed chromatography, the linchpin of protein drug downstream 

processing, for partial or complete replacement by alternative methods (Dos Santos et 

al., 2017; Gagnon, 2012; Roque et al., 2020). A prominent class of such alternatives, 

including precipitation and liquid-liquid extraction methods, relies on differences in 

solubility of product and contaminant proteins to achieve partitioning among different 

chemical phases. Typically, phase formation or solute solubility changes are induced by 

addition of relatively inexpensive chemicals or by physical stimuli such as temperature. 

It is therefore generally assumed that such methods will have lower costs, simpler 
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scaling properties, and better economies of scale than conventional chromatography, 

which relies on expensive resins and has relatively low limits to the dimensions of any 

single column. Although such partitioning-based methods have been used for some 

pharmaceutical products for many decades (for example, in the Cohn plasma 

fractionation process), they have not been widely adopted in the industry to date. The 

principal aims of this dissertation are: 1) to advance the purification performance of this 

class of methods; 2) to better identify the exact circumstances in which they are likely to 

be economically preferable to chromatography; and 3) to identify the limits of process 

economic benefits that can be gained by implementing them. 

In Chapter 2, I developed a novel purification method for the clinical-stage 

broad-spectrum antiviral protein Griffithsin. I also conducted a detailed techno-

economic analysis to compare manufacturing processes based on this method to the 

currently licensed process for manufacturing Griffithsin as well as to the larger field of 

protein drug processes. This study addressed all three aims of the dissertation. First, I 

leveraged Design of Experiments approaches to develop a novel multi-mechanism 

precipitation to purify Griffithsin, with selectivity and yield among the highest reported 

for any partitioning-based protein purification to date. Second, I analyzed the economic 

benefits of implementing this method to replace a chromatography step in a large-scale 

bioprocess as a function of process scale and the stage in the purification train at which 
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the new method was implemented. Third, I identified the upper bound of process scale 

at which implementation of this method ceased to provide further cost reductions as 

other process costs became limiting. Chapter 2 was published in Frontiers in 

Bioengineering and Biotechnology: 

 

Decker, J. S., Menacho-Melgar, R., & Lynch, M. D. (2020). Low-Cost, Large-Scale 

Production of the Anti-viral Lectin Griffithsin. Frontiers in Bioengineering and 

Biotechnology, 8, 1020. 

 

In Chapter 3, I made further improvements to the Griffithsin purification method 

and extended the theme of process economics from manufacturing cost alone to also 

consider the benefits of flexible manufacturing. This study addressed the first and 

second aims of the dissertation. First, the previously developed Griffithsin purification 

method was scaled up and integrated with a novel procedure for heat-triggered cellular 

autolysis and autohydrolysis of DNA, which enabled demonstration of a complete 

clinical-quality bioprocess without any conventional chromatography steps. Second, I 

explored the possibilities of single-use biomanufacturing enabled by such a process, 

with a focus on the benefits of such an approach for situations such as the COVID-19 
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pandemic or other future cases requiring localized and on-demand protein drug 

manufacturing. Chapter 3 was published in Biochemical Engineering Journal: 

 

Decker, J. S., Menacho-Melgar, R., & Lynch, M. D. (2022). Integrated autolysis, DNA 

hydrolysis and precipitation enables an improved bioprocess for Q-Griffithsin, a broad-

spectrum antiviral and clinical-stage anti-COVID-19 candidate. Biochemical Engineering 

Journal, 181, 108403. 

 

In Chapter 4, I conducted a systematic meta-analysis of the literature on 

partitioning-based protein purification methods to identify reasons behind their low 

uptake in protein drug processes and guide future work. This study addressed the first 

and second aims of the dissertation. With regard to advancing the purification 

performance of partitioning methods, I present the first comprehensive and quantitative 

overview of how different partitioning methods perform in comparison to each other 

and to chromatography alternatives. I also show that experimental design significantly 

affects performance outcomes. With regard to defining the scope for implementing 

partitioning methods in place of chromatography in protein drug processes, I present 

the first systematic techno-economic analysis of a diverse set of partitioning methods. I 

show that the economic benefits of these methods are far from being as universal as held 



 

 

5 

by conventional wisdom in the field, but instead depend on several key factors that are 

not generally considered. I also identify simple metrics predicting the economic 

performance of partitioning methods so that researchers in the future can develop more 

economically viable methods without having to conduct detailed techno-economic 

analyses. A publication on this chapter is in preparation. 

In addition to the work discussed in these chapters, I also contributed to the 

following publications during my Ph.D.: 

 

Menacho-Melgar, R., Decker, J. S., Hennigan, J. N., & Lynch, M. D. (2019). A review of 

lipidation in the development of advanced protein and peptide therapeutics. Journal of 

Controlled Release: Official Journal of the Controlled Release Society, 295, 1–12. 

 

Menacho-Melgar, R., Ye, Z., Moreb, E. A., Yang, T., Efromson, J. P., Decker, J. S., Wang, 

R., & Lynch, M. D. (2020). Scalable, two-stage, autoinduction of recombinant protein 

expression in E. coli utilizing phosphate depletion. Biotechnology and Bioengineering, 

117(9), 2715–2727. 
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2. Low-Cost, Large-Scale Production of the Anti-Viral 
Lectin Griffithsin 

This chapter has been reproduced in full with permission from Decker, J. S., 

Menacho-Melgar, R., & Lynch, M. D. (2020). Low-Cost, Large-Scale Production of the 

Anti-viral Lectin Griffithsin. Frontiers in Bioengineering and Biotechnology, 8, 1020. 

Copyright 2020, the authors. Author contributions and acknowledgements are detailed 

at the end of this chapter. 

2.1 Introduction 

There is a significant need for broad-spectrum antiviral drugs that are effective, 

safe, widely available and affordable, as has been highlighted by the current COVID-19 

pandemic. Among the drugs currently being developed against SARS-CoV-2 are many 

proteins (biologics), especially monoclonal antibodies (mAbs) (G. Li & De Clercq, 2020). 

While these drugs hold great promise for efficacy and safety, as a class biologics are 

costly to manufacture (Farid, 2017), costly for patients and insurers (Blackstone & Fuhr, 

2007), and usually produced on relatively small scales compared to traditional drugs. 

Therapeutic mAbs are typically produced on a scale of only hundreds of kg/yr or less, 

with manufacturing costs (costs of goods sold, COGS) of >$100/g (Figure 1A, Table 2) 

and sales prices of >$1000/g (Table 2). In contrast, assuming a typical biologic drug dose 

of tens to hundreds of milligrams and a global demand for hundreds of millions of 
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doses for a biologic antiviral against a pandemic virus, we estimate a need for 

production volumes of tens of thousands of kg/yr and COGS of less than $10/g.
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Figure 1: Economic landscape of protein drug bioprocesses. (A) Estimated cost of goods sold and scale of production for 
various protein drug products. Gray circles: monoclonal antibodies (mAbs), based on an analysis of publicly available financial data 
summarized in Table 2. Brown diamond: results of an in silico-modeled tobacco-based process for Griffithsin (GRFT) by Alam et al. 

(2018), which does not include formulation or packaging costs. Black squares: in silico-models of a GRFT process based on E. coli 
fermentation and a conventional, chromatography-based downstream purification, modeled at various scales. Blue triangles: in silico 

models of GRFT processes based on E. coli fermentation and a downstream purification based on the precipitation step reported 
here, modeled at various scales. The green shaded area indicates an estimated target range for large-scale, low-cost deployment of an 

anti-SARS-CoV-2 biologic (>20,000 kg/yr at <$10.00/g). (B) The GRFT processes and target region from (A), replotted on zoomed-in 
axes for clarity. Cost per 24 mg dose is also shown, assuming packaging in 200 mg multi-dose vials. 
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One factor that tends to sharply lower COGS in manufacturing is increasing 

production scale (Figure 1), thanks to economies of scale. However, in the production of 

biologics there are meaningful limitations to current economies of scale. According to 

one estimate, mAb production costs have the potential to be as low as $20/g if scaled up 

to production levels of 10,000 kg/yr, which is approximately 10 times larger than the 

largest-scale mAb process commercialized to date (Kelley, 2009). Insulin, likely the least 

expensive and largest-scale biologic, has a global patient population of approximately 

100 million and a production volume on the order of 50,000 kg per year, with an 

estimated COGS still above $25/g before formulation (Gotham et al., 2018). Therefore it 

is unclear whether economies of scale in current biologics manufacturing processes are 

sufficient to allow COGS significantly below $20–25/g at any scale. 

These limitations call into question whether widespread use of biologics against 

SARS-CoV-2 or other pandemic viruses will be commercially feasible, especially in more 

resource-limited settings (Ewen et al., 2019; Saqib et al., 2018). Thus, even while safety 

and efficacy remain to be established for anti-SARS-CoV-2 biologic candidates, finding 

ways to increase accessibility and reduce costs for these drugs is also paramount and 

should proceed in parallel with drug validation. Toward this end, we report improved 

manufacturing techniques for the promising broad-spectrum antiviral protein Griffithsin 

(GRFT). 
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GRFT and its derivatives (e.g., the oxidation-stable variant Q-GRFT) (Günaydın 

et al., 2019) are small lectins originally isolated from the red algae Griffithsia (Mori et al., 

2005). GRFT binds and neutralizes many enveloped viruses including HIV (O’Keefe et 

al., 2009), HSV and HPV (Derby et al., 2018), HCV (Meuleman et al., 2011), and SARS-

CoV (O’Keefe et al., 2010). GRFT’s selectivity for high-mannose glycans (Moulaei et al., 

2010; Xue et al., 2013), which are host-derived and widely conserved on the surface 

proteins of enveloped viruses (Bagdonaite & Wandall, 2018; Vigerust & Shepherd, 2007), 

make it a broad-spectrum entry inhibitor and potentially a neutralizer of many emerging 

viruses (O’Keefe et al., 2010; Sato et al., 2011; van der Meer et al., 2007). This protein has 

undergone clinical evaluation (including Phase 1 clinical trials) as a microbicide to 

prevent HIV transmission during sexual intercourse (Population Council, 2016) and has 

shown an excellent safety profile in animals including non-human primates when 

applied topically, intravenously or subcutaneously (Barton et al., 2014; Derby et al., 2018; 

Ishag et al., 2013; Kouokam et al., 2016; Nixon et al., 2013; O’Keefe et al., 2009). 

Although GRFT has not previously been shown to neutralize SARS-CoV-2, it is a 

promising candidate: the SARS-CoV-2 spike protein is known to have a high degree of 

glycan conservation with the SARS-CoV spike protein, (Walls et al., 2020) and GRFT has 

been shown to be safe and effective in preventing SARS-CoV-related mortality and 

morbidity when administered intranasally to mice (O’Keefe et al., 2010). While 

additional studies are needed to determine the efficacy and safety of GRFT for 
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prevention or treatment of SARS-CoV-2, significant manufacturing challenges must also 

be solved in parallel. Based on the previous studies in mice for SARS-CoV, where doses 

of 2.5–5 mg/kg-day were evaluated (O’Keefe et al., 2010), allometric scaling would 

suggest an effective human dose in the range of 0.2–0.4 mg/kg-day or ∼12–24 mg/day or 

more (Nair & Jacob, 2016). As at least an approximate starting point for a human dose, 

this suggests that meeting the potential global demand for an effective antiviral against 

SARS-CoV-2 would require at least thousands of kg of GRFT and would cost hundreds 

of millions or billions of dollars even if priced at the extreme low end of the typical 

range for biologics. Even broader deployment, such as for a prophylactic, would require 

tens of thousands of kg of GRFT. 

In this work, we develop a proof of principle bioprocess that supports GRFT 

production at dramatically larger scales and lower COGS than previously demonstrated. 

Importantly, this process does not just reduce COGS by some fixed proportion, but 

shows improved economies of scale so that its advantage continues to increase as 

production scale rises. This is achieved by replacing a costly and poorly scaling 

chromatography operation in the downstream purification (DSP) with a precipitation 

step. We estimate that this process would enable a single plant, with 60,000 L of 

fermentation capacity and approximately $130 million in fixed capital costs, to produce 

>24,000 kg GRFT/yr at a COGS as low as $3.43/g. 
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2.2 Materials and Methods 

2.2.1 Reagents and Media 

SM10, AB, and AB-C7 media were prepared as previously reported (Menacho-

Melgar et al., 2020). Kanamycin sulfate was used at a working concentration of 35 

μg/mL. Unless otherwise stated, all materials and reagents were of the highest grade 

possible and purchased from Sigma (St. Louis, MO). 

2.2.2 Strains and Plasmids 

Escherichia coli strain DLF_Z0025 was constructed as previously reported (S. Li 

et al., 2021; Menacho-Melgar et al., 2020). The GRFT sequence as reported by Mori et al. 

(Mori et al., 2005) was codon-optimized and incorporated in a synthetic DNA construct 

(IDT, Coralville, IA) under the control of the low phosphate inducible phoA, phoB, and 

yibD gene promoters (Moreb et al., 2020). These genes were inserted into the pSMART-

HC-Kan vector (Lucigen, Middleton, WI) using 2X HiFi DNA Assembly Master Mix 

from New England Biolabs (Ipswich, MA) according to manufacturer instructions. The 

resulting plasmids were pHCKan-phoAp-GRFT (Addgene #158747), pHCKan-yibDp-

GRFT (Addgene # 158745), pHCKan-phoBp-GRFT (Addgene # 158746). Additionally, a 

plasmid to express Q-GRFT (an enhanced variant of GRFT (Günaydın et al., 2019)), was 

cloned using around the world Q5 mutagenesis (New England Biolabs, Ipswich, MA) 

following manufacturers instruction, pHCKan-yibDp-GRFT as a template and primers 

Q-GRFT_F and Q-GRFT_R (GGCCCATACGGAGGGTCG and 
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GAAACGACGCCCCTGATTCGTCTC, respectively). The resulting plasmid was 

pHCKan-yibDp-Q-GRFT (Addgene # 158748). All plasmids were confirmed via Sanger 

sequencing at Genewiz, Research Triangle Park, NC. 

2.2.3 Fermentations 

Microfermentations (using AB media), shake flask expression (using SM10 or 

AB-C7 media) and instrumented fermentations were performed as previously described 

(Menacho-Melgar et al., 2020). 

2.2.4 Technoeconomic Analysis and in silico Bioprocess Modeling 

Models of GRFT production bioprocesses were created in SuperPro Designer 

(Intelligen, Inc., Scotch Plains, NJ). Each process was designed to produce GRFT meeting 

typical biologics standards: virus-free, <10 ng residual cellular DNA (rcDNA)/dose 

(World Health Organization, 1998), (<100 pg/mg GRFT assuming a maximum dose of 

100 mg), <100 ppm host cell proteins (Wang et al., 2009), and endotoxin levels less than 

12.5 endotoxin units (EU) per mg GRFT (assuming a limit of 5 EU per kg patient 

bodyweight (The United States Pharmacopeial Convention, 2011) and a dose of 0.4 

mg/kg). Default options for SuperPro’s built-in cost models were used to estimate 

expenses including equipment, consumables, other capital investment, insurance and 

taxes, maintenance, labor and utilities. A 10 year straight line depreciation model was 

used for all equipment. The plant was assumed to be operational for 85% of each year. 

Sensitivity analyses (Figure 3) were conducted by changing relevant process variables 
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one at a time, and scaling analyses (Figure 1) were conducted by linearly scaling 

equipment capacities and adjusting materials costs according to an exponential 

economies of scale model. For further details on modeling, refer to Appendix A. 

2.2.5 Design of Experiments and Precipitation Optimization 

Design of experiments (DoE) was used to facilitate the optimization of 

precipitation conditions for GRFT purification through two rounds of experiments. In 

the first screening round, a Definitive Screening Design (JMP®, Version 14. SAS 

Institute, Cary, NC) was used with two outcomes, GRFT separation factor and yield, and 

four factors: incubation temperature and time, pH, and (NH4)2SO4 concentration. In a 

second round guided by the results of the first, a central composite design was used 

with the addition of protein concentration as a factor and the removal of time and 

(NH4)2SO4 concentration as factors. Predictive models were constructed using standard 

least-squares linear regression. 

DLF_Z0025 containing pSMART-phoAp-GRFT was cultured in shake flasks as 

previously described (Menacho-Melgar et al., 2020). Cells were harvested by 

centrifugation and pellets were stored at −60°C until lysis. Cell pellets were resuspended 

in 50 mM phosphate buffer, pH 7.2, to a density of approximately 300–400 OD600 and 

supplemented with Halt protease inhibitor (Thermo Fisher Scientific, Waltham, MA). 

Cells were lysed at 4°C using a sonicator with 2 mm probe operated at 45% power for 48 

cycles of 15 s on, 45 s off. Lysate was cleared by centrifugation at 4°C and total protein 



 

15 

concentration was measured using the Pierce Coomassie Plus Bradford Assay Kit 

(Thermo Fisher Scientific, Waltham, MA) and normalized to twice the desired protein 

concentration for each precipitation condition. A lysate standard for yield quantification 

was prepared by diluting to 0.25 g/L in lysis buffer, adding Laemmli sample buffer (Bio-

Rad Laboratories, Hercules, CA), heating at 95°C for 5 min, and storing at −20°C. 

Precipitation buffers were prepared in 200 μL PCR tubes by combining ultrapure 

water, saturated (NH4)2SO4 solution, and concentrated HCl or NaOH to achieve the 

desired pH and degree of (NH4)2SO4 saturation in 100 μL. Clarified lysate was added to 

each buffer at a 1:1 volume ratio to achieve the desired protein concentration in 200 μL, 

and samples were incubated in thermocyclers or dry heat blocks for the times and 

temperatures prescribed by each DoE condition. Immediately after each incubation, 

samples were harvested and clarified by centrifugation. Because the yield of GRFT in 

each supernatant was unknown until SDS-PAGE analysis, supernatants were diluted in 

lysis buffer such that a 50% yield of GRFT would result in equal GRFT concentrations 

between a given sample and the lysate standard (e.g., samples with initial 

concentrations of 5 g/L total protein were diluted 10x; 2.5 g/L by 5x; etc.). Diluted 

supernatants were denatured in Laemmli buffer and stored at −20°C. 

Separation factors and yields for GRFT from each precipitation condition were 

analyzed by densitometry of SDS-PAGE gels. 15-well NuPAGE Bis-Tris gels (Thermo 

Fisher Scientific, Waltham, MA) were loaded with 10 μL per well of each sample 
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(including 5 μL Laemmli buffer) and run in MOPS buffer at 200 V. Each gel included a 

lysate standard from the same batch of lysate as the purified samples on that gel, to 

allow yield calculations. Gels were stained with SYPRO Ruby Protein Gel Stain (Thermo 

Fisher Scientific, Waltham, MA) according to manufacturer instructions and imaged 

through a 635 ± 35 nm bandpass filter under UV illumination. Densitometry was 

conducted using FIJI (Rueden et al., 2017; Schindelin et al., 2012). Rolling ball 

background subtraction was applied with a ball radius of 400 pixels (>2x the largest 

band dimension), and bands were automatically identified and integrated using FIJI’s 

built-in thresholding tool based on the method of Huang and Wang (L.-K. Huang & 

Wang,Mao-Jiun,J., 1995) Separation factors were calculated as the ratio of GRFT to 

contaminants in a sample divided by the corresponding ratio in the lysate standard. 

Yield was calculated as the dilution-corrected ratio between the GRFT signal in a 

purified sample and in the lysate standard. The amount of GRFT in each sample and 

standard was within the linear range of the stain. 

2.2.6 Anion Exchange FPLC for Endotoxin Removal 

Supernatants from the optimal precipitation step were pooled, exchanged by 

diafiltration into 100 mM pH 2.73 citrate buffer containing 50 mM ammonium sulfate 

(sample buffer) and stored at 4°C prior to chromatography. Strong anion exchange FPLC 

was performed in flowthrough mode using a 5 mL HiTrap® Q FF column on an AKTA 

Pure instrument (GE Healthcare Life Sciences, Marlborough, MA). The flow path and 
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column were equilibrated with 8 column volumes of sample buffer, followed by manual 

washing and equilibration of the 500 μL sample loop, injection of 1000 μL of sample at a 

flow rate of 10 mL/min, and a further wash with sample buffer at a flow rate of 10 

mL/min. A single peak was observed to flow through immediately and was collected for 

analysis. 

2.2.7 rcDNA and Endotoxin Quantification 

Endotoxin was quantified using the Pierce Chromogenic Endotoxin Quant Kit 

(Thermo Fisher Scientific, Waltham, MA) according to manufacturer instructions. 

rcDNA was assessed by agarose gel electrophoresis with ethidium bromide staining. 

2.2.8 SPR 

The activity of precipitation-purified GRFT was assayed by measuring its 

binding to gp140 using a Biacore T200 surface plasmon resonance instrument with a 

CM5 sensor chip (GE Healthcare Life Sciences, Marlborough, MA). Recombinant gp140 

from the clade C strain 92BR025 was obtained from Sino Biological, Inc., (catalog # 

40251-V02H; Beijing, China) and immobilized to approximately 300 response units via 

NHS-EDC coupling. The immobilized surface was quenched with ethanolamine and 

equilibrated with PBS at 50 μL/min for several hours. GRFT was prepared in triplicate 

dilution series at concentrations of 400, 200, 100, 50, and 12.5 nM, and kinetic titrations 

were performed. As a positive control, the first replicate series of GRFT injections was 

interleaved with concentration-matched injections of purified 6x-histidine-tagged GRFT 
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obtained from Barry O’Keefe at the National Cancer Institute. Between each sample 

injection, the surface was regenerated with 10 mM glycine, pH 1.5, at 50 μL/min for 15 s 

and then re-equilibrated with PBS at 50 μL/min for 2 min. Binding responses were 

adjusted by subtracting both the response observed on a blank (activated and quenched) 

sensor surface and the response to zero-concentration samples. For His-GRFT, n = 1 for 

all concentrations; for precipitation-purified GRFT, n = 3 except for 12.5 nM, for which 

the second replicate showed no binding and was discarded. Kinetic constants for both 

precipitation-purified GRFT and His-GRFT were determined using BIAevaluation 

software (GE Healthcare Life Sciences, Marlborough, MA) by fitting a heterogeneous 

ligand model to each replicate dataset independently, then calculating means and 

standard deviations in the case of precipitation-purified GRFT. 

2.3 Results 

2.3.1 A Critical Evaluation of GRFT Bioprocess Alternatives 

We first sought to critically evaluate the capabilities of various potential GRFT 

bioprocesses, to achieve volume and cost targets as mentioned above (a COGS < $10/g 

and production of >5000 kg per year). These included previously demonstrated 

processes using engineered plants and more traditional fermentation based processes 

(Alam et al., 2018; Fuqua, Hamorsky, et al., 2015; Fuqua, Wanga, et al., 2015; O’Keefe et 

al., 2009). For plant-based bioprocesses, we analyzed the impact of the specific 

production of GRFT (g GRFT/g plant biomass), plant biomass costs, and the scalability 
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of plant based protein production on manufacturing volumes and costs, resulting in an 

estimate for the potential of plant-based processes if scaled (refer to Figure 1 and 

Appendix A). As can be seen from this analysis, plant-based manufacturing is highly 

unlikely to reach target production volumes or costs for a large-scale GRFT antiviral. We 

then assessed the potential of more traditional fermentation-based processes (e.g., using 

engineered E. coli) modeled using SuperPro Designer (Petrides et al., 2014; Toumi et al., 

2021). We based these processes on our own lab-scale results with GRFT expression and 

purification (see below), standard bioprocess operations adapted as appropriate, and 

previously reported formulations for nebulized proteins (Albasarah et al., 2010; Steckel 

et al., 2003). As seen in Figure 1, large-scale fermentation-based processes have the 

potential to produce the needed volumes of GRFT at costs within our target range.  

2.3.2 GRFT Bioprocess Cost Reductions 

We next evaluated cost reduction opportunities for a fermentation-based process 

using a typical DSP strategy based on multiple chromatography columns and a typical 

formulation suitable for nebulization (Process A). This process, with 60,000 L 

fermentation capacity producing 24,000 kg of GRFT per year, is illustrated in Figure 2A. 

As can be seen in Figure 2 panels C and D, the COGS and capital expenses (CAPEX) for 

this process are dominated by DSP. These results are broadly consistent with 

observations for most large-scale bioprocesses (Straathof, 2011). While this process using 
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a conventional DSP can reach target GRFT production scales (>20 tons annually), the 

conventional DSP approach leaves significant opportunities for cost reduction.
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Figure 2: E. coli fermentation-based processes for GRFT antiviral manufacturing. The processes shown here are modeled to 
produce approximately 24,000 kg of GRFT per year in a multidose vial with a formulation suitable for nebulization. (A) Process with 
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conventional chromatography-based purification. (B) Process with precipitation-based purification. (C) Costs of Goods Sold per 
gram of formulated and packaged GRFT for the processes from (A) (left) and (B) (right), shown by process section and cost category. 
(D) Estimated capital expenses for the processes from (A,B), shown by process section. CD - cycle duration, AEx - Anion exchange, 
WFI = water for injection, DSP - downstream purification, including primary recovery, Entity - final packaged product (e.g., a filled 

vial). Fermentation includes seed train and primary fermentation operations. Materials include all raw materials (e.g., chemicals, 
water) and consumables (e.g., membranes and resins).  
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To reduce overall process costs, we began by targeting the key drivers of DSP 

costs in Process A: buffer and resin consumption (L/unit GRFT), and especially the first 

chromatography step. Operations related to this step account for more than 60% of total 

process COGS. Of this fraction, buffers and resin make up approximately 35% and 42%, 

respectively, while facility-related costs account for 20% and are dominated by the 

chromatography columns but also include a significant contribution from buffer storage 

tanks. In this first chromatography step the feed stream is least pure and the loading of 

resin and buffer is therefore least efficient. Encouraged by GRFT’s known 

thermostability and acid tolerance (O’Keefe et al., 2009), we considered the potential of a 

precipitation step to quickly remove most contaminants with minimal materials and 

consumables costs. Based on pilot precipitation studies in our lab, we modeled a process 

(Process B) using the same upstream and formulation operations as Process A but with a 

DSP consisting of one precipitation step and two chromatography steps. This process is 

shown in Figure 2B. As can be seen in Figure 2C (Process B) and Figure 1, if the first 

chromatography step from Process A could be replaced with a precipitation step, COGS 

could be greatly reduced to below $3.50/g. This is accomplished primarily through a 

reduction in DSP materials costs, though they remain the largest contributor to DSP 

costs. A sensitivity analysis of this process (Figure 3B) revealed that reducing the total 

protein concentration during the precipitation increases costs as buffer consumption 

increases, while further increases (from our baseline concentration of 20 g/L) lead to only 
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modest cost reductions as material costs become a smaller fraction of total process costs. 

Interestingly, when holding equipment constant, this process is less sensitive than 

Process A to decreases in the fermentation cell density (or other decreases in GRFT titer), 

because decreases in titer leave Process A with oversized columns that still consume as 

much buffer and resin as before while processing less GRFT. In contrast, in Process B, 

the feed stream entering the precipitation step can easily be concentrated so that the 

material consumption per unit GRFT in precipitation remains unchanged. 
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Figure 3: COGS and throughput sensitivities for the two processes shown in 
Figure 2. Variables along the Y-axis were varied one at a time and in each case the model 

was then adjusted to maximize throughput and minimize cost without any changes in 
equipment or plant layout. Light gray bars show high conditions (increasing the 

variable), dark gray bars show low conditions (decreasing the variable). Black line 
shows baseline values for each model. (A) Conventional purification. (B) Precipitation-
based purification. Filler - the vial filler used in formulation. AEx - anion exchange, CEx 

- cation exchange, TFF - tangential flow filtration. 

Replacing a single chromatography step with a precipitation step significantly 

reduces COGS for cGMP GRFT production, especially at large scales. This process could 

enable a single plant with 60,000 L of fermentation capacity to support the manufacture 
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of > 24,000 kg of GRFT antiviral annually, with fixed capital costs of $130 million and 

COGS < $3.50/g. 

2.3.3 Production of GRFT in Engineered E. coli 

While GRFT has been previously expressed in E. coli in fermentations, only 

modest titers of ∼0.5 g/L were obtained (Giomarelli et al., 2006). First, we expressed 

GRFT to relatively high titers in a minimal media fermentations. This was accomplished 

leveraging two-stage production processes as previously reported by Menacho-Melgar 

et al. (Menacho-Melgar et al., 2020) and robust low phosphate inducible promoters as 

reported by Moreb et al. (Moreb et al., 2020). Using this platform, GRFT is expressed 

upon entry into stationary phase, (Burg et al., 2016) when batch phosphate is depleted. 

We screened three low phosphate inducible promoters (phoA, phoB and yibD) for two-

stage expression in microfermentations (Figure 4A) and then scaled the production of 

the phoA promoter construct into an instrumented bioreactor producing ∼30 gCDW/L 

of biomass and >2.5 g/L of GRFT in a 60 h fermentation (Figure 4B). Refer to Table 1 for 

plasmids and strains used in this study. Additionally, we initially validated expression 

of a Q-GRFT construct in microfermentations (Figure 39). 



 

27 

 

Figure 4: Expression of GRFT at microliter and liter scale. (A) Expression of 
GRFT in 96-well plate microfermentations using E. coli strain DLF_Z0025 containing 
GRFT under the control of the low-phosphate inducible promoters phoA, phoB, and 
yibD. (B) Expression of GRFT in a two-stage fermentation. E. coli strain DLF_Z0025 
containing GRFT under the control of the low-phosphate inducible phoA promoter was 
cultured in a 1 L bioreactor. Biomass levels are shown by gray triangles and the final 
GRFT titer (∼2.7 g/L) is shown by a green square, corresponding to a GRFT expression 
level of ∼20% of total cell protein. 

2.3.4 Optimization of Downstream Purification 

To optimize the DSP for GRFT, we leveraged standard Design of Experiments 

(DoE) methodology with a focus on three key variables: pH, salt concentration 

(NH4)2SO4 and temperature (Jones & Nachtsheim, 2013; Thomas Lorenzen & Virgil 

Anderson, 1993). GRFT was produced in shake flask cultures according to Menacho-

Melgar et al. (Menacho-Melgar et al., 2020). Yield and purity were analyzed by SDS-

PAGE and densitometry (refer to Materials and Methods), as shown in Figure 5. 

Elevated temperature, low pH and relatively low (NH4)2SO4 concentrations were found 

to be optimal. In the best conditions, we achieved a greater than 99% purity by 

fluorescently stained SDS-PAGE and a yield of 91.5%. In addition, precipitation reduced 
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rcDNA to below detectable levels (Figure 37) and endotoxin levels by approximately 

1000-fold compared to untreated lysate (not shown). Residual endotoxin was removed 

by a single flow through anion exchange chromatography step, as described in Materials 

and Methods, leading to endotoxin levels less than 1.0 endotoxin units (EU) per mg 

GRFT, below anticipated FDA limits (Center for Drug Evaluation and Research, 2012). 

This process was subsequently validated with GRFT produced from 1-L fermentations. 

 

Figure 5: Results of Design of Experiment (DoE) studies to optimize the 
precipitation step. Three key variables are shown: temperature, ammonium sulfate 
concentration (% saturation) and pH. Two outputs were evaluated: yield (A) and 
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separation factor (B). Gray dashed lines are included for perspective. (C) A summary of 
these outputs over each experiment in the two rounds of DoE. (D) Fluorescently stained 
SDS-PAGE gel, converted to grayscale and with brightness values inverted for clarity. 
Lane 1, Ladder; Lane 2, untreated E. coli lysate containing GRFT (diluted 1:40); Lanes 3 
and 4, supernatant following precipitation and supernatant following diafiltration into 
chromatography running buffer (each diluted 1:30); Lane 5, flow-through fraction from 
the final endotoxin removal chromatography step (diluted 5:8). 

2.3.5 Precipitation-Purified GRFT Retains Anti-gp140 Activity 

We next turned to evaluating our precipitation-purified GRFT’s performance in a 

test of in vitro binding to recombinant glycosylated HIV gp140 (subtype C, strain 

92BR025). Binding kinetics were measured using surface plasmon resonance (SPR) 

(Figure 6). Kon (association rate) and Koff (dissociation rate) were measured to be 1.3 ± 0.6 

× 107 and 6.4 ± 5.2 × 10–2 respectively, resulting in an affinity of 4.4 ± 1.6 × 10–9 M. These 

measurements agreed well with previously reported measurements using GRFT and the 

closely related gp140 of strain Du151, (Fuqua, Hamorsky, et al., 2015) as well as with our 

own results using poly histidine tagged GRFT purified via immobilized metal affinity 

chromatography (Figure 38). 
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Figure 6: Binding kinetics of purified GRFT vs. purified HIV gp140. 
Measurements were accomplished with SPR. Lines show the mean response at each 

concentration and shaded areas show standard deviations. Each replicate set was 
analyzed independently by fitting with a heterogeneous ligand model, followed by 

calculation of summary statistics.
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2.4 Discussion 

Producing a biologic at the costs and scales relevant to a pandemic response 

presents a novel and significant challenge, in addition to establishing a drug candidate’s 

safety and efficacy. To address this challenge, we have developed a process for 

production of the broad-spectrum antiviral GRFT (Figure 2B), which we estimate would 

allow a $130 million plant to produce GRFT at scales of > 24,000 kg/yr and COGS as low 

as $3.43/g. Based on an estimated dose of 12–24 mg, this would be sufficient to provide 

on the order of 1 billion doses/yr at a COGS of about $0.08/dose. Though work remains 

to further validate both the production process and, importantly, GRFT as a drug 

candidate, these results support the feasibility of developing biologics for large-scale, 

cost-sensitive applications such as antivirals. 

These results also suggest a general strategy for other large-scale biologics 

production processes. Conventional processes have difficulty reaching extremely low 

COGS in part because their costs at large scale become dominated by downstream 

operations that have inherently poor economies of scale, especially chromatography 

(Figure 2C, Process A). This results in COGS reaching a plateau at sufficiently large 

scales (Figure 1B, Process A). The process reported here highlights one solution to that 

problem. Replacing only the first of three chromatography operations with a 

precipitation step not only reduces material and facility costs per kg of GRFT purified, 

but also shifts costs away from items that tend to scale poorly and toward those that 
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tend to scale well: e.g., from columns to stirred tanks and from resins to bulk chemicals 

and buffers. This allows COGS for the precipitation-based process to continue declining 

sharply even up to scales approaching 100,000 kg/yr (Figure 1B, Process B). 

2.4.1 Future Work in the Development of GRFT as a Large-Scale 
Antiviral 

Though large-scale manufacturing of an affordable biologic antiviral presents its 

own challenge, there is of course also an urgent need to validate GRFT’s safety and 

efficacy against SARS-CoV-2 and other viruses. This will require defining formulations 

and dosages as well as preparing sufficient material for preclinical and clinical trials. A 

final GRFT dosage and formulation are significant unknowns that could affect the 

process economics reported here. Our model assumes a typical nebulized protein 

formulation and packaging in 200 mg multi-dose vials in order to capture some 

approximate formulation costs, though the final formulation and packaging will likely 

be different. Drug masses per vial much larger or smaller than anticipated may affect the 

throughput of fill-finish operations as well as the costs of packaging, both of which are 

significant cost drivers in the optimized process (Figure 2C). Most importantly, any need 

to produce a solid form such as a lyophilized powder for reconstitution would have a 

substantial impact on costs for a large-scale process because of the low throughput and 

poor scalability of lyophilization. Thus, GRFT variants such as Q-GRFT that have 

enhanced stability in solution may be particularly important for further study. 



 

33 

To prepare sufficient GRFT for any clinical trials, our process would have to be 

transferred from the lab scale to facilities with hundreds of liters of fermentation 

capacity. The most significant unknowns in this regard are the scale-up of the 

precipitation step and the subsequent clarification steps. While principles for scale-up of 

precipitation are well known (Martinez et al., 2019), the process is not necessarily trivial. 

Though at the lab scale we observe large precipitate particles that are easily cleared, the 

sheer mass of solids to be removed in a large-scale process as well as the potential for 

the particle size distribution to change with scale-up may necessitate some process 

optimization. 

If the process developed here will be implemented at large scale, it is worth 

considering whether other changes can bring further improvements. A sensitivity 

analysis (Figure 3B) did not indicate significant opportunities for COGS reductions in 

the large-scale model. On the other hand, this simple analysis cannot capture all the 

complexities and interdependencies of a pharmaceutical process. The two most 

promising possibilities may be increases in GRFT expression or the use of engineered 

host strains that reduce DNA in lysates (Menacho-Melgar et al., 2020). Either of these 

changes may reduce the number of polishing operations required after precipitation. 

Nonetheless, the impact of these operations is much less than the cost of the first 

chromatography operation replaced by precipitation, and the process costs are already 

approaching being dominated by formulation operations (Figure 2C). 
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2.4.2 Precipitation as a Cost-Effective Alternative to Chromatography 

Beyond GRFT, this work supports the potential of precipitation to replace some 

chromatography operations in biologic drug manufacturing. The benefits of such a 

change can be very significant, and increase with increasing process scale. Especially 

important are operations that can replace the earliest chromatography steps in the 

downstream process: these steps tend to have the highest costs because they have the 

highest loading of contaminants and therefore the least efficient use of buffer, resin, and 

installed column capacity. Thus, ideal precipitations for reducing costs would be capable 

of delivering at least crudely pure product out of the highly impure feed streams present 

at the start of DSP, while conserving buffer, equipment capacity, and unit operations by 

working with high protein concentrations and leaving the product soluble. 

The specific precipitation demonstrated here uniquely leverages the unusual 

thermostability and acid stability of GRFT. This helps the optimized precipitation step to 

achieve levels of purity and yield comparable to the most effective chromatographic 

operations, including Protein A chromatography for mAbs. However, even a less 

effective precipitation step may still provide equivalent advantages if the best available 

first-stage chromatography operations are also less effective, which is the case for most 

non-mAb biologics. Precipitation effectiveness may also be improved for some products 

by protein engineering and/or improved screening of conditions. Otherwise, non-

precipitation alternatives to chromatography—such as the use of Elastin-like 
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polypeptides (ELPs) (Hassouneh et al., 2010), crystallization (Hubbuch et al., 2019), 

aqueous extraction, or others—may provide similar benefits as long as yields and 

selectivities are sufficiently high. Nonetheless, precipitation does have certain 

advantages over some of these alternatives, which may require additional steps to 

remove ELPs or high molecular weight polymers, or require handling of a solid-phase 

product after crystallization. 

2.4.3 Unlocking Economies of Scale in Biologic Drug Production 

Our results demonstrate that replacing chromatography operations with 

precipitation or similar alternatives can not only decrease COGS, but shift costs to 

equipment and materials that experience better economies of scale. In the case of the 

GRFT process, COGS savings from precipitation range from ∼20% at 200 kg/yr to ∼73% 

at 100,000 kg/yr (Figure 1B). Liquid chromatography scales particularly poorly because 

increasing column height is limited by resin compression and backpressure while 

increasing diameter is limited by irregularities in resin packing and flow. Consequently, 

very large-scale processes can quickly reach a demand for column capacity that cannot 

be met except by using multiple columns in parallel or running each column for many 

cycles. In turn, facility and labor costs increase. Even for the limited amount of scale-up 

that is possible, resins and column hardware do not decrease in price with increasing 

scale as rapidly as do buffers and stirred tanks. 
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Previous analyses have argued that chromatography is capable of supporting 

production of some biologics even at the scale of 10,000 kg/yr (Kelley, 2007). Our results 

entirely agree with the conclusions that there are no inherent limits to throughput per se 

that keep chromatography-based biologics processes from achieving multiton 

production scales, or even from doing so at very low costs (Figure 1, Process A). 

However, the COGS for these processes nonetheless plateaus at very large scales, and 

some valuable applications for biologic drugs—such as a globally deployed broad-

spectrum antiviral—may realistically require breaking through this plateau. One way to 

do so is to look beyond chromatography to operations like precipitation that are 

inherently capable of better economies of scale.  
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3. Integrated Autolysis, DNA Hydrolysis and 
Precipitation Enables an Improved Bioprocess for Q-
Griffithsin, a Broad-Spectrum Antiviral and Clinical-
Stage anti-COVID-19 Candidate 

This chapter has been reproduced in full with permission from Decker, J. S., 

Menacho-Melgar, R., & Lynch, M. D. (2022). Integrated autolysis, DNA hydrolysis and 

precipitation enables an improved bioprocess for Q-Griffithsin, a broad-spectrum 

antiviral and clinical-stage anti-COVID-19 candidate. Biochemical Engineering Journal, 

181, 108403. Copyright 2020, Elsevier. Author contributions and acknowledgements are 

detailed at the end of this chapter. 

3.1 Introduction 

The need for innovation in biopharmaceutical manufacturing has been 

highlighted by the COVID-19 pandemic (Hodgson, 2021) as well as, more generally, by 

the long-term increase in the use and cost of biologic drugs (IQVIA Institute for Human 

Data Science, 2019). This has been recognized through regulatory initiatives such as the 

Advanced Technology Team within FDA (Office of the Commissioner, US Food and 

Drug Administration, n.d.) and the formation of government-academic-industrial 

partnerships such as the National Institute for Innovation in Manufacturing 

Biopharmaceuticals (NIIMBL) (Erickson et al., 2021). At the level of process design, the 

key trends are intensification and flexibility, where intensification refers to increasing 

efficiency on the basis of cost, space, and/or time (Whitford, 2020), and flexibility refers 
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to processes that are modular, portable from facility to facility, and amenable to changes 

in production rates (Erickson et al., 2021). At the level of technology, some approaches 

are especially interesting because of their potential to deliver both flexibility and 

intensification simultaneously. These include single-use systems (Erickson et al., 2021), 

(Shukla & Gottschalk, 2013); alternatives to conventional chromatography that are less 

equipment- and buffer-intensive (Dos Santos et al., 2017; Martinez et al., 2019; Orr et al., 

2013; Roque et al., 2020); and the integration of multiple unit operations into more 

streamlined procedures with smaller footprints, e.g., by combining primary recovery 

and initial purification using expanded bed adsorption of cell lysates (Schügerl & 

Hubbuch, 2005) or host cells engineered for selective product release (Balasundaram et 

al., 2009). 

These trends and challenges in biopharmaceutical manufacturing have a direct 

impact on the global response to COVID-19. Though there is a recognized need for 

globally-available therapeutics and preventives to complement vaccines, effective 

disease-specific drugs have not been widely available worldwide (Hotez et al., 2021), in 

part because of the cost of manufacturing and the difficulty of building new 

manufacturing capacity for unpredictable demand (i.e., process inflexibility). Even in 

well-resourced countries such as the United States, options remain limited. According to 

the COVID-19 treatment guidelines of the National Institutes of Health, only one drug, 

the monoclonal antibody (mAb) cocktail Evusheld, is currently indicated for pre- or 
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post-exposure prophylaxis; after infection, disease-directed treatment generally relies on 

the protease inhibitor cocktail nirmatrelvir/ritonavir and on the mAb sotrovimab, with 

the nucleotide analogues molnupiravir and remdesivir also in use despite relatively low 

levels of efficacy, and several previously-authorized mAbs no longer in use due to 

ineffectiveness against prevailing viral variants (National Institutes of Health, n.d.). 

There is therefore a particular need for accessible, broad-spectrum drugs with potential 

for prophylactic use. One drug candidate with the potential to meet these criteria is Q-

Griffithsin (Q-GRFT), an oxidation-resistant single-residue variant of Griffithsin (GRFT) 

(Günaydın et al., 2019). GRFT and Q-GRFT are antiviral lectins with remarkably broad-

spectrum and potent activity as well as promising safety profiles (Lusvarghi & Bewley, 

2016). Importantly, a Q-GRFT-based nasal spray is currently in clinical trials for the 

prevention of COVID-19 (Palmer, n.d.). Previously, we have reported that cost and scale 

limitations of the existing GRFT bioprocess represent a significant barrier to the 

feasibility of GRFT as a widely-used antiviral, and reported a novel intensified E. coli 

bioprocess that overcomes those limitations (Decker et al., 2020). However, that process 

still required costly fixed equipment including multiple chromatography columns, 

making its flexibility limited. Because therapeutics for viral pandemics necessarily have 

highly unpredictable demand both temporally and geographically, and because global 

distribution of biotherapeutics can be a significant challenge, it is important that 
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manufacturing approaches be as simple and flexible as possible to enable rapid and local 

changes in capacity. 

Here, we report a new process for Q-GRFT that improves upon the previous 

process in both intensification and flexibility. The fundamental advance of this process is 

the use of a novel integrated procedure for cellular autolysis, autohydrolysis of nucleic 

acids, and contaminant precipitation, so that Q-GRFT is obtained at high purity 

immediately after fermentation. The bioprocess does not require conventional 

chromatography and is entirely compatible with single-use systems after fermentation. 

Relative to the previous process, it is more modular, easily transferable, and responsive 

to changes in volume demand, while also having a lower cost of goods sold (COGS) at 

scales up to several kL of fermentation capacity. 

3.2 Materials and Methods 

3.2.1 Reagents and Media 

FGM30 media was prepared as previously described (Menacho-Melgar et al., 

2020). Kanamycin sulfate was used at a working concentration of 35 μg/mL. Unless 

otherwise stated, all materials and reagents were of the highest possible grade and 

purchased from Sigma (St. Louis, MO). 
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3.2.2 Strains and Plasmids 

E. coli strains DLF_R003, DLF_R004 (Menacho-Melgar et al., 2020), and 

DLF_Z0025 (Lynch et al., 2021), as well as plasmid pHCKan-yibD-QGRFT plasmid 

(Addgene #158748) (Decker et al., 2020), were prepared as previously described. 

3.2.3 Fermentation 

Instrumented fermentations were performed as previously described (Menacho-

Melgar et al., 2020). 

3.2.4 Autolysis and Precipitation 

A protocol for autolysis and auto DNA hydrolysis triggered by heat shock was 

developed on the basis of a previously-reported method for autolysis triggered by 

freeze-thaw (Menacho-Melgar et al., 2020). Briefly, a thermostable GFP variant (Scott et 

al., 2018) was cloned into DLF_R004 and expressed in shake flasks according to 

previously-published methods (Menacho-Melgar et al., 2020). Cells were then incubated 

at various temperatures for 1 hr with or without Triton X-100 at 0.1% v/v and 

fluorescence in clarified supernatants was compared to that in samples lysed by 

sonication to estimate the relative degree of protein release. 

Following fermentation, cell lysis and initial Q-GRFT purification were 

performed in the fermenter in an integrated fashion by combining the newly-developed 

heat-triggered autolysis method with a previously-reported method for GRFT 

purification by precipitation (Decker et al., 2020). Specifically, the fermenter temperature 
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and pH were ramped to 60 °C and 3.4, respectively, and maintained there for 1 hr. Next, 

ammonium sulfate was added to a final concentration of approximately 815 mM, pH 

was maintained at 4, and the suspension was again held for 1 hr. Finally, lysates were 

decanted for clarification. Gentle agitation was maintained throughout using hollow-

bladed impellers at 300 rpm. 

3.2.5 Clarification, Tangential Flow Filtration and Membrane 
Chromatography 

Following autolysis and precipitation, Q-GRFT-containing lysates were clarified 

by centrifugation in a swinging-bucket rotor at 4000 RCF for 15 min. The supernatant 

was then filtered using a 0.2 μm PES filter (Genesee Scientific). After clarification, Q-

GRFT was diafiltered against 10 diavolumes of one of several buffers using a tangential 

flow filtration (TFF) capsule with a PES membrane of 10 kDa MWCO value (Minimate, 

Pall Corporation, Port Washington, NY). TFF was performed with a feed flow rate of 

approximately 10 L m2 min−1 and a transmembrane pressure of approximately 20 psi. 

Finally, following TFF, pure Q-GRFT was prepared by flow-through membrane 

chromatography on a salt-tolerant anion exchange capsule (Sartobind STIC PA nano, 

Sartorius, Goettingen, Germany) according to manufacturer instructions. 

3.2.6 Quantification of Q-GRFT and Contaminants 

In samples determined to be homogeneous by SDS-PAGE, Q-GRFT was 

quantified by BCA assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, 

Waltham, MA). In crude cell lysates, Q-GRFT was quantified by an in-house ELISA 
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using standard sandwich ELISA techniques. Briefly, HIV gp120 (NIH HIV Reagent 

Program, Cat. #13354) was immobilized at 1 μg/mL on 96-well assay plates (Nunc 

Maxisorp, Thermo Fisher Scientific, Waltham, MA). Plates were then blocked with 5% 

w/v BSA and incubated with clarified cell lysates containing 200 ng/mL total protein 

followed by incubation with a rabbit polyclonal anti-GRFT antibody (gift of Barry 

O′Keefe, National Cancer Institute, Bethesda, MD) at 1:400 dilution. Bound Q-GRFT was 

detected using an HRP-conjugated goat anti-rabbit polyclonal antibody at 1:5000 

dilution and TMB (Cat. #65–6120 and #N301, respectively, Thermo Fisher Scientific, 

Waltham, MA). 

Endotoxin was quantified using Endosafe cartridges (Cat. #PTS20005F, Charles 

River Laboratories, Wilmington, MA) according to manufacturer instructions. Residual 

host-cell proteins in Q-GRFT samples were quantified using an ELISA kit (Cat. #F410, 

Cygnus Technologies, Southport, NC). Residual E. coli chromosomal DNA in purified 

Q-GRFT samples was quantified using qPCR as previously described (United States 

Pharmacopeial Convention, 2017). Briefly, a primer-probe pair targeting E. coli 16 s 

rRNA was obtained by chemical synthesis (Integrated DNA Technologies, Coralville, 

IA). 20 μL qPCR reactions were carried out in duplicate according to the protocol 

provided with the Luna Universal Probe qPCR Master Mix (New England Biolabs, 

Ipswich, MA). Quantification was performed by comparison to a standard curve of E. 

coli genomic DNA (Cat. #AAJ14380MA, Fisher Scientific, Waltham, MA) at 
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concentrations from 1 to 10,000 pg per reaction. Residual host cell nuclease was 

quantified using a fluorogenic nuclease detection kit (DNAseAlert, Integrated DNA 

Technologies, Coralville, IA) and a benzonase standard. 50 μL reactions were prepared 

in triplicate in a clear-bottom black 384-well plate, with each well containing 35 μL of 

nuclease-free water, 5 μL of DNAseAlert substrate, 5 μL of 10X DNAseAlert buffer, and 

5 μL of nuclease-free water (negative control), sample, or benzonase standard ranging 

from 1.56 to 0.049 milliunits per reaction in a 2-fold dilution series. Plates were 

incubated for 1 hr at 37 °C before reading with a HEX filter set. 

3.2.7 Techno-economic Analysis and Bioprocess Modeling 

Bioprocess models were prepared using SuperPro Designer (Intelligen, Inc, 

Scotch Plains, NJ) according to methods previously described (Decker et al., 2020). Q-

GRFT expression in both the new model and the previously-described model was set to 

0.1 g/gDCW based on the expression observed in the present study, and downstream 

equipment in the previously-described model was resized to accommodate the 

increased mass of Q-GRFT. Because large-scale pricing for the STIC membrane was not 

available, we used SuperPro’s pricing models for Sartobind Q (Sartorius, Goettingen, 

Germany). Membrane sizing was based on an endotoxin capacity of 4000000 EU/mL, 

according to information from the manufacturer, and single-use operation was assumed. 
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3.3 Results 

3.3.1 Q-GRFT is Expressed to High Titer in Two-Stage Fermentations 

Previously, GRFT and Q-GRFT have been expressed in N. benthamiana and E. 

coli, with the highest reported titer being 2.7 g GRFT/L in two-stage medium-density 

fermentations of E. coli strain DLF_Z0025 (Decker et al., 2020). First, we sought to 

determine whether the recently-developed E. coli strain DLF_R004 (Menacho-Melgar et 

al., 2020), which enables cellular autolysis and autohydrolysis of DNA and RNA, could 

support similar titers of Q-GRFT. In microfermentations (Fig. 1A), the relative 

expression levels of Q-GRFT and GRFT did not vary substantially among DLF_R004 and 

two non-autolysis controls including DLF_Z0025, though there was a small but 

significant increase in Q-GRFT expression for DLF_R003 compared to DLF_R004. 

However, Q-GRFT expression was consistently somewhat lower than GRFT expression 

in all strains. Nonetheless, scaling up to 1 L fermentations (Fig. 1B) with DLF_R004 

resulted in a Q-GRFT titer 36% higher than that previously obtained for GRFT in 

DLF_Z0025 (i.e., 3.68 ± 0.5 g Q-GRFT/L vs. 2.7 g GRFT/L). 
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Figure 7: High-titer expression of Q-GRFT by two-stage fermentation. A) 
Relative expression of Q-GRFT and GRFT was compared by SDS-PAGE densitometry in 

microfermentations of an autolysis E. coli strain (DLF_R004) vs. two non-autolysis 
controls (DLF_R003 and DLF_25). N = 3 for each group. B) Q-GRFT and biomass 

accumulation were monitored during instrumented 1 L fermentations of DLF_R004. 
Solid line and shaded area: gDCW/L, mean ± SD, N = 6. Circles: Q-GRFT g/L, mean ± SD, 

N = 1–3 per timepoint. Red dashed line: mid-exponential growth. 
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3.3.2 Autolysis Selectively Reduces Endotoxin Release and Can be 
Triggered by Heat Shock 

Having expressed Q-GRFT to high titer, we turned to the establishment of an 

efficient product release strategy. We reasoned that autolysis using DLF_R004 might 

cause less micronization of the cell membrane than mechanical disruption for a given 

level of protein release, and therefore that endotoxin might remain associated with 

larger membrane particles and be more easily removed during clarification. In 

DLF_R004 lysed either by sonication or by autolysis using the freeze-thaw based method 

previously reported (Menacho-Melgar et al., 2020), we found that autolysis reduced 

endotoxin levels per unit total soluble protein by approximately 7.4-fold (Fig. 2A). Next, 

we desired to determine whether the existing autolysis method could be adapted to 

better fit a large-scale and low-cost bioprocess. Specifically, we sought to avoid its 

reliance on a freeze-thaw cycle, which is not amenable to large-scale processing, and on 

Triton X-100, which is no longer generally allowed by European drug regulators (Luo et 

al., 2020). We reasoned that the freeze-thaw cycle could be avoided if elevated 

temperatures caused a similar membrane disruption without deactivating the lysozyme 

and nuclease of DLF_R004. To test this, we expressed a heat-stable GFP variant (muGFP 

(Scott et al., 2018)) in DLF_R004 and monitored extracellular fluorescence as a function 

of temperature and of the presence or absence of 0.1% Triton X-100 (Fig. 2A). At 60 °C, 

protein release was not significantly different from that obtained with sonication, even 

in the absence of Triton. Expression of muGFP in the non-autolysis control strain 
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DLF_R003 confirmed that protein release at 60 °C was still dependent on the lysozyme 

activity of DLF_R004 (Fig. 2B). 
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Figure 8: Characterization of autolysis effects on endotoxin release and 
development of a heat shock-triggered autolysis method. A) EU per mg total soluble 
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protein following lysis of DLF_R004 by either sonication or autolysis using the freeze-
thaw method (Menacho-Melgar et al., 2020). B) muGFP fluorescence relative to 

sonication-lysed controls for DLF_R004 with or without 0.1% Triton X-100 at various 
temperatures. N = 3. C) muGFP fluorescence relative to sonication-lysed controls for 

DLF_R004 vs. DLF_R003 at 60 °C in the absence of Triton X-100. N = 3. 

3.3.3 Q-GRFT is Rapidly Released and Purified by in-Fermenter 
Autolysis and Precipitation 

Next, we sought to integrate the heat shock-triggered and detergent-free 

autolysis method developed above with a previously-reported method for rapid 

purification of GRFT by precipitation of contaminants (Decker et al., 2020). We reasoned 

that, since both the new autolysis method and the precipitation method occur at the 

same temperature (60 °C), the two might be combined in a single unit operation. 

Furthermore, since nothing is required for either method but pH and temperature 

control, mixing, and addition of a salt solution, we reasoned that such an integrated 

operation could be performed immediately after fermentation inside the bioreactor. 

Thus, Q-GRFT could be rapidly and effectively released and purified at the earliest 

possible stage of downstream processing, reducing the load on subsequent operations 

and thereby contributing to a more efficient and lower-cost process. The accumulation of 

Q-GRFT throughout a 1 L fermentation, and the purified Q-GRFT obtained after 

performing the integrated autolysis and precipitation operation within the fermenter, 

are shown in Fig. 3. Soluble protein harvested from the fermenter 2.5 h after the end of 

fermentation contained no detectable host-cell proteins (HCPs) by SYPRO Ruby staining 

(Thermo Fisher Scientific, Waltham, MA) (Fig. 3A). 
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Figure 9: In-fermenter autolysis and precipitation for rapid release and 
purification of Q-GRFT. A) SDS-PAGE showing accumulation of Q-GRFT throughout a 
1 L fermentation and purified Q-GRFT harvested from the fermenter after autolysis and 
precipitation. Lanes: a = Mk 12 unstained standard (Thermo Fisher Scientific, Waltham, 
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MA); b-f = His-GRFT standard, 1 μg to 62.5 ng in 2-fold series; g-n, 1.5 μg total protein 
from fermentation samples at 20, 22, 25, 28, 38, 46, 49, and 64 hrs after inoculation; o, 

1 μg total soluble protein following autolysis and precipitation (67 hrs after inoculation). 
B) Temperature and pH profile inside the fermenter during the autolysis and 

precipitation operation. The upward inflection of pH at approximately 90 mins. marks 
the addition of ammonium sulfate. 

3.3.4 Final Purification and Quality Assessment of Q-GRFT 

Having expressed Q-GRFT at high titer and developed a rapid, simple, and 

highly effective method for releasing and purifying it immediately after fermentation, it 

was next necessary to complete the new bioprocess by quantifying and removing 

additional key contaminants (i.e., endotoxin and residual host-cell DNA (rcDNA)) to 

below anticipated regulatory limits. Q-GRFT in current clinical trials is being 

administered as a nasal spray. Therefore, we assumed a dose of < 20 mg, based on a 

typical nasal spray delivery volume of 100 μL per spray (Djupesland, 2013) and a 

reasonable stable Q-GRFT concentration of approximately 20 mg/mL (personal 

communication, Barry O′Keefe, National Cancer Institute). Further, we assumed the 

following impurity targets: < 1000 ppm HCPs, based on a lower than usual 

immunogenicity risk given that preclinical data indicates that nasally-delivered Q-GRFT 

is not systemically absorbed (personal communication, Barry O′Keefe, National Cancer 

Institute); < 0.5 ppm DNA (i.e., <10 ng/dose (World Health Organization, 2013)); and 

< 4.8 ppm endotoxin (i.e., <48 EU/mg Q-GRFT given the commonly used conversion of 

10 EU per ng endotoxin), based on a suggested limit for topical drugs of 100 EU/m2 (The 
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United States Pharmacopeial Convention, 2011) and a nasal epithelial surface area of 

9.6 m2 (Gizurarson, 2012). 

After precipitation, we determined the levels of endotoxin and HCPs to be 628.33 

and 945.75 ppm, respectively, representing approximately 2.4 and 3.6 log reductions 

from the initial cellular composition. Notably, HCP clearance in this process was 

improved by 10-fold compared to when the same precipitation method was used 

following sonication rather than autolysis (2.6 log reduction (Decker et al., 2020)); 

however, it remains to be determined whether this improvement was due to the lysis 

method or to other factors such as different mixing conditions. Q-GRFT concentration 

and rcDNA were not quantitatively determined at this stage due to matrix interference, 

though agarose gel electrophoresis showed no detectable DNA (not shown). Further, 

mass spectroscopy suggested that remaining contaminants were almost entirely of 

approximately 2.5 kDa molecular weight (not shown). We reasoned that a TFF stage 

with 10 kDa cutoff would retain Q-GRFT while simultaneously removing small 

molecular weight contaminants and allowing conditioning of the sample for final 

purification. TFF diafiltration was performed with 10 diavolumes of a buffer containing 

10 mM Bis-Tris, pH 6.0, and 484 mM NaCl. Following TFF, Q-GRFT yield was 

determined to be 105.44 ± 6.07% relative to the fermentation titer, while endotoxin and 

HCP levels were determined to be, respectively, 180.14 ± 63.58 and 602.86 ± 130.90 ppm 

(0.54 and 0.20 log reductions compared to after precipitation). 
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Given that the predominant remaining contaminant after TFF was endotoxin, 

which has a strong negative charge at pH greater than approximately 2.5, we chose to 

use flow-through anion exchange chromatography as the final purification operation. 

Further, we selected a membrane rather than a packed-bed resin for this operation 

because of its advantages of flexible scaling, single-use compatibility, and reduced buffer 

consumption. Using the Sartobind STIC PA membrane (Sartorius, Goettingen, 

Germany), we found that endotoxin was cleared to well below target levels using a pH 

of 6.0, slightly above Q-GRFT’s predicted isoelectric point of 5.4, and an NaCl 

concentration of 484 mM (conductivity of approximately 40 mS/cm). Initial tests at pH 

4.0 and 20 mS/cm, chosen to minimize Q-GRFT binding to the membrane and according 

to manufacturer recommendations, respectively, failed to reduce endotoxin below 

5 ppm (not shown), possibly due to charge interactions between Q-GRFT and endotoxin. 

After the STIC flow-through step, Q-GRFT yield was determined to be 85.24 ± 9.56% 

relative to the fermentation titer. Endotoxin and HCP levels were, respectively, 

0.51 ± 0.36 ppm and 534.57 ± 97.81 ppm. The level of rcDNA was less than an upper 

bound value of 0.13 ± 0.02 ppm, based on no detectable amplification in a qPCR assay 

sensitive to 0.02 pg/μL. 

The Q-GRFT yield and the levels of endotoxin, HCPs, and DNA after each 

process stage are summarized in Fig. 4 for six replicate fermentations and three replicate 

runs of the downstream operations. 
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Figure 10: Yield of Q-GRFT and levels of key impurities after each stage of the 
bioprocess. At the fermentation stage, impurity levels are estimates based on the 

literature (Neidhardt & Curtiss, 1996) and the titer of Q-GRFT as determined by ELISA. 
At other process stages, impurity and Q-GRFT abundances were determined by the 

assays described in Materials and Methods. * : indicates that the corresponding value 
was not determined at a given process stage. * *: indicates that the value shown is an 

upper bound (DNA was not detectable by qPCR in the STIC-purified samples, LOQ = 
0.02 pg/μL). Columns show the grand mean of 3 bioprocess replicates (except for 

fermentation, N = 6 bioprocess replicates) with technical replicates of N = 3, 4, 3, or 2 for 
yield, endotoxin, HCP and DNA measurements, respectively. Error bars show SD of the 

3 bioprocess replicates. Yield at the fermentation stage is 100% by definition. 

3.3.5 Overview of the Improved Q-GRFT Bioprocess 

In summary, we have developed a bioprocess capable of producing Q-GRFT at 

anticipated clinical grade with high yield and only a few rapid, simple downstream 

operations. Notably, the process does not require conventional chromatography and 

enables an entirely single-use downstream train. This process is summarized 

schematically in Fig. 5. Fill and finish operations included in the SuperPro models and 

economic evaluations are not shown. 
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Figure 11: Overview of the improved Q-GRFT bioprocess. A) Fermentation. B) 
An integrated procedure for cellular autolysis, auto-hydrolysis of DNA and RNA, and 

contaminant precipitation, which can be performed within the fermenter. C) and D) 
Lysate clarification by centrifugation and/or dead-end filtration. E) Buffer exchange by 
tangential flow filtration. F) Flow-through membrane chromatography. G) Bulk drug 

substance. 

3.3.6 Economic Aspects of the Improved Q-GRFT Bioprocess 

To assess the economic competitiveness and scalability of the improved Q-GRFT 

bioprocess reported here, we created a detailed model of a cGMP plant employing the 

process using SuperPro Designer (Intelligen, Scotch Plains, NJ). For comparison, we also 

adapted our previously-published model of a scalable and low-cost GRFT bioprocess 

(Decker et al., 2020) by updating it to reflect the level of Q-GRFT expression achieved in 

the present study. The previously reported process made use of the same precipitation 

method as used here, but without autolysis or autohydrolysis of nucleic acids, and also 
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required two conventional chromatography columns instead of the single membrane 

chromatography stage used here. In general, the two processes have comparable COGS 

at all scales (Fig. 6A), although the new process has somewhat higher COGS at very 

large scales (e.g., 30 kL and 120 kL) and moderately lower COGS at small to medium 

scales (by 27% and 23% at 300 L and 3 kL, respectively). A more detailed breakdown of 

COGS by process section and cost category (Fig. 6B) revealed that the COGS advantage 

of the new process at small scales (300 L and 3 kL) comes not only from eliminating 

primary recovery costs (i.e., cell harvest and homogenization), but also from roughly 

50% reductions in labor, facility and materials-related expenses in purification. At large 

scales (30 kL and 120 kL), however, COGS in both processes become essentially driven 

by one factor: by the cost of the chromatography membrane per unit Q-GRFT for the 

new process; and by raw materials usage per unit Q-GRFT, e.g. for chromatography 

buffers, in the previous process (Fig. 6B). 
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Figure 12: Economic overview of the improved Q-GRFT bioprocess vs. a 
process using two chromatography columns.(Decker et al., 2020) A) Total COGS and 
throughput for both processes at four scales. B) Cost structure for the processes and 

scales shown in A. U = upstream, R = primary recovery, P = purification, F = fill/finish. M 
= materials, Fa = facility, C = consumables, L = labor and QC. Color bar = COGS ($/g). 
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3.4 Discussion 

3.4.1 A Flexible and Efficient Bioprocess to Support Global 
Deployment of a Broad-Spectrum Antiviral and Anti-COVID-19 Drug 
Candidate 

The biopharmaceutical manufacturing industry is increasingly emphasizing 

process efficiency (i.e., intensification) and flexibility in order to contain biologic drug 

costs, enable more agile responses to emerging and unpredictable needs, and make 

biologics economically viable for a wider range of markets in terms of both geography 

and disease indication. Global availability of effective biologic therapeutics and 

preventives is a key unmet need in the ongoing response to COVID-19 and preparation 

for future pandemics, but will require addressing these industry-wide manufacturing 

challenges. Here, we have reported a novel, intensified and flexible bioprocess for a 

clinical-stage anti-COVID-19 candidate and broad-spectrum antiviral, Q-GRFT. This 

process is efficient with respect to cost, labor, equipment and raw materials; recovers Q-

GRFT at high yield; and achieves anticipated clinical-grade purity with only a single 

purification step after the product leaves the fermentation vessel. Perhaps most 

importantly, all downstream operations are amenable to single-use processing, so that it 

is as simple as possible to modify the process scale or transfer the process to a new 

facility. These factors place the present work in contrast with previous methods for the 

production of GRFT and Q-GRFT (Alam et al., 2018; Decker et al., 2020), as well as with 

processes commonly in use for other biotherapeutics such as antibodies, which are 
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reliant on costly fixed equipment and do not combine low COGS, scalability, and a 

potential for rapid and simple changes in capacity. As such, we believe the bioprocess 

reported here represents a unique and significant advance towards ensuring that Q-

GRFT can be effectively deployed against COVID-19 and/or future pandemics, pending 

its clinical validation. 

3.4.2 Integration of Autolysis, Autohydrolysis of DNA, and 
Contaminant Precipitation Enables Process Simplification 

The key enabling feature of our improved Q-GRFT bioprocess is the integration 

of cellular autolysis, autohydrolysis of DNA and RNA, and contaminant precipitation 

into a single unit operation that essentially eliminates rcDNA as well as greatly reducing 

levels of endotoxin and HCPs. If any one of these three contaminants had not been so 

efficiently cleared at this early stage of the process, it is likely that subsequent 

downstream operations would have been required in greater number and/or with 

greater complexity and reliance on fixed equipment, such as bind-and-elute column 

chromatography. 

The integrated operation described here, though developed for Q-GRFT, may 

enable improved bioprocesses for other products produced in E. coli. In particular, we 

expect that the process could be applied directly for any other proteins that are solubly 

expressed in E. coli, thermostable to around 60 °C, and of roughly similar size to Q-

GRFT (approximately 26 kDa), given that heat denaturation and protein surface area-

dependent entropic effects (Arakawa & Timasheff, 1985) are expected to drive 
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precipitation in our process. Perhaps the most promising molecules to fit this description 

are the single-domain antibodies (“nanobodies”), an emerging class with significant 

potential in both therapy (Jovčevska & Muyldermans, 2020) and diagnosis (Yang & 

Shah, 2020), which are routinely expressed in E. coli (de Marco, 2020), are approximately 

15 kDa in weight, and have an average melting temperature of 65–70 °C (Kunz et al., 

2018). Another high-value candidate is granulocyte colony stimulating factor (G-CSF), 

which has been expressed to high titer in soluble form in the E. coli periplasm (Jeong & 

Lee, 2001), is approximately 22 kDa in weight, and has a melting temperature of 57 °C 

(Hernandez Alvarez et al., 2020). In the case of G-CSF, we expect that the operation 

could be conducted at slightly lower temperatures than used here provided that 0.1% 

Triton X-100 was used in autolysis, given that approximately 75% protein release was 

obtained at 55 °C under these conditions. Furthermore, the autolysis and precipitation 

operation reported here might be sufficient as the sole purification step for a number of 

valuable non-pharmaceutical products, which have less stringent purity requirements. 

Examples include enzymes for research or industrial uses, biomaterials, or food 

ingredients. 

3.4.3 Further Improvements to the Autolysis and Precipitation 
Process 

Though the present work offers methods that might be readily and usefully 

applied to a number of high-value E. coli products besides Q-GRFT, there are several 

apparent avenues for extending its applicability and/or improving its efficiency. First, 
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additional host strain or product engineering might enable autolysis to directly reduce 

HCP levels. For example, it may be possible to modify the autolysis method used here to 

give more limited cellular disruption, and/or specifically to release the contents of the 

periplasm but not the cytoplasm. Further host strain engineering might also enable 

autolysis with improved reductions in endotoxin levels. Additionally, alternative 

precipitation strategies could be considered. Though the current precipitation method 

was optimized for HCP reduction and Q-GRFT yield, it was not designed specifically for 

the reduction of endotoxins, another key contaminant. It also requires temperature and 

pH conditions that would denature many proteins of interest. However, in addition to 

the elevated temperatures and kosmotropic salts used here, protein precipitation can 

also be caused by many other agents that work through different mechanisms, such as 

polyelectrolytes, organic solvents, and nonionic polymers (Arakawa & Timasheff, 1985). 

Selective partitioning of endotoxin can also be performed using some detergents (Aida 

& Pabst, 1990) or polymers (Donnell et al., 2016). By further exploring the design space 

including some of these additional factors, precipitation conditions may be found that 

give clearance of HCPs and endotoxin comparable to or better than the current 

procedure, while using less denaturing conditions. 



 

64 

3.5 Author Contributions & Acknowledgements 

JSD and MDL conceived the study and prepared the manuscript. JSD, RMM and 

MDL performed experiments. JSD performed bioprocess modeling. All authors edited 

and revised the manuscript. 

This study was supported by NIH grant 3R61AI140485-02S1. We gratefully 

acknowledge the collaboration of scientists at the National Cancer Institute, the National 

Center for Advancing Translational Sciences, and the Biopharmaceutical Development 

Program of the Frederick National Laboratory.



 

65 

4. Precipitation and Extraction Methods for Protein 
Purification: A Meta-Analysis of Purification 
Performance and Cost-Effectiveness 
4.1 Introduction 

The total market for recombinant proteins is currently estimated to be more than 

$270 billion, with a projected value of more than $400 billion by 2026 (BCC Market 

Research, 2021a, 2021b, 2021c). More than 96% of these figures is accounted for by 

protein therapeutics, which are set apart from other applications by their stringent 

purity requirements and the associated high costs of manufacturing. For such drugs, 

manufacturing costs typically represent approximately 20% of total sales (Decker et al., 

2020) and downstream processing typically represents about 75% of total manufacturing 

costs (Straathof, 2011). Therefore, protein purification processes alone cost more than $40 

billion per year. The linchpin of these processes is undoubtedly conventional packed-

bed chromatography (Kelley, 2017; Rathore et al., 2018), which is often also considered 

their major cost driver and productivity bottleneck (Farid, 2017; Gagnon, 2012). 

Despite its limitations, conventional chromatography has remained the 

preeminent purification operation in biotechnology largely because of three key 

advantages. First, it is versatile: when setting out to develop a purification process for an 

arbitrary new protein product, one can assume with confidence that all or almost all the 

necessary separations can be performed using some sequence of chromatography steps. 

Second, it is predictable: most resins in common use have a single dominant selectivity 
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(e.g., electrostatic interactions or hydrophobicity), a relatively small number of easily-

controlled variables drives the performance, and optimization strategies are well-

established (Hibbert, 2012). Third, it is generally capable of high yield as well as high 

resolution even among proteins with similar properties, thanks to the relatively gentle 

separation methods employed and the multi-stage separation effect that occurs along 

the length of the column. Any alternative separation operations seeking to displace 

conventional chromatography therefore face the imposing task of overcoming these 

advantages of versatility, predictability, selectivity and yield. Furthermore, they must do 

so in a cost-effective manner. 

Nevertheless, in certain circumstances, alternative purification methods can 

dramatically lower process costs without sacrificing product quality, potentially 

enabling new markets or simpler and more flexible manufacturing processes (Decker et 

al., 2020, 2022) (see Chapters 2 and 3). One highly active area of development for such 

alternatives deals with methods that achieve purification by differentially modulating 

protein solubility among two or more chemical phases (Dos Santos et al., 2017; Hekmat, 

2015; Martinez et al., 2019; Roque et al., 2020; Soares et al., 2015). This class of methods 

can be referred to as partitioning or bulk separations (Przybycien et al., 2004) and 

includes precipitation and liquid-liquid extraction as among the most promising 

examples. These methods are generally considered attractive because of three 

advantages they offer over chromatography: they can typically achieve rapid 
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separations (e.g., on the order of minutes), they require only simple and relatively 

inexpensive equipment, and they can be performed with inexpensive chemicals. 

Despite their potential cost advantages, decades of development, and 

widespread use for non-therapeutic products and specific cases such as plasma proteins, 

partitioning methods have only seen slow and sparing uptake into commercial processes 

for recombinant protein therapeutics. Recent reviews identify only a handful of 

examples, including insulin, erythropoietin, and Apo2L (Dos Santos et al., 2017; 

Thömmes & Etzel, 2007). We set out to identify the reasons for this lack of 

implementation to date, and to guide future work in the field towards successful 

implementation. 

Other recent reviews in the field have highlighted a relatively small number of 

successful examples of partitioning methods (Dos Santos et al., 2017; Hekmat, 2015; 

Martinez et al., 2019), surveyed the broad categories of such methods (Dos Santos et al., 

2017; Roque et al., 2020), and addressed theoretical and engineering aspects of method 

development (Dos Santos et al., 2017; Hekmat, 2015; Martinez et al., 2019). However, 

they have not systematically or comprehensively evaluated the literature in a way that 

enables identification of key factors separating success from failure in method 

development, nor have they considered economic aspects of the methods in detail. They 

are therefore unable to diagnose the reasons for the low uptake of partitioning methods 
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in protein drug processes or offer evidence-based suggestions for future work that are 

generalizable across diverse types of partitioning methods. 

To address this gap in the literature, we present a meta-analysis of 168 

publications reporting 290 distinct partitioning operations. First, we systematically 

survey the full range of purification performance for nearly 40 different partitioning 

methods, rather than only highlighting successes. Second, we identify methodological 

factors associated with increases in purification performance. Third, we conduct a 

detailed techno-economic analysis and identify the conditions under which partitioning 

methods are likely to be cost-effective compared to chromatography. Fourth, we assess 

the current implementation-readiness of various partitioning methods on the basis of 

both purification performance and economics. Finally, we suggest guidelines for future 

work in the field on the basis of this evidence. 

4.2 Methods 

4.2.1 Literature Inclusion Criteria 

The scope of this analysis was limited to publications in scientific journals from 

01/01/2000 to 01/19/2022 (the date of the literature search), in which the following 

elements could be identified: 1) a process for purifying a protein was reported; 2) a 

precipitation or aqueous extraction was performed; 3) a product yield was reported; 4) a 

degree of contaminant removal was reported; 5) original research was reported; and 6) 

full-text access was available in English and at the authors’ institution. 
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4.2.2 Literature Search 

The PubMed database (National Library of Medicine (US)) was searched on 

01/19/2022 to identify publications potentially matching the inclusion criteria (for the 

search term, refer to Appendix B). 289 publications matching the inclusion criteria were 

identified, of which 168 were manually reviewed to achieve a representative sampling. 

4.2.3 Review of Publications 

Each publication in the dataset was manually reviewed for annotation of key 

features describing the product, expression system, purification process, methodology, 

and results. Each publication was further divided into one or more individual records, 

where each record contained the information relevant to a distinct protein product 

and/or partitioning unit operation. For example, a publication reporting the use of two 

sequential precipitation operations to purify one product would comprise two records. 

In contrast, when a publication reported the evaluation of multiple partitioning unit 

operations in competition, rather than for sequential use as part of the same process, 

only the one showing the best results was recorded. From the 168 publications reviewed, 

the dataset for analysis consisted of 290 unique records of partitioning purification 

operations. 

For each analyzed feature, when possible, data were transformed into 

standardized units and formats across all records. For a list and definitions of all 
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features considered in this analysis, as well as approaches used to standardize data, refer 

to Appendix B. 

4.2.3.1 Classification of partitioning methods 

Information describing the reaction conditions of each purification operation was 

collected as completely as possible, including, as applicable, the concentrations and 

identities of each chemical or biological species present and the temperature, time, pH, 

and volumes involved. However, for the purposes of most analyses, methods were also 

more broadly grouped: first as using either precipitation or liquid-liquid extraction, and 

then by the types of agents used to effect the partitioning. Phase-forming agents were 

classified by general chemical properties (e.g., charge, size, polarity) and/or by the 

features of the product and contaminant proteins that they probe (e.g., affinity 

recognition or isoelectric point). 

4.2.3.2 Classification of optimization methods 

Records in the dataset were also classified in terms of the methods used to 

optimize the partitioning unit operation. Optimization methods were categorized in four 

ways. If nothing in the publication suggested whether or how variables were tested 

before selecting the final reaction conditions, we classified a study as having no 

optimization. If each variable was tested independently and final levels of each variable 

were chosen based on the independent optima, we classified a study as using one-factor-

at-a-time optimization (OFAT). If variables were tested simultaneously and final levels 
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of each variable were chosen based on the optimum from the multiple-variables tests, 

we classified a study as using multiple-factors-at-a-time (MFAT) optimization. Finally, if 

MFAT experimentation was supplemented by the use of statistical principles to select 

the tested variable levels, experimental order, or other features of the approach, we 

classified the study as using Design of Experiments (DoE). 

4.2.4 Data Analysis, Visualization and Statistics 

Data analysis, visualization, and statistics were performed in Python using 

standard methods via the libraries pandas (McKinney, 2010), seaborn (Waskom, 2021), 

scipy (Virtanen et al., 2020), and Matplotlib (Hunter, 2007). Visualization was also 

performed in GraphPad Prism (GraphPad Software, San Diego, CA). 

Linear least-squares regressions presented in section 4.3 were performed after 

taking the log10 transform of the x and y variables to linearize the data. Statistical 

differences in product yield were determined using non-parametric tests (the Kruskal-

Wallis test and the Mann-Whitney U test for group and pairwise comparisons, 

respectively) because of the non-normality of the data. Differences in host cell protein 

removal were determined using one-way ANOVA for group tests and Welch’s t-test for 

unequal variances for pairwise tests. All multiple comparisons for pairwise tests were 

corrected by the Bonferroni method. Significance was determined at p < 0.05 or the 

appropriate corrected value. 
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4.2.5 Techno-economic Analysis 

Techno-economic analyses were performed in Python using custom unit 

operation models for a generic partitioning protein purification method and for ion-

exchange chromatography. Records from the dataset were included in the techno-

economic analysis if they reported a measure of host cell protein removal, a measure of 

product yield, a product purity level prior to partitioning, and a description of the 

reaction conditions. For each record, these data were then used to parameterize models 

of both the partitioning operation as reported and an alternative ion-exchange 

chromatography operation processing the same input stream. The complete models may 

be viewed and tested as interactive Python scripts in a web browser at 

https://mybinder.org/v2/gh/jsd94/Decker-et-al-2022-Techno-economic-analysis/main. 

For partitioning operations, parameters determined from each record included 

the yield of product relative to the input amount, the initial product mass concentration, 

the host cell protein log10 reduction value, the concentrations of each reagent on a mass 

per volume or mass per mass of product basis, and the reaction duration and 

temperature. Materials required to titrate the pH of solutions were neglected. When 

initial product concentration could not be determined, an initial total protein 

concentration of 5 g/L was assumed and the initial product concentration was calculated 

from the known initial purity. When reaction temperatures and durations were not 

reported, they were assumed to be 25 °C and 1 hour, respectively. Base prices for 
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reagents were obtained from commercial supplier quotes at the largest scale available 

(generally 2 to 25+ kg), using the highest grade of reagent available (generally 

pharmacopeial grade). 

For chromatography, input parameters from each record were the initial product 

purity and the initial total protein concentration (i.e., initial product concentration 

divided by initial purity fraction, with initial product concentrations determined or 

assumed as for partitioning operations). Product yield was assumed to be 95%. Resin 

volumes were sized to accommodate initial binding of 100% of product and 50% of 

contaminants. All chromatography operations were modeled in bind-and-elute mode. 

For both chromatography and partitioning, we considered only operating 

expenses for the relevant unit operation; capital costs and operating costs not directly 

related to the unit operation were not considered. Both cases included three major cost 

categories. First we considered facility costs, i.e., maintenance, insurance, taxes, and 

overhead costs resulting from both primary equipment and auxiliary equipment 

necessary to complete the operation. Primary equipment was assumed to be stainless 

steel blending tanks for partitioning operations or stainless steel columns for 

chromatography. Second, we considered labor costs. Labor was priced at $80.50 per 

hour total cost and it was assumed that 1 hour of labor was required per hour of unit 

operation duration per parallel equipment train. Additionally, 0.25 hours of QC were 

assumed per hour of labor, at the same hourly rate. The third cost category was for 
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materials. Materials costs included resins and buffers for chromatography, phase-

forming reagents and buffer components for partitioning methods, and cleaning agents 

for both. Economies of scale in materials prices were accounted for using a standard 

exponential scaling equation with an exponent of -0.56 (Qi et al., 2015) to determine a 

large-scale unit price based on the unit price and mass obtained from supplier quotes 

and the mass of each material required in the model per year. Water for injection (WFI), 

cleaning agents, and buffers were adjusted in the same way except that base prices and 

scales were sourced from the literature (Farid, 2017). Resin costs were not subjected to 

economies of scale, in line with previous analyses of large-scale protein drug production 

(Kelley, 2007). Finally, for partitioning operations only, utilities costs were included to 

account for electrical heating or cooling to any temperatures prescribed by the method 

description other than 25 °C. Chromatography was assumed to occur at 25 °C. 

Additional parameters relevant to US-based pharmaceutical biotechnology were 

obtained from SuperPro Designer (Intelligen, Scotch Plains, NJ). These included size-

based prices for primary equipment, maximum equipment sizes, and coefficients 

relating primary equipment costs to auxiliary equipment costs and facility-based 

operating costs. 

Each operation was modeled to purify four amounts of product through the unit 

operation per year: 10 kg, 100 kg, 1000 kg, and 10000 kg. Whenever maximum 
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equipment sizes were exceeded, the equipment was divided into as many equally-sized 

parallel units as necessary. 

4.3 Results 

4.3.1 Characterization of the Protein Precipitation and Liquid-Liquid 
Extraction Literature 

From 168 publications published between 2000 and January 2022, we identified a 

dataset of 290 distinct combinations of partitioning methods and product proteins (i.e., 

290 data “records”). We began by surveying the existing use-cases of precipitation and 

liquid-liquid extraction for protein purification, focusing on four descriptors: the type of 

method used; the type of product purified; the type of host organism from which the 

product was purified (or, more generally, the source of the contaminant protein 

background); and the context in which the research was carried out, i.e., the application 

for which it was intended to be useful. Additional characterizations of the dataset by 

these categories are available in Appendix B. 

4.3.1.1 The protein precipitation and liquid-liquid extraction literature covers a wide 
range of methods, but most have only a few examples 

We found that nearly 40 distinct types of partitioning method were in use. Of 

these, 15 were observed in 5 or more cases (Figure 13). However, while the five most 

common methods accounted for over half of all data, most methods reported were 

associated with only one or a few records. Therefore, most of the observed methods lack 

the level of replication or generalization to diverse products that would be desirable for 
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making conclusions about their readiness for commercial implementation. Additionally, 

we note that more than half of all reported methods employed two or more different 

classes of separation reagents. This fact highlights one potential advantage of 

partitioning purification methods over the alternative of conventional chromatography, 

namely their ability to use and independently control several selective agents with 

different selectivities in the same operation. 

 

Figure 13: Many different partitioning-based protein purification methods are in use, 
including many using more than one kind of phase-forming agent, but most have low 
numbers of reports. LLE: liquid-liquid extraction. ATPS: aqueous two-phase separation. 
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TPP: three phase partitioning. ELP: elastin-like polypeptide. Bar annotations show the 
number of records in each group (N=290). 

4.3.1.2 The potential combinatorial space of partitioning agents is not being fully 
exploited 

To further examine the diversity in approaches to partitioning-based purification 

and the use of different selective modes in combination, we separated each method into 

its constituent selective agents and counted the number of times each agent was used 

either alone or in each of its possible pairwise combinations. The results of this analysis 

are shown in Figure 14. We found 16 distinct agents used to effect partitioning, which 

were employed in 45 different combinations of either one or two agents. Thus, the 

pairwise combination space of agents used to purify proteins by partitioning is only 

approximately 1/3rd explored. Furthermore, for the majority of agents, by far the most 

common case was that the agent was used alone (i.e., lying on the diagonal of Figure 14). 

Therefore, although partitioning-based protein purification methods have a potential 

advantage over chromatography in their ability to independently and simultaneously 

select on multiple axes of protein properties, this potential remains largely unexplored. 

Finally, we note that most pairwise combinations that were used were observed only 

one or a few times. 
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Figure 14: The pairwise combination space of selective agents used in 
partitioning-based protein purification is largely unexplored or under-explored. 

Because the matrix is symmetric, only the upper half is shown for clarity. Tag: fusions to 
the product protein conferring a non-native selectivity. ELP: elastin-like polypeptides 

either fused to the product protein or to a binding partner. Responsive polymer: 
polymers exhibiting sharp phase change behavior as a function of something other than 
polymer concentration (e.g., pH or temperature). Annotations outside the matrix show 

both the type of phase-forming agent used and approximate groupings based on 
predominant mechanisms indicated by the literature. 
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4.3.1.3 While hosts and products are diverse, processes for medical products make up 
a near-majority of the literature 

Products purified in the analyzed studies could be broadly identified as 

monoclonal antibodies or antibody fragments, crude immunoglobulin fractions (Ig), 

enzymes, or none of the former. In theory, it would be desirable to classify products 

more specifically by structural features, because it is expected that correlations might be 

found between these features and the degree of success of a given purification method. 

However, because of the great variety of products in the dataset and the sparsity of 

sequence or structural information that could be reliably associated with each product, 

such a classification was outside the scope of this study. 

Hosts were classified as bacteria, mammalian tissue culture, fungi, plants, or 

animal-derived samples (e.g., serum), with over half of the data approximately equally 

divided between the first two categories. In terms of research context, by far the most 

common case observed in the dataset was purification of a purported medical product, 

representing more than half of the data. The great majority of the remaining studies 

focused either on purifying an industrial agent (e.g., an enzyme) or on establishing basic 

understanding of purification principles, without a clear commercial application in 

view. In the remainder of this analysis, we will interpret the data with a particular 

emphasis on the scenario of using partitioning methods to purify medical products, for 

three reasons. The first is that this scenario represents such a large fraction of the dataset. 

The second is that medical products make up by far the largest fraction of the overall 
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recombinant protein market. The third is that this scenario is associated with the most 

stringent and most uniform purification requirements as well as the highest 

manufacturing costs, making the comparison to established alternative methods such as 

packed-bed chromatography both easiest and most meaningful. 
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Figure 15: Classification of products, host organisms, and research contexts 
observed in the dataset. A) Broad categories of protein products represented in the 
study. B) Host organisms, i.e., the source of the background proteins from which the 
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product was purified. N/A: not applicable, e.g., because pure proteins were studied. C) 
Research contexts, i.e., the main area of purported application for the product or process. 

4.3.1.4 Information necessary for complete evaluation of partitioning-based protein 
purification methods is frequently not reported 

A complete description of a protein purification study would include, at least, 

information pertinent to the potential generalizability of the results to other proteins and 

hosts, the ability of the method to perform the purifications and concentrations 

necessary in any downstream process, and the cost of performing the method. With 

respect to these variables, we found that in the literature on partitioning-based protein 

purifications, most were reported in 50% or less of cases (Figure 16). Furthermore, this 

sparsity of important data was not the result of a subset of highly incomplete records. 

Rather, almost all records in the dataset were substantially incomplete (Figure 17). This 

represents an important barrier to the progress of the field as well as to the uptake of 

these methods into commercial processes. Nevertheless, sufficient information could be 

found to permit quantitative analyses of both purification performance and economics. 
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Figure 16: Many basic descriptions of purification performance or 
methodology needed for a complete comparative evaluation of protein purification 
methods are only sparsely reported. LPS: lipopolysaccharide (i.e., endotoxin). LMW: 

low molecular weight variants of the product. HMW: high molecular weight variants of 
the product. Methods listed are precipitations unless ending with ATPS (aqueous two-

phase separation). For definitions of other terms, refer to Appendix B. Descriptions were 
considered to be “implied” if they were either not applicable (e.g., LPS removal in non-

bacterial hosts) or represented the most likely scenario based on the information 
provided (e.g., that a product gene was homologous to the host if nothing suggested 

otherwise). 
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Figure 17: Virtually all records lack some information required for a complete 
comparative evaluation of protein purification methods. LPS: lipopolysaccharide (i.e., 
endotoxin). LMW: low molecular weight variants of the product. HMW: high molecular 

weight variants of the product. Methods listed are precipitations unless ending with 
ATPS (aqueous two-phase separation). For definitions of other terms, refer to Appendix 

B. 
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4.3.2 Purification Performance of Partitioning Methods can be 
Equal to or Greater than Chromatography Alternatives, but is 
Often Inconsistent 

Having generally described the contents of the dataset, we next turned to a 

quantitative evaluation of protein purification performance. The goal of this evaluation 

was to guide considerations of which, if any, partitioning-based methods should be 

considered for adoption in commercial processes, and which require further study. To 

this end, we compared partitioning methods both to each other and to two of the most 

common chromatography-based methods in pharmaceutical bioprocessing, ion-

exchange (IEX) and Protein A chromatography (ProA). For the purposes of comparison, 

we obtained data on IEX and ProA performance from the literature (see Tables 8, 9, and 

10). 

4.3.2.1 Host cell protein removal by partitioning can be high, but is not predictable by 
method type 

The first aspect of purification performance we considered was removal of host 

cell proteins (HCPs), because no other measure of contaminant removal was widely 

reported in terms allowing direct comparison among different studies. HCP removal 

values (here shown as the log10 reduction value in absolute HCP mass, or LRV) could be 

identified for 21 different methods (Figure 18). Of these, 14 were represented by three or 

fewer datapoints, in some cases from a single publication. For the remainder, the 

variation within methods was generally greater than the variation among methods. 
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Thus, it was not clear that any one partitioning method or set of methods could be 

reliably predicted to perform better than another for an arbitrary new product. 

Comparing to chromatography-based alternatives, 11 partitioning methods had 

at least one report of HCP removal greater than the median value for ProA, while 14 had 

at least one datapoint greater than the median value for IEX. However, median 

performance of the partitioning methods compared much less favorably. Among 

methods with two or more datapoints, only 2 and 5 methods had median HCP LRVs 

greater than the median for ProA and IEX, respectively. Moreover, 3 of these 5 methods 

were represented by only two or three datapoints each. Thus, while it is clear that 

partitioning-based methods can sometimes outperform chromatography in HCP 

removal, further work is required to validate the robustness and predictability of this 

performance under variation of product properties and reaction conditions. 

4.3.2.2 Partitioning methods cannot yet consistently compete with standard 
chromatography methods for mAbs on a selectivity basis 

To control for some of the variability introduced by diverse product proteins, 

and to focus the analysis on the most economically significant area of research in the 

field, we also conducted this evaluation while separating monoclonal antibody (mAb) 

products (Figure 19A) from all other products (Figure 19B). In this case, while several 

individual datapoints remained above the median values for ProA and IEX, only three 

methods had median values greater than the median for IEX. Only one method, also 

based on affinity interactions, had a median HCP LRV greater than that of ProA. 
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Therefore it seems that, in general, partitioning-based methods are not yet ready to 

completely replace standard chromatography operations in mAb production on a 

selectivity basis. 

 

Figure 18: Host cell protein removal by method type for partitioning-based 
methods and two common types of chromatography. Box and whisker plots show the 
minimum, 25th percentile, 75th percentile and maximum values, respectively. Individual 
datapoints are shown as black circles. The median of each group is highlighted in 
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orange. Methods are precipitations unless ending with ATPS (aqueous two-phase 
separation). 

 

Figure 19: Host cell protein removal by method type and product type, for 
partitioning-based methods and two common types of chromatography. A) 
Monoclonal antibodies purified by partitioning methods. B) Non-antibody products 
purified by partitioning methods. Box and whisker plots show the minimum, 25th 
percentile, 75th percentile and maximum values, respectively. Individual datapoints are 
shown as black circles. The median of each group is highlighted in orange. 



 

89 

4.3.2.3 Product yield is not a barrier to commercial adoption of partitioning-based 
protein purification methods 

We also compared partitioning-based protein purification methods on the basis 

of product yield (Figure 20). Despite significant variability as for HCP removal, almost 

all methods had median yields greater than 80%, with most greater than 90%. This 

suggests that the yield of these methods should not be a barrier to their adoption in 

commercial protein drug processes, where step yields of 80-90% are generally 

considered acceptable. 
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Figure 20: Many partitioning-based protein purification methods have 
demonstrated high product yields. Group medians are shown in orange, and box and 
whiskers show minimum, 25th percentile, 75th percentile, and maximum values. LLE: 
liquid-liquid extraction. ATPS: aqueous two-phase separation. ELP: elastin-like 
polypeptide. TPP: three-phase partitioning. 

4.3.2.4 Partitioning-based methods are also capable of reducing other impurities by 
multiple orders of magnitude, though data for these contaminants are sparse 

Finally, we evaluated the methods in the dataset based on their ability to remove 

the other major classes of contaminants frequently encountered: high-  and low-

molecular weight variants of the product (HMW and LMW, respectively), endotoxin or 

lipopolysaccharide (LPS), and DNA. These data are summarized in Figure 21. For each 
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of these classes of contaminants, it was found that partitioning-based methods could in 

some cases achieve reductions of multiple orders of magnitude, making them generally 

competitive with chromatography. Once again, however, more complete reporting of 

results is needed to facilitate evaluation of the field against current standard methods. 

 

Figure 21: Partitioning-based protein purification methods are capable of 
multiple order of magnitude reductions in DNA, low molecular weight, high 
molecular weight, and lipopolysaccharide contaminants. Box and whisker plots show 
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minimum, 25th percentile, 75th percentile, and maximum values. LRV: log10 reduction 
value in contaminant mass. LPS: lipopolysaccharide (i.e., endotoxin). LMW: low 
molecular weight variants of the product. HMW: high molecular weight variants of the 
product. Methods listed are precipitations unless ending with ATPS (aqueous two-phase 
separation). 

4.3.3 Use of Design of Experiments Methods to Optimize Reaction 
Conditions Significantly Improves HCP Removal and Product Yield 

Given the high degree of variability observed in measures of purification 

performance, we also investigated what factors might explain this variability. For both 

HCP removal and product yield, we found that the approach to experimental design 

was a significant factor in predicting performance across the entire dataset. Specifically, 

for HCP removal (Figure 22), the use of statistical Design of Experiments (DoE) 

approaches was significantly better than one-factor-at-a-time (OFAT) optimization, with 

a 53% increase in the mean. For yield (Figure 23), DoE was significantly better than 

either no optimization or OFAT optimization, with 16.1% and 11.5% increases in the 

mean, respectively. For both yield and HCP removal, no other comparisons between 

optimization methods reached statistical significance. That is, surprisingly, it was not 

clear that OFAT or multiple-factors-at-a-time (MFAT) optimization led to better results 

than conducting no optimization. 
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Figure 22: Use of Design of Experiments optimization methods significantly 
improves host cell protein removal compared to one-factor-at-a-time optimization. 

Boxes show minimum, 25th percentile, 75th percentile, and maximum values. HCP: host 
cell proteins. LRV: log10 reduction value. None: no optimization of host cell protein 
removal was reported. OFAT: one-factor-at-a-time optimization. MFAT: multiple-

factors-at-a-time optimization. DoE: design of experiments. For further information on 
the definition of optimization methods, refer to the text. Following a significant one-way 

ANOVA test, groups were compared by Welch’s t-test with Bonferroni correction for 
multiple comparisons. Comparisons not shown were not significant (corrected p > 0.05). 
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Figure 23: Use of Design of Experiments optimization methods significantly 
improves product yield compared to no optimization or one-factor-at-a-time 

optimization. Boxes show minimum, 25th percentile, 75th percentile, and maximum 
values. None: no optimization of product yield was reported. OFAT: one-factor-at-a-

time optimization. MFAT: multiple-factors-at-a-time optimization. DoE: design of 
experiments. For further information on the definition of optimization methods, refer to 
the text. Following a significant one-way Kruskal-Wallis test, groups were compared by 

the Mann-Whitney U test with Bonferroni correction for multiple comparisons. 
Comparisons not shown were not significant (corrected p > 0.05). 

4.3.4 Techno-Economic Analysis of Partitioning Methods 
Reveals Key Drivers of Cost-Effectiveness Compared to 
Chromatography 

Besides purification performance, process economics is a key factor affecting the 

readiness of partitioning methods to be adopted into commercial processes. This is 

especially true for protein drug products, for which manufacturing costs are especially 

high and current adoption of partitioning methods is low. Therefore, for each record in 
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the dataset with sufficient information, we conducted a techno-economic analysis by 

generating a pair of in silico unit operation cost models: one for the prescribed 

partitioning operation and another for an alternative IEX chromatography operation 

designed to process the same input stream. The dataset for techno-economic analysis 

consisted of 72 records representing 14 partitioning methods. 

4.3.4.1 Increasing process scale drives cost-effectiveness for partitioning-based protein 
purification methods compared to chromatographic alternatives 

After constructing the unit operation models for each record in the dataset, we 

simulated each at four different scales: with partitioning or chromatography unit 

operations sized to yield 10, 100, 1000, or 10000 kg of purified product per year. The first 

three of these scales were chosen to represent reasonable current values for protein drug 

production because they are approximately the 25% percentile, median, and maximum 

of current mAb drug production scales (refer to Figure 45). The largest scale is perhaps 

reasonable for a very small number of products such as insulin (Gotham et al., 2018), but 

was also chosen as a speculative test case that may become relevant for more products in 

the future (Kelley, 2007). After obtaining an estimated operating cost per kg of purified 

product for each model, we then obtained a measure of cost-effectiveness by further 

normalizing by costs per kg of product by the degree of HCP removal achieved, using 

either the reported HCP LRV for the partitioning method or a median HCP LRV of 1.03 

for IEX (see Table 8). 



 

96 

The first noteworthy finding of our techno-economic analysis was that, across all 

methods, partitioning-based protein purifications were highly unlikely to be cost-

effective compared to IEX chromatography at product throughput scales of 10 kg/yr or 

less (Figure 24A). However, each increase in process scale showed a major increase (50% 

– 182%) in the fraction of partitioning models that were cost-effective compared to their 

chromatographic counterparts. By far the largest such increase in proportional terms 

occurred between the 100 and 1000 kg/yr scales (Figure 24B and C, respectively), 

suggesting that this range of scales may represent a rule-of-thumb “tipping point” for 

partitioning cost-effectiveness. However, it is also noteworthy that more than 30% of 

records in the dataset reported partitioning methods that were not predicted to be cost-

effective even at extremely large scales of 10000 kg/yr (Figure 24D). 
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Figure 24: Partitioning methods become more cost-effective than ion-exchange 
chromatography-based alternatives as production scale increases. Each point 

represents the cost per kg of product purified normalized by the log10-reduction value 
(LRV) of host cell protein contaminants, as calculated for a given partitioning operation 

(x-axis) or the alternative chromatographic operation (y-axis). The red line shows 
equality of cost-effectiveness between chromatography and partitioning; points above 
the line are cost-effective compared to chromatography while those below the line are 

not. Annotations show the number of records in each group. 
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4.3.4.2 Costs for partitioning methods become lower than costs for the alternative 
chromatographic operations as product purity prior to purification decreases 

Another major trend that emerged from our techno-economic analysis was that 

partitioning models were much more likely to be less expensive per kg of product 

yielded than their paired chromatographic models when the product purity in the input 

stream was low than when it was high. For example, of approximately 15 records in the 

dataset with an input purity of less than 1%, 100% of the partitioning models were less 

expensive per unit product yielded than their chromatographic alternatives at all scales 

above 100 kg/yr (Figure 25). By contrast, for all 72 records (i.e., with any initial purity), 

the fraction of partitioning models less expensive per unit product than chromatography 

dropped to less than 80% even at the largest process scale. This effect also showed a 

clear interaction with process scale, with initial purity showing the largest effect on cost 

at scales on the order of 100 kg/yr (Figure 25B, compare slopes of the curves across 

scales). 



 

99 

 

Figure 25: As initial purity of the input stream decreases, partitioning methods 
become more likely to be less expensive per kg of product purified than an alternative 
ion-exchange chromatography operation. A) Cumulative distribution of records in the 
dataset by initial purity level (i.e., purity of the product in the input stream just prior to 
the partitioning operation). This information is provided to assist with interpretation of 
the fractions in panel B. B) Cumulative distribution of records in the dataset for which 

total cost per kg of product purified is less for the partitioning method reported than for 
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an alternative ion-exchange chromatography operation, as a function of initial purity 
and annual product throughput. The fraction at each purity level considers only records 

with an initial purity less than that value. E.g., at 1% initial purity, the denominator is 
approximately 15 records (see panel A). Note that the x-axis is a logarithmic scale. 

 

4.3.4.3 The common factor between initial product purity, process scale, and process 
cost is the cost of raw materials and consumables directly used in purification 

Having observed two dramatic trends in the total unit cost and cost-effectiveness 

of partitioning purification methods vs. chromatographic alternatives, we next sought to 

explain the mechanisms behind these trends. We found that the best explanation of both 

these trends across the entire dataset was a variation in the direct materials cost, i.e., the 

cost of either chromatographic resin and buffers or phase-forming materials. First, we 

observed that as process scale increases, the cost of these direct materials makes up an 

increasing fraction of the total unit operation costs for both chromatography and 

partitioning models (Figure 26). For all chromatography models and almost all 

partitioning models, direct materials represent the single largest cost at the 10000 kg 

product/yr scale. Even at smaller scales, many of the partitioning models are dominated 

by these costs. 

Second, we observed that there is a strong inverse relationship between initial 

product purity and direct materials costs per kg of product purified for 

chromatography, but not for partitioning (Figure 27). Moreover, direct materials costs 

per unit product purified decrease sharply with increasing scale for partitioning 

methods but much less significantly for chromatography (Figure 27, compare among 
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panels). This is due to differences in the economies of scale applicable to 

chromatographic resins vs. the bulk chemicals used in partitioning (See section 4.2.5). 

There is therefore an interaction between initial purity and process scale that affects the 

difference in direct materials unit costs between chromatography and partitioning. The 

net effect is that, as scale rises and initial purity decreases, more partitioning models fall 

below their counterpart chromatographic models on the direct materials unit cost axis. If 

either the dependence of chromatography direct materials costs on initial purity or the 

dependence of partitioning direct materials costs on scale were less strong, this shift 

would be less pronounced. 
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Figure 26: Direct materials costs make up an increasing fraction of total costs 
per kg of product purified as production scale increases, for both partitioning 

methods and their ion-exchange chromatography-based alternatives. Direct materials: 
either phase-forming materials, in the case of phase-separation methods, or resin and 
chromatography buffers, for an alternative ion-exchange chromatography operation. 
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Figure 27: Costs of direct materials per kg of product purified are inversely 
related to initial product purity for chromatography methods, but not for partitioning 

methods. Direct materials: either phase-forming materials, in the case of phase-
separation methods, or resin and chromatography buffers, for an alternative ion-
exchange chromatography operation. Panels show four different levels of annual 

product throughput. 

4.3.4.4 The direct materials usage rate provides a strong and simple predictor of total 
costs per kg of product purified across all partitioning models. 

In the previous sections, we established the importance of direct materials costs 

in explaining the trends of increasing economic favorability of partitioning over 
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chromatography with increasing process scale and decreasing initial product purity. 

Next, we wanted to assess the degree to which differences in direct materials usage 

could also explain differences in cost among partitioning methods. We found that, for all 

72 partitioning records in the techno-economic analysis dataset and at all four modeled 

process scales, total costs per kg of product purified were significantly correlated with 

the direct materials usage rate (i.e., the ratio of the mass of phase-forming agents and 

buffer components prescribed by the reaction conditions to the mass of product 

yielded). Least-squares linear regressions of the log-transformed data are shown in 

Figure 28. Depending on scale, the direct materials usage rate alone explained between 

51.4% and 58.4% of the variation in total unit operation costs per mass of product 

purified (R2 of 0.514 – 0.584). Meanwhile, the slope of the correlation increased from 

0.144 to 0.32 with increasing process scale, such that at the 10000 kg/yr scale, each 10-

fold increase in direct materials usage rate would produce on average a doubling (100.32 ≈ 

2.1) in the total process cost. Because the direct materials usage rates observed in the 

dataset spanned more than four orders of magnitude, this is an important effect. 
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Figure 28: Cost per kg of purified product for all partitioning methods is 
directly related to the ratio of phase-forming materials mass to purified product mass. 

Black lines and inset boxes show the line of best fit and parameters for a linear 
regression of the log-scale data. Panels show results at four different levels of annual 

product throughput. 
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4.3.4.5 Even within a given type of partitioning method, cost per kg of product 
purified and cost-effectiveness can be highly variable 

Having identified a factor that globally predicts the total cost per unit of product 

purified for all partitioning methods, we next explored the variability among and within 

method types for total cost and cost-effectiveness. With respect to total unit operation 

costs (Figure 29), we found four trends. First, cold- and pH-based precipitations were 

the least expensive at all process scales, while polyelectrolyte precipitations and 

polymer/salt ATPSs each contained examples among the highest as well as the lowest 

costs at all scales. Second, many other method types undergo a notable shift in cost with 

scale. For example, heat-based precipitations moved from being among the most 

expensive at the smallest scale to among the least-expensive at the largest scale, while 

inorganic salt-based precipitations followed the opposite trend. In general, methods 

using no or few phase-forming materials (e.g., those based on factors such as pH and 

temperature) became less expensive at scale while those relying on phase-forming 

chemicals became more expensive. Third, the variability within a given method 

generally increased with increasing scale (compare, e.g., polymer, polyelectrolyte, 

polymer/salt ATPS and pH-based methods across panels in Figure 29). Finally, the range 

of costs across method types was either nearly or completely overlapping at all scales. 

This suggests again, as for HCP removal, that there is no single best or worst 

partitioning method in general, but that the within-method variation is most important. 
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Figure 29: Cost per kg of purified product for all partitioning methods in the 
dataset at four levels of annual product throughput. Box and whsikers show minimum, 
25th percentile, 75th percentile, and maximum values. Methods are precipitations unless 

ending with ATPS (aqueous two-phase separation). Methods observed in the dataset but 
not shown did not report sufficient information for techno-economic analysis. Methods 

are sorted in ascending order of maximum cost in each panel, but box colors for each 
method are consistent among panels to allow comparison across production scales. 
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With respect to cost-effectiveness ($ per kg of product per log10 reduction in 

HCPs), we note that the same themes of within-method variability applied, while the 

rank order of methods was substantially different than for cost alone. For example, 

while precipitations based on heat alone were among the lowest-cost at larger scales 

(Figure 29D) and those using heat in combination with inorganic salts and pH had 

intermediate costs, the latter were among the most cost-effective while the former had 

only intermediate cost-effectiveness. Likewise, precipitations based on pH alone were 

among the least expensive but only middling in cost-effectiveness. Finally, while 

polymer-based precipitations had intermediate costs, they were among some of the most 

cost-effective at small process scales (Figure 30A). 
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Figure 30: Cost per kg of purified product per log10 reduction in host cell 
protein contaminants, for all partitioning methods in the dataset at four levels of 
annual product throughput. Box and whiskers show minimum, 25th percentile, 75th 

percentile, and maximum values. Methods are precipitations unless ending with ATPS 
(aqueous two-phase separation). Methods observed in the dataset but not shown did not 
report sufficient information for techno-economic analysis. LRV:  log10 reduction value, 

in this case, for host cell protein contaminants. Box colors for each method are consistent 
among panels to allow comparison across production scales. 
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4.3.4.6 For the partitioning methods with the most variable costs, differences in direct 
materials usage rate almost entirely explain within-method cost differences 

In sections 4.3.3.4 and 4.3.3.5, we established that direct materials usage is a 

useful predictor of unit operation costs across all partitioning methods, and that much of 

the variability in cost is within these methodological categories. Next, we sought to test 

whether direct materials usage could also explain these within-methods cost variations. 

We selected four methods that showed the highest cost variability based on Figure 29—

polymer/salt ATPSs as well as precipitations based on polymers, polyelectrolytes, and 

inorganic salts—and used linear least-squares regression to fit the cost predictions for all 

examples of each method to each example’s direct materials usage rate. The results of 

this analysis at both the largest and smallest modeled process scales are shown in Figure 

31. 

Of these 8 regressions, all were highly significant (p < 0.005) except that for 

polymer/salt ATPSs at the largest process scale, which also approached significance (p ≈ 

0.15). More importantly, of the seven significant regressions, all explained more than 

80% of the within-method variability in process costs, while the best explained more 

than 98% (R2 = 0.81 – 0.984). Based on the slopes of the regression lines, a 10-fold increase 

in direct materials usage rate for any of these methods would cause on average between 

a 1.6- to 8.7-fold increase in total process costs, with the slope increasing with increasing 

process scale for all methods. Finally, the direct materials usage rate also qualitatively 

explained differences in cost ranges between different types of partitioning methods. For 
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example, it can be seen in Figure 31 that the range of direct materials usage rates for 

polyelectrolyte precipitations and polymer/salt ATPSs is generally ten-fold higher than 

for inorganic salt- and polymer-based precipitations, while Figure 29 shows that the 

total process cost range for the latter two methods is generally lower than for the former 

two. 
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Figure 31: Within a given partitioning method, total cost per kg of product 
purified is strongly predicted by the ratio of phase-forming materials mass to initial 
product mass. Black lines and inset boxes show the line of best fit and parameters for a 
linear regression of the log-scale data. Methods are precipitations unless ending with 
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ATPS (aqueous two-phase separation). Left and right panels in each column show 
results at low and high levels of annual product throughput, respectively. 

4.3.5 Assessment of Implementation-Readiness of Partitioning 
Methods for Protein Drug Processes 

Finally, having compared the partitioning methods in the dataset on the basis of 

purification performance as well as economic performance, we sought to combine these 

measures to form a single assessment of the degree to which partitioning methods were 

currently ready to be implemented into commercial processes for protein drugs. To this 

end, we defined three categories of implementation readiness. The first includes 

methods that are not cost-effective compared to conventional IEX chromatography, as 

measured by cost per kg of purified product per log10 reduction in HCPs. These methods 

are therefore not generally expected to be suitable at present for adoption in protein 

drug processes, because adding additional separation capacity by chromatography 

would be more cost-effective. The second includes measures that are cost-effective 

compared to IEX chromatography, and therefore may be considered as worthwhile 

supplements or partial replacements to an existing chromatography train. Finally, the 

third category contains methods that have the potential to entirely replace at least one 

standard chromatographic unit operation in a downstream process, because they are 

both cost-effective compared to IEX and have HCP LRVs greater than the median for 

IEX. 
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4.3.5.1 The rate of implementation-ready examples of partitioning has increased in 
recent years 

First, we compared implementation readiness as a function of the year of 

publication of each study in the techno-economic analysis dataset (N = 72) as well as of 

process scale (Figure 33). As an encouraging sign for the field, we observed that the rate 

of “implementation-ready” partitioning—those that are at least cost-effective compared 

to IEX chromatography—has been increasing over time. For example, at the 10 kg/yr 

scale, only one such example was published in the 16 years between January 2000 and 

December 2015, while 5 were published in the 6 years between January 2016 and 

January 2022. At the 1000 kg/yr scale, 11 such examples were published in the 13 years 

between January 2000 and December 2012, while 20 were published in the 9 years 

between January 2013 and January 2022. Thus, the rate of successful examples of 

partitioning-based protein purification is increasing, especially for methods that remain 

viable even at small production scales. 
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Figure 32: Implementation readiness of partitioning methods in the dataset as 
a function of time and annual product throughput. For further information on the 

definitions of implementation readiness categories, refer to the text. 



 

116 

4.3.5.2 Only a small subset of partitioning method types are implementation-ready at 
typical process scales 

Next, we sought to determine whether differences in the method used to induce 

partitioning were associated with differences in implementation readiness. We found 

that a strong association did indeed exist (Figure 33). At the 10 kg/yr and 100 kg/yr 

production scales, respectively, only 3 and 5 of the 14 method types had any 

implementation-ready examples. While most methods had at least one implementation-

ready example at the 1000 kg/yr scale, we note that the great majority of current protein 

drug processes operate below this scale (e.g., it is approximately the maximum of 

current mAb drug production processes; see Figure 45). The methods most likely to be 

cost-effective or potential chromatography replacements were all precipitations, and 

included those based on polyelectrolytes, inorganic salts, polymers, and the combination 

of heat, inorganic salts, and extreme pH. 
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Figure 33: Implementation readiness of partitioning methods used in the 
dataset as a function of method type and annual product throughput. Methods are 

precipitations unless ending in ATPS (aqueous two-phase separation). For further 
information on the definitions of technology readiness categories, refer to the text. 
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4.3.5.3 Use of more advanced optimization methods does not necessarily predict 
greater implementation-readiness for current partitioning methods 

Finally, we examined whether additional methodological factors could explain 

variations in the implementation-readiness of partitioning methods. Because the 

approach to optimizing the reaction conditions was found to significantly affect 

purification performance in terms of product yield and HCP removal, we tested whether 

the same factors were associated with increased likelihood of implementation-readiness. 

In general, it did not appear that more advanced optimization methods (e.g., MFAT and 

DoE approaches) were associated with greater rates of technology readiness than simple 

OFAT optimization when optimizing either for HCP removal (Figure 34) or for product 

yield (Figure 35). Furthermore, optimization of these variables by any method was not 

clearly better than not optimizing them at all, except at large scales (e.g., 1000 kg/yr, 

Figure 34C and 35C). We note that there were no examples in the entire analysis dataset 

(N = 290) where the authors optimized directly for cost or for lowering the direct 

materials usage rate here shown to drive cost. 
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Figure 34: Implementation readiness of partitioning methods as a function of 
the method used to optimize host cell protein removal and of annual product 

throughput. None: no optimization of host cell protein removal was reported. OFAT: 
one-factor-at-a-time optimization. MFAT: multiple-factors-at-a-time optimization. DoE: 
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design of experiments. For further information on the definition of optimization 
methods and implementation readiness categories, refer to the text. 

 

Figure 35: Implementation readiness of partitioning methods as a function of 
the method used to optimize product yield and of annual product throughput. None: 
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no optimization of yield was reported. OFAT: one-factor-at-a-time optimization. MFAT: 
multiple-factors-at-a-time optimization. DoE: design of experiments. For further 

information on the definition of optimization methods and implementation readiness 
categories, refer to the text. 

4.4 Discussion 

Methods of protein purification based on modulating solubility among different 

chemical phases (i.e., partitioning), when used in place of standard alternatives such as 

chromatography, have the potential to simplify protein manufacturing and reduce its 

costs. This is especially important in the area of protein drug manufacturing, where 

process costs and complexity are highest. However, while partitioning methods are in 

common use in other areas such as industrial enzyme production, they have not been 

adopted in protein drug manufacturing outside of a small number of cases (Dos Santos 

et al., 2017; Thömmes & Etzel, 2007). Our purpose in this study was to identify the 

reasons for this lack of uptake, to assess the current readiness of technologies in the field 

for implementation in protein drug processes, and to offer evidence-based guidelines for 

future work in the field to help increase implementation-readiness. 

4.4.1 Operating Cost is a Major Barrier to Implementation of 
Partitioning Methods in Protein Drug Processes 

Previous reviews in the field have primarily offered two reasons for the lack of 

uptake of partitioning methods in protein drug manufacturing: lack of mechanistic and 

process engineering knowledge (Dos Santos et al., 2017; Gagnon, 2012; Hekmat, 2015; 

Martinez et al., 2019; Rosa et al., 2010; Soares et al., 2015); and insufficient or inconsistent 
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selectivity (Martinez et al., 2019). Meanwhile, the economic aspects of using partitioning 

vs. standard alternatives such as chromatography in the protein drug context are usually 

treated only superficially. In fact, it is often taken almost axiomatically that partitioning 

methods will be less expensive than chromatography. Although some recent studies do 

treat this question at some depth, they only consider processing scales much larger than 

those in common use for protein drugs (Rosa et al., 2011) and/or only one case study of a 

particular partitioning method and product protein (Decker et al., 2020; Rosa et al., 

2011). 

In contrast to previous work in the field, we present the first in-depth techno-

economic analysis of the full range of demonstrated use-cases for partitioning in protein 

purification. To our surprise, and in contrast with conventional understanding in the 

field, we found that partitioning methods are in fact frequently economically 

unfavorable vs. standard alternatives under a wide range of process conditions 

applicable to most of the currently marketed protein drugs (see Sections 4.3.4.1 and 

4.3.4.2). Furthermore, although our definition of cost-effectiveness incorporates the 

degree of HCP removal achieved, this unfavorable economic comparison of many 

partitioning methods to chromatography is not due solely to a lack of selectivity, 

because it persists when accounting only for total costs rather than cost-effectiveness 

(Figure 25B). 
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In general, we found that the most favorable process conditions for partitioning 

methods to be cost-effective compared to chromatography were large scale (Figure 24), 

especially greater than 1000 kg/yr, and low initial purity of the product in the input 

stream (Figure 25B). Moreover, these two factors have an interaction, where initial 

purity is most important at moderately large scales (e.g., 100 and 1000 kg/yr) (see Figure 

25B). 

4.4.2 Direct Materials Costs Explain Trends in the Differences 
Between Partitioning and Chromatography Costs 

After finding that both initial product purity and process scale strongly influence 

the cost of partitioning methods compared to chromatography, we sought mechanistic 

explanations for these effects. We found that the common factor explaining both trends 

was changes in costs of direct materials (i.e., phase forming materials or 

chromatography resins and buffers) per unit of product purified. This is established by 

three facts. First, as process scale increases, these direct materials costs come to dominate 

total costs for both partitioning and chromatography (Figure 26). This is a well-known 

effect in downstream processing, as these materials scale more closely with the amount 

of product processed than do other costs such as equipment or labor (Farid, 2017). 

Second, as process scale increases, the costs of direct materials per unit of product 

purified falls sharply for partitioning but much less strongly for chromatography 

(Figure 27). This is due to the fact that chromatographic resins do not enjoy significant 

economies of scale in these scale regimes (Kelley, 2007), whereas raw materials used in 
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partitioning more commonly do (Farid, 2017; Qi et al., 2015). Third, there is a strong 

dependence of the direct materials costs for chromatography, but not for partitioning, on 

the purity of the input stream (Figure 27). This is because chromatography involves a 

direct interaction between the resin and both the product as well as at least some 

contaminants, so that the resin mass required is directly related to the mass of protein in 

the input stream and inversely related to its purity. In contrast, many materials used to 

induce partitioning are based on changing the properties of the solvent rather than on 

interacting with proteins directly (Arakawa & Timasheff, 1985). Therefore, the required 

mass of these materials scales directly with the process volume and inversely with initial 

product concentration, but not necessarily with the protein mass or purity of the input 

stream. While this difference in scaling behaviors has been noted before (Dos Santos et 

al., 2017; Oelmeier et al., 2013), neither its implications for initial product purity nor its 

detailed impact on total process costs have previously been reported. 

4.4.3 The Direct Materials Usage Rate is a Simple Predictor of 
Operating Cost for Partitioning Methods and can be Used in Lieu of a 
Full Techno-economic Analysis 

In the previous sections, we noted that cost-competitiveness with 

chromatography can be an important barrier for implementation of partitioning 

methods and that direct materials costs explain much of the differences in cost between 

partitioning and chromatography. However, it is not reasonable that every new 

partitioning study should contain a detailed economic analysis to determine its cost-
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effectiveness in these ways. Therefore, we sought a simple factor that could predict 

process costs both among different types of partitioning methods and among different 

examples of the same type of method. We found this factor in the direct materials usage 

rate, i.e., the ratio of the total mass of materials prescribed by the partitioning reaction 

conditions to the total mass of product yielded from the reaction. This simple measure, 

which does not even consider variations in the costs of different types of phase-forming 

materials, quantitatively explains cost variations both across partitioning method types 

(Section 4.3.4.4) and within a given method type (Section 4.3.4.6), and also qualitatively 

explains variations among specific method types (Section 4.3.4.6). Therefore, in lieu of 

conducting a complete economic assessment, future work in partitioning method 

development should at least consider the direct materials usage rate as an easily-

calculated proxy for economic viability. Of course, this metric does not necessarily apply 

to methods that use strictly or primarily non-chemical means such as temperature or 

pressure to induce phase changes. 

4.4.4 Only a Small Number of Partitioning Methods Have 
Demonstrated Implementation-Readiness for Protein Drug 
Processing 

Considering both cost-effectiveness (a combined measure of process cost, yield, 

and contaminant removal) and total HCP removal capabilities, we classified reported 

partitioning examples into three categories of implementation-readiness. Broadly, the 

categories correspond to examples of partitioning that are not worth implementing in a 
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protein drug process, are worth implementing as a supplement to chromatography, or 

are worth implementing as a replacement for chromatography. Interestingly, we found 

that at the 10 kg/yr and 100 kg/yr process scales, the latter two categories contained only 

a few of the many different types of partitioning methods reported. At these small to 

moderate scales, the methods most ready for implementation were precipitations 

employing polyelectrolytes, inorganic salts, polymers, and the combination of heat, 

inorganic salts, and extreme pH. At the 1000 kg/yr scale, the success rate for 

polymer/salt ATPSs also rose notably. 

4.4.5 Conclusions: Evidence-Based Guidelines for Partitioning 
Method Development 

In this final section, we desired to summarize our findings as a set of guidelines 

for future work in the partitioning field. 

First, researchers should consider process economics as an equally important 

variable alongside purification performance when developing new partitioning 

methods, because it cannot be taken for granted that they will be less expensive than 

chromatography. To this end, researchers should either conduct techno-economic 

analyses of new methods compared to chromatography or at least account for the direct 

materials usage rate as a predictor of economic viability. 

Second, researchers should take advantage of modern optimization techniques 

such as Design of Experiments (DoE), because their use significantly improves product 

yield and HCP removal compared to the simpler optimization methods more commonly 
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seen. By making screening of conditions more efficient, DoE can also help mitigate some 

of the commonly cited concerns about the need for extensive experimentation to 

optimize partitioning methods. 

Third, researchers should optimize partitioning methods based on lowering their 

direct materials usage rate, in the same way that they currently optimize for purification 

performance measures such as yield or HCP removal. One way that this can be done is 

by combining multiple phase-forming agents with different selective modes, which can 

sometimes have synergistic effects. For example, the Griffithsin purification method 

reported in Chapter 2 uses a combination of ammonium sulfate, high temperature, and 

low pH. However, the amount of ammonium sulfate required (20% saturation) is less 

than what would usually be required for the level of contaminant precipitation 

achieved. In this case, we hypothesize that heat and pH led to partial or complete 

unfolding of contaminants, which then had higher solvent-accessible surface areas, 

making them more susceptible to precipitation by the salt’s effects of decreasing solvent 

entropy and increasing surface tension (Arakawa & Timasheff, 1985). 

Fourth, for the classes of partitioning methods that are currently most ready for 

implementation (Figure 33), future research should shift from lab-scale optimization of 

reaction conditions to addressing other keys for implementation such as scale-up, 

equipment design, process analytical tools, development timelines, and robustness. For 

the methods that are currently farther from implementation-readiness, research should 
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remain focused on increasing yield and purification capability while reducing costs by 

reducing the direct materials usage rate. 

Fifth, near-term efforts to implement partitioning methods in protein drug 

processes should focus primarily on cases with large process throughputs (e.g., 100s of 

kg/yr or more) where a partitioning can replace or supplement a chromatography step 

that receives relatively low-purity input material. 
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5. Conclusion 
This dissertation has advanced both specific manufacturing processes for protein 

therapeutics and new understandings of process design that are generalizable across a 

wide range of processes. 

In Chapter 2, I developed a novel multi-mechanism precipitation procedure 

enabling a much simpler and less expensive manufacturing process for the clinical-stage 

protein Griffithsin. Furthermore, I highlighted the potential economic benefits of 

replacing chromatography with partitioning-based purifications in any protein drug 

manufacturing process. Techno-economic analysis showed that the new method enabled 

dramatic cost savings versus the currently licensed Griffthsin process. Furthermore, 

beyond Griffithsin, the analysis clarified three important points not widely appreciated 

in the field: first, that realizing the potential cost benefits of partitioning-based 

purifications depends on economies of scale; second, that the benefits of replacing 

chromatography with alternative methods are much greater for chromatography steps 

earlier in the purification process than those later in the process; third, that at very large 

process scales, non-purification-related costs such as formulation become limiting. 

Additionally, this study highlighted the importance of Design of Experiments methods 

and multi-mechanism approaches in partitioning-based purifications, as it achieved a 

very high degree of purification by combining three factors—an inexpensive salt as well 

as modulation of pH and temperature—none of which gave satisfactory purification 
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alone. Combining these factors also allowed the purification to take place at less extreme 

values of temperature and salt concentration than would otherwise have been needed, 

both improving process economics and potentially aiding the preservation of product 

activity. 

This first study led to further work on the development of Griffithsin as an 

antiviral that could potentially be deployed at unprecedentedly large scales and low 

costs, in light of global pandemics such as COVID-19. In Chapter 3, I improved the host 

cell protein removal capability of the Griffithsin purification method by ten-fold while 

increasing yield by almost 10%, to 100%. The content of DNA and endotoxin were also 

further reduced. These improvements were sufficient to enable a clinical-quality 

bioprocess entirely free of conventional chromatography or other operations requiring 

expensive fixed equipment. Thus, we introduced the concept that innovations in 

purification methods can enable manufacturing that is more quickly and easily 

deployed at the location of need as well as more easily tunable in terms of production 

throughput. These advantages may be particularly important in the context of 

pandemics such as COVID-19 in the future. Furthermore, these purification performance 

improvements were made by scaling up the previously developed purification method 

and integrating it with a heat-inducible autolysis and autohydrolysis host strain. This 

highlighted the way in which partitioning methods can support not only lower costs but 



 

131 

also greater process integration and simplification than traditional methods such as 

chromatography, because lysis and initial purification could occur simultaneously. 

Although these successes with method and process development for Griffithsin 

involved only one protein, they were encouraging signs for the potential of partitioning-

based protein purifications. Therefore, they prompted me to consider further the 

question of under what circumstances partitioning can or cannot improve processes for 

a wider range of protein products. In Chapter 4, I addressed this question through a 

systematic meta-analysis. This study yielded several key insights not previously 

appreciated in the field. First, while it is commonly taken for granted that partitioning 

methods will be less expensive than chromatography and that the main barrier to their 

implementation lies in their purification performance, development timelines, and 

process engineering challenges, this is decidedly not the case. Rather, I identified specific 

conditions of process scale and initial purity of the product that support cost-

effectiveness of partitioning methods vs. chromatography. Second, whereas studies in 

this field virtually always develop methods by evaluating purification performance 

alone and without regard to the mass of phase-forming materials used per mass of 

product purified, I showed that this simple factor is in fact the single best predictor of 

total process costs for a variety of partitioning methods. Third, whereas most studies in 

the field report only rudimentary or even no optimization of purification performance, I 

showed that Design of Experiments optimization methods significantly improve both 
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yield and host cell protein removal. Finally, whereas studies on nearly 40 different 

partitioning methods were identified in this meta-analysis, I showed that only a handful 

of methods have demonstrated sufficient economic and purification performance to 

warrant implementation in protein drug processes. Based on these observations, I was 

able to provide specific and evidence-based guidelines for future work in the field with 

the goal of increasing implementation-readiness of partitioning methods in protein drug 

processes. 

Collectively, this work has provided new partitioning methods among the most 

effective yet reported, as well as new understandings of the circumstances that support 

implementation of partitioning in protein drug manufacturing and of the potential 

process benefits to be gained. However, much work remains to fully realize the potential 

of partitioning-based protein purifications. 

One major barrier is that the lack of mechanistic understanding behind many 

partitioning methods can lead to long development timelines, an inability to design 

platform approaches, and greater difficulty adhering to manufacturing standards such 

as quality by design. All of these issues are liabilities for pharmaceutical processes. 

Determining mechanisms of partitioning in multi-protein systems is an enormous 

challenge for theoretical or simulation-based approaches operating from first principles. 

However, an alternative approach is to work backwards to principles, or at least to 

predictive models, from large amounts of data on protein structures and purification 
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results. With the advent of resources such as AlphaFold (Jumper et al., 2021), the 

ongoing increases in the number of solved protein structures, and the increasing 

capabilities of high-throughput screening systems, such an approach to making 

partitioning predictable may become feasible in the near future. 

A second task for further research in the field is to identify yet-unexplored areas 

outside drug manufacturing in which protein purification by partitioning can enable 

impactful new technologies. As shown by this dissertation, although there is an 

important scope for partitioning methods in protein drug manufacturing, the benefits 

are often realized only at large process scales that may never apply to many drug 

products. However, there may be other potential applications requiring a combination 

of relatively high protein purity, large scale, and low cost that will see increased markets 

in the future and will need better purification methods to make them feasible. Besides an 

expansion in the established area of enzymes for industrial catalysis, examples could 

potentially include materials (Abascal & Regan, 2018) or cosmetics (Waltz, 2022) based 

on recombinant proteins. 
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Appendix A 

Table 1: Plasmids and strains used in Chapter 2.  

Plasmid Insert Promoter 

(Moreb et 

al., 2020) 

Origin of 

Replication 

Resistance 

Marker 

Addgene # Source 

pHC-Kan-phoAp-

GRFT  

GRFT phoAp* colE1 Kanamycin 158747 This study 

pHC-Kan-phoBp-

GRFT  

GRFT phoBp* colE1 Kanamycin 158746 This study 

pHC-Kan-yibDp-

GRFT  

GRFT yibDp* colE1 Kanamycin 158745 This study 

pHC-Kan-yibDp-Q-

GRFT  

GRFT yibDp* colE1 Kanamycin 158748 This study 

Strains used in this study 

Strain Genotype Source 

DLF_Z0025 F-, λ-, Δ(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, Δ(rhaD-

rhaB)568, hsdR514, ΔackA-pta, ΔpoxB, ΔpflB, ΔldhA, ΔadhE, ΔiclR, 

ΔarcA, ΔsspB::frt, Δcas3:: ugpBp-sspB-J23100p-casA 

(S. Li et al., 

2021) 

 

A.1 Monoclonal antibody production landscape 

In order to provide context for the potential use of biologic drugs in situations 

demanding large scales and low costs, such as viral pandemics, we surveyed the 

landscape of therapeutic monoclonal antibodies (mAbs) sold in the US in 2020. No mAb 

is yet known to have reached Costs of Goods Sold (COGS) below $100/g or production 

https://paperpile.com/c/hGrzFS/zZHqf
https://paperpile.com/c/hGrzFS/zZHqf
https://paperpile.com/c/hGrzFS/zZHqf
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scales greater than 1000 kg/yr. Though mAbs are a very promising class of potential 

antiviral therapies, these data support the need for research into alternative biologic 

therapies as well as new manufacturing techniques that can reduce COGS. Sales price 

data reflect the lowest prices listed in 2020 procurement contracts with the US 

Department of Veterans Affairs, and total revenues and manufacturer COGS data are 

from manufacturer annual financial reports from 2019 or 2018. Drug mass sold is 

estimated simply by dividing total revenues by per-mass price. COGS per gram of drug 

is estimated by multiplying the per-gram sales price by the manufacturer’s total COGS 

as a fraction of total revenues. The results are shown in Figure 1A and Table 2. 

Though global revenue data for each mAb should be accurate as reported by the 

manufacturers, the range of prices over all the sales contributing to that total is 

unknown, and therefore so are the estimates of drug mass sold and COGS/g. However, 

we have sampled prices in a way that should not give any undue support to our 

arguments: because we have used the lowest prices from a set of large-volume contracts 

with a buyer with substantial bargaining power, and because mAb sales are dominated 

by wealthy countries with high drug prices, this analysis should tend to approximate the 

true minimum price over all sales and overestimate the drug mass sold. Another 

uncertainty is in the actual proportion of COGS relative to sales for any particular mAb. 

Manufacturers only report aggregate COGS data over all their products. It is possible 

that any of these mAb processes actually has a significantly higher or lower ratio of 
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COGS to sales than this company-wide average. In any case, this analysis broadly 

supports the trend of declining prices and COGS with increasing production scale, and 

suggests that it is unlikely that any mAb sold today has a true COGS far below $100/g. 

Table 2: Market data on therapeutic mAbs sold in the US in 2020. 

mAb 
[Manufacturer] 

Lowest 
sales price 
($/g) 

Global mAb 
revenues 
($M/yr) 

Manufacturer 
COGS (% of 
total revenue) 

Estimated 
drug mass 
sold (kg) 

Estimated COGS 
($/g) 

Adalimumab 
[Abbvie] 

$31,264 $14,864 18.18 475.43 $5,682.44 

Risankizumab 
[Abbvie] 

$72,380 $355 18.18 4.90 $13,155.31 

Eculizumab 
[Alexion 
Pharmaceuticals] 

$16,608 $3,946 7.01 237.62 $1,164.23 

Ravulizumab-
Cwvz [Alexion 
Pharmaceuticals] 

$16,305 $339 7.01 20.79 $1,142.99 

Erenumab-Aooe 
[Amgen] 

$3,062 $306 9.07 99.92 $277.78 

Evolocumab 
[Amgen] 

$1,108 $661 9.07 596.44 $100.52 

Panitumumab 
[Amgen] 

$8,508 $744 9.07 87.45 $771.70 

Romosozumab-
Aqqg [Amgen] 

$6,547 $189 9.07 28.87 $593.88 

Trastuzumab-
Anns [Amgen] 

$5,597 $226 9.07 40.38 $507.66 

Benralizumab 
[Astrazeneca] 

$120,425 $686 16.74 5.70 $20,157.08 

Durvalumab 
[Astrazeneca] 

$5,242 $1,469 16.74 280.24 $877.42 

Palivizumab $20,849 $269 16.74 12.90 $3,489.69 
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[Astrazeneca] 

Brodalumab 
[Bausch Health] 

$6,235 $28 25.97 4.49 $1,618.92 

Natalizumab 
[Biogen] 

$13,119 $1,892 12.33 144.22 $1,618.18 

Elotuzumab 
[Bristol-Myers 
Squibb] 

$4,615 $357 25.72 77.35 $1,187.09 

Ipilimumab 
[Bristol-Myers 
Squibb] 

$108,709 $1,489 25.72 13.70 $27,961.44 

Nivolumab 
[Bristol-Myers 
Squibb] 

$18,188 $7,204 25.72 396.10 $4,678.09 

Cetuximab [Eli 
Lilly] 

$4,318 $635 20.19 147.14 $871.92 

Galcanezumab-
Gnlm [Eli Lilly] 

$3,561 $163 20.19 45.63 $719.11 

Ixekizumab [Eli 
Lilly] 

$48,053 $1,366 20.19 28.44 $9,703.97 

Necitumumab [Eli 
Lilly] 

$4,099 $10 20.19 2.51 $827.81 

Olaratumab [Eli 
Lilly] 

$3,694 $203 20.19 54.95 $746.06 

Ramucirumab [Eli 
Lilly] 

$8,324 $925 20.19 111.14 $1,680.96 

Avelumab [EMD 
Serono] 

$5,814 $79 21.68 13.58 $1,260.69 

Ado-Trastuzumab 
Emtansine 
[Genentech] 

$22,169 $1,483 22.83 66.88 $5,061.62 

Atezolizumab 
[Genentech] 

$5,553 $1,996 22.83 359.37 $1,267.86 

Bevacizumab 
[Genentech] 

$5,483 $7,528 22.83 1372.97 $1,251.87 
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Emicizumab-
Kxwh 
[Genentech] 

$62,444 $1,424 22.83 22.80 $14,257.47 

Obinutuzumab 
[Genentech] 

$4,646 $587 22.83 126.43 $1,060.81 

Ocrelizumab 
[Genentech] 

$40,740 $3,946 22.83 96.85 $9,301.98 

Omalizumab 
[Genentech] 

$5,256 $2,095 22.83 398.62 $1,200.17 

Pertuzumab 
[Genentech] 

$8,632 $3,748 22.83 434.21 $1,970.96 

Polatuzumab 
Vedotin-Piiq 
[Genentech] 

$81,838 $54 22.83 0.66 $18,685.59 

Ranibizumab 
[Genentech] 

$1,715,533 $1,943 22.83 1.13 $391,698.64 

Rituximab 
[Genentech] 

$6,089 $6,892 22.83 1131.88 $1,390.28 

Tocilizumab 
[Genentech] 

$3,478 $2,459 22.83 707.09 $794.06 

Trastuzumab 
[Genentech] 

$7,402 $6,426 22.83 868.17 $1,690.00 

Alemtuzumab 
[Genzyme] 

$1,361,914 $293 28.76 0.22 $391,621.47 

Caplacizumab-
Yhdp [Genzyme] 

$494,383 $64 28.76 0.13 $142,160.86 

Belimumab 
[GlaxoSmithKline
] 

$3,152 $775 25.66 246.00 $808.92 

Mepolizumab 
[GlaxoSmithKline
] 

$21,260 $972 25.66 45.70 $5,455.68 

Daratumumab 
[Johnson & 
Johnson] 

$3,135 $2,998 24.45 956.18 $766.66 
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Golimumab 
[Johnson & 
Johnson] 

$17,556 $2,188 24.45 124.63 $4,292.66 

Guselkumab 
[Johnson & 
Johnson] 

$74,264 $1,012 24.45 13.63 $18,158.89 

Infliximab 
[Johnson & 
Johnson] 

$5,451 $4,380 24.45 803.60 $1,332.74 

Ustekinumab 
[Johnson & 
Johnson] 

$8,876 $6,361 24.45 716.63 $2,170.41 

Pembrolizumab 
[Merck] 

$34,580 $11,084 21.68 320.54 $7,498.19 

Canakinumab 
[Novartis] 

$79,994 $671 24.29 8.39 $19,431.31 

Secukinumab 
[Novartis] 

$21,945 $3,551 24.29 161.82 $5,330.53 

Cemiplimab-Rwic 
[Regeneron] 

$19,769 $176 59.64 8.90 $11,789.98 

Alirocumab 
[Sanofi Aventis] 

$1,462 $271 28.76 185.35 $420.49 

Dupilumab 
[Sanofi Aventis] 

$7,195 $2,339 28.76 325.09 $2,068.88 

Sarilumab [Sanofi 
Aventis] 

$4,844 $209 28.76 43.20 $1,392.83 

Brentuximab 
Vedotin [Seattle 
Genetics] 

$108,120 $628 6.75 5.81 $7,292.97 

Fremanezumab-
Vfrm [Teva 
Pharmaceuticals] 

$1,909 $93 47.09 48.72 $898.88 

Dinutuximab 
[United 
Therapeutics] 

$377,992 $114 10.00 0.30 $37,803.84 
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A.2 Plant-Based GRFT Production 

To estimate the potential cost of goods sold (COGS) for plant-based routes to 

cGMP GRFT at various production scales, we analyzed the COGS structure of a process 

model previously published by Alam et al., which was designed to produce 20 kg per 

year of GRFT API. (Alam et al., 2018) Specifically, we applied commonly-used 

exponential economy of scale heuristics (see Equation 1) to achieve order-of-magnitude 

estimates after adapting the cost structure of Alam et al.’s model to reflect a few key 

differences associated with larger-scale production. 

Equation 1: 𝑃𝑃𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑠𝑠𝑠𝑠 ∗ (𝐿𝐿𝐿𝐿
𝑠𝑠𝑠𝑠

)𝑘𝑘. An exponential economy of scale model widely 

used to estimate prices in bioprocessing and other industries. (Farid, 2017; Qi et al., 2015) 

LS and ss are the large and small scales of consumption of some good, respectively; P 

denotes price; k is the exponential scaling factor. 

Because the relatively small-scale model of Alam et al. assumes production by a 

contract manufacturing organization, it includes no facility-related costs except 

equipment maintenance. However, similar processes capable of producing thousands of 

kg of GRFT per year from tobacco would require construction of dedicated 

manufacturing plants and would thus incur additional facility-related operating costs 

such as equipment depreciation, insurance, and taxes. Therefore, we extrapolated from 

the maintenance costs reported by Alam et al. by assuming that they correspond to 6% 

of total fixed capital costs for the plant, as in our model and as is the default for 

SuperPro Designer. We then calculated depreciation, insurance, taxes, and 
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miscellaneous expenses from this fixed capital cost, again in the same way as was done 

for our models and using SuperPro’s default options. Specifically, we assumed 10-year, 

straight-line depreciation of all fixed capital down to 5% of the initial value, as well as 

taxes, insurance, and miscellaneous expenses corresponding to 2%, 1%, and 5% of the 

fixed capital costs, respectively. Table 3, adapted from Table 2 of Alam et al.’s original 

publication, shows their model’s COGS structure updated to reflect the aforementioned 

extrapolations. For comparison, the COGS structure of the 24,000 kg per year, 

precipitation-based E. coli bioprocess model (Figure 2, Process B) is shown in Table 4. 

Table 3: Cost breakdown of a tobacco-based process designed to produce 20 kg 
per year of cGMP GRFT API. Adapted from (Alam et al., 2018). Extrapolations from 

the published model are marked by an asterisk and described in the text. 

Cost Category COGS per kg GRFT API % of total 

Materials (i.e., chemicals, water, etc.) $7,659 5.58 

Equipment maintenance $10,573 7.70 

*Equipment depreciation $16,740 12.19 

*Facility-related insurance, taxes, and 
miscellaneous expenses 

$14,097 10.27 

Labor $32,893 23.96 

Lab/QC $5,086 3.70 

Consumables (e.g., resins, membranes) $12,796 9.32 

Utilities $36,643 26.69 

Waste treatment $792 0.58 

Total $137,279  100 
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Table 4: Cost breakdown of an E. coli fermentation-based process using a 
precipitation-based purification scheme, designed to produce 24,000 kg per year of 

formulated and filled GRFT antiviral. See Figure 2, Process B. 

Cost Category COGS per kg GRFT % of total 

Materials (i.e., chemicals, water, etc.) $1,399.98 42.69 

Facility-related operating costs $990.65 30.21 

Labor and QC $639.51 19.50 

Consumables (i.e., resins and membranes) $227.75 6.94 

Other (waste treatment and utilities) $21.44 0.65 

Total  $3,279.33  100 

 

Comparing these two cost structures, they are similar in the percentages of 

COGS allocated to facility costs (both approximately 30%), labor and QC (28% vs. 20%), 

and consumables (9% vs. 7%). However, in Alam et al.’s model, the vast majority of 

remaining COGS are made up of utilities costs associated with growing plant biomass, 

while in the precipitation-based E. coli model they are made up almost entirely of raw 

materials. This difference is highly significant when considering likely economies of 

scale behavior: commodity chemicals tend to enjoy fairly strong economies of scale 

(exponential scaling factors of approximately -0.4 to -0.7) (Qi et al., 2015); in contrast, 

electricity rates do not typically reflect usage discounts beyond broad categories such as 

residential vs. industrial, and in many cases higher usage even results in increased rates 

within these categories due to the stress placed on power grids. 
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Finally, we estimate COGS for large-scale tobacco-based GRFT production by 

applying exponential scaling to the costs detailed in Table 3. We assume a common rule-

of-thumb scaling factor of -0.6 for all bioprocessing equipment. (Farid, 2017) However, 

true economies of scale in this case may be more modest because of the less efficient use 

of space involved with growing plant biomass versus bacterial biomass, leading to 

dramatically larger building and equipment sizes with increasing production scale. We 

also assume a factor of -0.4 for raw materials (chemicals and water for injection), as used 

for our models (see Section A.3) and broadly consistent with other published values. (Qi 

et al., 2015) Because employee salaries do not decline with the number of employees, we 

assume a factor of 0 for labor and QC. We also assume that discounts for consumables 

will be minimal once the production scale exceeds hundreds of kg, as very few biologic 

drug processes operate at capacities in excess of this; we therefore assign a scaling factor 

of 0, as was also used in our models. Finally, we assume factors of 0 for waste treatment 

and for utilities, for the reasons previously described. The results of this analysis are 

shown in Table 5, which also includes estimates of the amount of tobacco needed to 

produce various amounts of GRFT, based on the yields given by Alam et al. 

Table 5: Estimated COGS per kg GRFT API produced in tobacco, by 
production scale and cost category. These estimates are intended to be illustrative, but 

are expected to provide order-of-magnitude accuracy only. 

 Annual production capacity 
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Cost category Scaling factor (k) 200 kg/yr 2,000 kg/yr 20,000 
kg/yr 

Materials -0.4 $3,049.02 $1,213.84 $483.24  

Consumables 0 $12,796.10 $12,796.10 $12,796.
10  

Facility -0.6 $10,401.46 $2,612.73 $656.29  

Labor/QC 0 $37,978.35 $37,978.35 $37,978.
35  

Utilities 0 $36,642.95 $36,642.95 $36,642.
95  

Waste treatment 0 $791.55 $791.55 $791.55  

Total COGS per kg GRFT API $101,659.43 $92,035.52 $89,348.
48  

Total tobacco required (metric tons) 385 3,846 38,462 

Percentage of total 2018 US tobacco 
crop required. (National Agricultural 
Statistics Service, 2019)  

0.16% 1.59% 15.90% 

 

The cost estimation analysis presented here is admittedly and necessarily naïve: 

the authors are not aware of any examples of plant-based biologic drug processes 

operating at the scale of hundreds or thousands of kg of product per year, either in 

existing processes or detailed models. There is therefore a large degree of uncertainty in 

how such processes would scale and how their COGS would be structured. Likewise, 

we are not aware of published data or common heuristics related to economies of scale 

for specialty biotechnology consumables, waste treatment, or very large-scale electricity 
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usage. Furthermore, labor costs may experience some economies of scale not reflected 

here, both because of increased labor efficiency in larger plants and because of lower 

rates for indirect costs such as insurance and healthcare. However, we believe that these 

estimates nonetheless provide order-of-magnitude accuracy and suffice to show that 

tobacco-based routes to GRFT antivirals are unlikely to be cost-competitive with E. coli-

based processes at large scales. To check our assumptions, we applied the same analysis 

to a scale-down of our 20,000 kg GRFT per year, precipitation-based model (Figure 2B, 

Process B) and compared the cost estimates for various production scales produced by 

this naïve approach to those produced by detailed SuperPro models. Compared to the 

detailed models, the naïve approach based on exponential scaling underestimated 

COGS at the 2,000 and 200 kg per year scales by 0.33 and 0.82 log10 units, respectively. 

Thus, while the exponential scaling approach is far from exact, it seems to be capable of 

maintaining order-of-magnitude accuracy in COGS estimates over more than two orders 

of magnitude in bioprocess scale. Furthermore, for the tobacco-based process to be 

competitive with the E. coli process (Process B) at a 20,000 kg GRFT per year scale, 

labor/QC and utilities costs per kg GRFT would each have to fall by a factor of 

approximately 20 from their values at the 20 kg GRFT per year scale, which seems 

highly unlikely. Finally, tobacco-based production of tens of thousands of kgs of GRFT 

per year, as might be required for applications such as pandemic antiviral treatment or 

HIV microbicides, would be expected to require a very significant fraction of the total 
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US annual tobacco crop. For all these reasons, it seems unlikely that plant-based routes 

to GRFT can meet the demands of these large-scale applications. 

A.3 E. coli Fermentation-Based GRFT Bioprocess Models 

A.3.1 General Design Considerations 

Here we present variations on a batch bioprocess design for GRFT production by 

E. coli fermentation. Each process is designed such that batch throughput and cycle time 

are limited by the production fermentation procedure and other equipment is sized to 

meet the consequent material or throughput demands without excess capacity. 

Maximum feasible equipment capacities or throughputs were set according to default 

SuperPro options, except where noted. To account for processing delays and operations 

not included in the model, a minimum of 4 hours is allowed between operations for 

consecutive batches in each piece of equipment. The plant is assumed to be operational 

for 85% of each year. Each process comprises five main sections: seed train, 

fermentation, primary recovery, purification, and formulation. Additionally, we 

modeled two different purification scenarios, one based on the optimized precipitation 

step described in this report, and another based on a more typical approach using three 

chromatography columns. We then conducted sensitivity analyses and scaling analyses 

on both models, as described below. 
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A.3.2 Auxiliary Operations 

All non-disposable equipment, except chromatography columns, undergoes CIP 

and SIP operations once per batch. CIP cycles are assumed to take 110 minutes and 

include two rinses with potable water, one rinse each with 5% v/v H3PO4 and 0.5 M 

NaOH, and a final rinse with WFI. SIP cycles are assumed to take 50 minutes with 30 

minutes of steaming. Columns are sanitized with 0.5 M NaOH for 4 hr. TFF skids are 

assumed to require flushing and equilibration with 20 L/m2 of WFI and buffer, 

respectively. Buffer preparation operations are explicitly modeled by including stainless 

steel blending tanks of the necessary sizes and allocating 1 hour of labor each for 

preparation and validation, in addition to labor for the duration of material transport to 

buffer-consuming unit operations. Columns, TFF skids, and buffer preparations are each 

also assumed to require 1 hour per cycle for testing and validation. The cost of CIP 

skids, but not SIP panels, is included according to built-in cost models based on the 

volumes of cleaning solutions required. All waste disposal costs are assumed to be 

$0.01/kg waste. For simplicity, some other auxiliary operations and equipment 

categories are not explicitly modeled, including materials storage for in-process pools or 

raw materials, packaging and storage of finished goods, and activities not directly 

related to goods production. 
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A.3.3 Economic Considerations 

Because we are specifically interested in the potential of GRFT-based antivirals 

for epidemic response, we consider only large-scale production (20000+ kg GRFT/yr) 

with a requirement for relatively low costs. We assume that these considerations will 

make the use of contract manufacturing infeasible and necessitate the construction of a 

single-product plant from greenfield. The plant is financed by a 60:40 mix of debt and 

equity with loans amortized over 10 years at 9% interest, and all capital cost items are 

subject to straight-line depreciation over 10 years. Except where noted, SuperPro’s 

default built-in cost models were used to estimate expenses for equipment purchase, 

other capital investment including unlisted equipment and other facility improvements, 

insurance and taxes, maintenance, utilities and consumables. Labor demand was 

estimated by assigning a value of 1 labor hour per operating hour to the large majority 

of operations, with the exception of prolonged, highly automated processes such as 

monitoring agitation in stirred tanks (0.1 labor hours per operating hour) and operations 

involving material transfer between two pieces of equipment (2 labor hours per 

operating hour, to account for labor at the source and destination operations). The total 

expense rate for plant operators, including benefits and overhead, was estimated as 

$80.50/hr. Quality control costs were estimated as 25% of all manufacturing-related labor 

costs. Chemicals, final product vials, and WFI were priced according to the amount 

consumed annually per process using an exponential economies of scale model. Baseline 
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prices and scales were obtained from vendor quotes or from the literature, and a scaling 

exponent of -0.4 was chosen because it provided the best fit between small- and large-

scale quotes where both were available.  

A.3.4 Seed Train 

300 L of inoculum are needed per batch to support production-scale 

fermentation. In the present models we omit primary and secondary seed cultures (e.g., 

in shake flasks and roller bottles) and begin with a 300 L culture in a stainless steel seed 

fermenter. Seed fermenter media is prepared in a separate stainless steel tank. Media 

sterilization operations (typically dead-end filtration) are also omitted. The seed culture 

is allowed to grow for 24 hours. Because clean in place (CIP) and steam in place (SIP) 

operations are required for the seed fermenter and cause its cycle time to slightly exceed 

the batch cycle time, two seed tanks are run in staggered mode to avoid cycle time 

increases. Seed train operations require a total of approximately 32 hours in each batch. 

A.3.5 Fermentation 

Production-scale fermentation takes place in two stainless steel tanks each 

holding a working volume of 30000 L and operating on a staggered schedule. Media for 

these tanks is prepared in a separate stainless steel blending tank. We assume a two-

stage fermentation in which the culture grows to a density of 100 grams dry cell weight 

per L (gDCW/L) within 24 hours and protein is expressed during stationary phase for 24 

hours. The yield of biomass from glucose is assumed to be 50%. With 48 hours of 
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fermentation time in addition to CIP/SIP and material transfer operations, the 

fermentation procedure is the longest in the batch at 56 hours. Thus, with two 

fermenters operating on a staggered schedule, the minimum process cycle time is 28 

hours in all models. All other unit procedures are designed so that their procedure cycle 

times do not exceed this limit, to avoid lengthening the process cycle time. Fermentation 

media preparation begins with 25 hours elapsed in the batch, and the section ends with 

the conclusion of tank CIP/SIP operations at approximately 83 hours elapsed. 

A.3.6 Primary Recovery 

After each fermentation, the 30000 L culture is harvested by disk-stack 

centrifugation at a flow rate of 1500 L/h. It is assumed that all biomass is recovered in a 

volume of approximately 15000 L. The cell slurry is then diluted back to 30000 L by the 

addition of lysis buffer (PBS) before high-pressure homogenization. Homogenization is 

achieved by 3 passes with a pressure drop of 700 bar and a flow rate of 4000 L/h; it is 

assumed that 99% of cell contents are released and protein denaturation is ignored. The 

composition of cell dry weight is assumed to be 5% GRFT, 45% host cell proteins 

(HCPs), 3.1% DNA, 20.5% RNA, 3.4% lipopolysaccharide (LPS), and 23% other insoluble 

debris. (Neidhardt & Curtiss, 1996) Primary recovery continues with another 

centrifugation step to remove insoluble cell debris, again at a flow rate of 1500 L/h. We 

assume that all debris is removed, with negligible volume change or loss of other cell 
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components. Cell harvest begins with 77 hours elapsed in each batch, and CIP/SIP 

operations in the lysate clarification centrifuge conclude at 142 hours elapsed. 

A.3.7 Purification 

The purification section is designed to produce GRFT bulk drug substance (BDS) 

with the following purities relative to three major categories of contaminants: for HCPs, 

<100 ppm (Wang et al., 2009); for nucleic acids, <10 ng per dose (World Health 

Organization, 1998), i.e. <100 pg/mg GRFT assuming a maximum dose of 100 mg; and 

for LPS, <1.25 ng/mg GRFT, assuming a limit of 5 EU/kg patient bodyweight, a dose of 

0.4 mg GRFT/kg, and a mass of 0.1 ng LPS per EU. Considering the cell composition 

given above, the total-process minimum separation factors (ɑ) needed for HCPs, nucleic 

acids, and LPS are 9*104, 6.18*106, and 5.44*105, respectively. We modeled two different 

purification scenarios to achieve these targets: a process based on a precipitation step 

followed by one diafiltration step and two chromatography steps; and a conventional 

process based on three chromatography steps and two diafiltration steps. 

For all diafiltration steps in all models, we assume tangential flow filtration (TFF) 

with a filtrate flux of 30 L/m2-h, a retention coefficient of 0 for buffer salts and 1 for all 

macromolecules, constant-volume operation, membrane replacement every 1000 

operating hours, and a maximum membrane area per skid of 100 m2. For all 

chromatography steps, we assume a fixed bed height of 250 cm, a maximum column 

diameter of 2 m, a constant flow rate of 150 cm/hr and resin replacement every 100 
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cycles. For anion and cation exchange columns operated in bind-and-elute mode, we 

assume a total loading capacity of 100 g/L and 120 g/L, respectively. Both kinds of 

columns are sized to accommodate the initial interaction with the resin of 100% of each 

of the four macromolecular species (GRFT, HCPs, nucleic acids, and LPS) present in the 

feed. We assume that all bind-and-elute chromatography procedures include 

equilibration with 6 BVs of loading buffer, loading, washing with 5 bed volumes (BVs) 

of loading buffer, elution with 4 BVs of elution buffer, and regeneration with 4 BVs of 

regeneration buffer. For flow-through chromatography, we omit the wash and elution 

steps and size the column to accommodate the bound species that demands the highest 

capacity (i.e., that has the highest value of mass in feed divided by species-specific 

loading capacity). Each chromatography step is assumed to have 90% yield. 

The precipitation-based purification process begins with a 2.5-fold dilution of the 

clarified cell lysate from 50 g/L total protein to the precipitation working concentration 

of 20 g/L in a solution containing (NH4)2SO4 and strong acid. The result is approximately 

75000 L of lysate per batch at pH 3.4 and an (NH4)2SO4 concentration of 0.82 M (20% 

saturated at 25 °C). The diluted lysate is transferred to an 85000 L stainless steel tank and 

heated to 60 °C over 30 minutes, then held at 60 °C and stirred for an additional 30 

minutes. During this time contaminants are precipitated with the following separation 

factors, as demonstrated at lab scale for our optimized precipitation step: 426 for HCPs 

(Figure 4), 1000 for LPS (as measured by Pierce™ Chromogenic Endotoxin Quant Kit; 
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Thermo Fisher Scientific, Waltham, MA), and 14400 for DNA (Figure 36). To meet final 

purity targets, the remaining purification steps in this scenario must therefore provide 

additional separation factors of >211, >544, and >429.2 for HCPs, LPS and DNA, 

respectively. 

Following the precipitation treatment, precipitate clearance and buffer exchange 

are required. The suspension is first transferred to a disk-stack centrifuge operating at a 

flow rate of 3000 L/h. We assume 100% removal of precipitates, with a consequent 

reduction in volume to about 71000 L. The process stream is then transferred to a TFF 

procedure for diafiltration and concentration. To minimize the buffer volume used in 

diafiltration and loading for the final chromatography step, as well as the membrane 

area needed for diafiltration, the feed is first concentrated to a total protein 

concentration of approximately 20 g/L (10.8-fold concentration in the baseline model). 

The approximately 6750 L of concentrated feed are then diafiltered into citrate buffer for 

loading on a cation exchange column. Reducing the (NH4)2SO4 concentration from the 

0.82 M used in the precipitation step to a level suitable for loading on a cation exchange 

column (assumed to be 15 mM) requires processing 4 diafiltration volumes. Given the 

general TFF assumptions stated above, completing these steps without an increase in the 

batch cycle time requires two TFF skids running in parallel with 70 m2 of membrane 

each. 
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After TFF, the feed stream is loaded onto a cation exchange column in bind-and-

elute mode. The total load of GRFT and contaminants can be accommodated with 

approximately 574 L of resin, given that the column can be cycled twice. Ion exchange 

steps typically provide 1-2 log clearance of HCPs (Bonnerjea et al., 1986; He & Snyder, 

n.d.), and the significant majority of E. coli HCPs are more basic than GRFT. Likewise, 

the strong negative charge and low protein-binding of DNA are known to permit 3-log 

clearances from proteins that bind to cation exchange columns, and LPS should behave 

similarly albeit perhaps with more binding to protein. Therefore this step is assumed to 

provide separation factors of 1000, 2000, and 50 for LPS, DNA, and HCPs, respectively. 

After elution from the cation exchange column, the eluate is loaded directly into 

a flow-through strong anion exchange chromatography step. We follow the method of 

Chen et al. (Chen et al., 2009), in which a pH between the isoelectric points of GRFT (5.4) 

and LPS (approximately 2) causes both LPS and nucleic acids to be attracted to the resin 

far more strongly than are proteins, while 50 mM (NH4)2SO4 is used to screen charge 

attractions between proteins and these other contaminants. In our hands, and consistent 

with the findings of Chen et al., a version of this procedure at lab scale provided an ɑ for 

LPS of approximately 1000 (data not shown). Because the charge attraction of nucleic 

acids to the resin should be even greater than for LPS, we assume this step achieves an ɑ 

of 2000 for DNA and 1000 for LPS. We also assume an ɑ of 50 for HCPs on the same 

basis as for the cation exchange step. We assume a loading capacity of 0.09 g/L for LPS 
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(Chen et al., 2009) and 6–12 g/L for nucleic acids (Haber et al., 2004). The required resin 

volume for this column, again operated in two cycles, is only 62 L. We assume that 

GRFT can be eluted from the cation exchange column in 50 mM (NH4)2SO4 so that no 

intermediate diafiltration steps are required. 

The precipitation-based purification scenario ends with a total of 4800 L of GRFT 

BDS per batch collected from the column, containing 22.5 g GRFT/L, 0.19 mg HCPs/L 

(8.44 ppm), ~15.3 pg LPS/L, and ~0.485 pg DNA/L (< 0.0003 ng/mg GRFT). From the 

beginning of lysate dilution in precipitation buffer at 140 hours elapsed to the end of 

operations in the flow-through chromatography procedure at 215 hours elapsed, the 

precipitation-based purification section requires a total of 75 hours. The overall yield of 

the precipitation-based process is 74.1%. 

The conventional purification process begins with TFF diafiltration of the 

clarified cell lysate from lysis buffer into cation exchange loading buffer (citrate). We 

assume that 95% buffer exchange (3 diafiltration volumes) is sufficient for this step. 

Completing this step without an increase in the batch cycle time requires two TFF skids 

with 70 m2 of membrane each. Next, the filtrate is loaded onto a strong cation exchange 

column running in bind-and-elute mode. The procedure is expected to operate as 

previously described under the precipitation scenario, except that the high contaminant 

load requires much more resin volume. Specifically, this operation requires 6940 L of 

resin spread across ten columns running in parallel, each cycled twice.  
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The eluate from the first cation exchange step is then loaded directly onto a flow-

through anion exchange column, also as described under the precipitation scenario. 

After passing through the column, the GRFT fraction is passed to another 80 m2 TFF skid 

to be concentrated to a total protein concentration of approximately 20 g/L and 

diafiltered with 4 diafiltration volumes. The final step in the conventional purification 

process is bind-and-elute strong anion exchange chromatography, to complete removal 

of acidic HCPs. We assume separation factors for this step of 10, 10, and 36 for LPS, 

DNA and HCPs, respectively. 

The conventional purification scenario produces 5000 L of GRFT BDS per batch, 

containing 21.3 g GRFT/L, 0.26 μg DNA/L (12.21 pg/mg GRFT), 2.1 mg HCPs/L (100 

ppm), and 1.45 μg LPS/L (0.681 ng/mg GRFT). The conventional purification process 

begins with 142 hours elapsed in each batch and concludes with 229 hours elapsed. The 

overall yield of the conventional process is 72.9%. 

A.3.8 Formulation and Finishing 

Following collection of GRFT BDS at the end of each purification scenario, 

formulation begins with concentration of the BDS and its diafiltration into PBS. We 

assume concentration to ~20 g GRFT/L and 98% buffer exchange accomplished in 4 

diafiltration volumes. This requires a TFF skid with 30 m2 of membrane. After 

diafiltration, excipients are added. Following from typical formulations used for 

nebulization of proteins, (Albasarah et al., 2010; Steckel et al., 2003) we assume a final 
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formulation of 20 g GRFT/L with 8% w/w hydroxyethyl starch and 0.1% w/w 

polysorbate 80. The product is finished by aseptic filling of 10 mL (200 mg) multi-dose 

vials. At the time of writing, the authors are aware of suitable filling machines with 

throughputs of up to 24000 units per hour. In the absence of detailed cost data, we 

assume a baseline purchase cost of $3000000 for a machine with 12000 unit/hr 

throughput (from SuperPro documentation) and a throughput-based cost model with a 

scaling exponent of 0.6. The final product streams are approximately 544766 or 53583 

filled vials per batch for the precipitation-based and conventional purification scenarios, 

respectively. Formulation and finishing operations run from 221 to 269 hours elapsed in 

the conventional purification scenario or 209 to 257 hours elapsed in the precipitation-

based scenario. 
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Figure 36: Optimization of GRFT precipitation. A-F: SYPRO Ruby-stained SDS-
PAGE gels showing supernatants remaining after precipitation of contaminants, 

converted to grayscale and inverted for clarity. A-D, numbers are for labeling purposes 
only. E and F, numbers represent total protein concentrations at the start of the 

precipitation step. M: molecular weight marker. L:  untreated lysate standard (see 
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Materials and Methods). A, B: initial definitive screening round. C, D: second 
optimization round. The optimal condition was sample 7 in D, initially found with 2.5 g 
total protein/L entering the precipitation step. Modeling suggested 20 g/L as necessary 
to support cost targets. E, F: validation of precipitation step with high purity and yield 

up to 20 g/L. Refer to Table 6 for gel details and processed results. 

Table 6: Summary of GRFT precipitation DoE data 

Gel Sample 
Label 

Temp (° 
C) 

(NH4)2SO4 
(% saturation) 

pH Time 
(min) 

Protein conc. 
(g/L) 

% Yield Separation 
Factor 

A 1 37.0 50 4.4 5 5.00 26.65 3.43 

A 2 65.0 20 10.0 60 5.00 51.46 10.76 

A 3 51.0 50 10.0 60 5.00 26.71 2.42 

A 4 65.0 50 4.4 60 5.00 37.46 14.82 

A 5 51.0 20 4.4 5 5.00 57.84 21.56 

A 6 37.0 35 10.0 60 5.00 57.47 0.73 

A 7 51.0 35 7.2 32.5 5.00 51.34 1.23 

A 8 65.0 35 4.4 5 5.00 56.00 5.60 

A 9 37.0 20 10.0 5 5.00 48.98 0.59 

A 10 65.0 20 4.4 32.5 5.00 58.91 35.38 

A 11 65.0 50 10.0 5 5.00 33.99 4.40 

A 12 65.0 50 4.4 60 5.00 42.00 15.01 

B 1 37.0 50 10.0 32.5 5.00 47.16 1.16 

B 2 37.0 20 4.4 60 5.00 64.46 3.77 

B 3 37.0 20 10.0 5 5.00 62.27 0.68 

B 4 51.0 35 7.2 32.5 5.00 65.41 1.34 

B 5 65.0 20 10.0 60 5.00 60.71 2.26 

B 6 65.0 20 7.2 5 5.00 42.44 1.78 

B 7 37.0 50 4.4 5 5.00 54.56 1.84 

B 8 51.0 35 7.2 32.5 5.00 82.21 1.18 
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B 9 37.0 20 4.4 60 5.00 70.02 2.75 

B 10 37.0 50 7.2 60 5.00 39.89 1.02 

B 11 65.0 50 10.0 5 5.00 36.42 1.03 

C 1 73.3 20 4.4 60 5.00 81.49 57.64 

C 2 65.0 20 4.4 60 5.00 98.30 16.88 

C 3 60.0 20 3.4 60 7.50 88.55 148.67 

C 4 65.0 20 4.4 60 5.00 78.82 33.15 

C 5 65.0 20 4.4 60 5.00 89.10 21.44 

C 6 56.7 20 4.4 60 5.00 89.23 21.15 

C 7 65.0 20 2.7 60 5.00 103.20 252.29 

C 8 65.0 20 4.4 60 5.00 99.62 20.08 

C 9 65.0 20 6.1 60 5.00 90.32 7.12 

C 10 65.0 20 4.4 60 5.00 97.18 20.37 

C 11 65.0 20 4.4 60 9.17 89.96 12.71 

C 12 65.0 20 4.4 60 5.00 92.84 23.69 

C 13 60.0 20 5.4 60 7.50 86.92 15.37 

D 1 70.0 20 3.4 60 2.50 81.46 68.70 

D 2 70.0 20 5.4 60 2.50 104.75 10.57 

D 3 65.0 20 4.4 60 5.00 95.95 14.64 

D 4 65.0 20 4.4 60 5.00 99.91 31.26 

D 5 65.0 20 4.4 60 5.00 92.95 20.21 

D 6 70.0 20 3.4 60 7.50 91.34 94.46 

D 7 60.0 20 3.4 60 2.50 91.48 425.65 

D 8 65.0 20 4.4 60 0.83 109.55 23.54 

D 9 70.0 20 5.4 60 7.50 89.16 13.25 

D 10 60.0 20 5.4 60 2.50 88.92 11.34 
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E 1 60.0 20 3.4 5 35.00 101.66 30.06 

E 2 60.0 20 3.4 10 50.00 111.18 16.66 

E 3 60.0 20 3.4 20 50.00 96.00 34.23 

E 4 60.0 20 3.4 5 20.00 117.26 58.26 

E 5 60.0 20 3.4 10 20.00 123.97 86.99 

E 6 60.0 20 3.4 10 35.00 118.79 32.44 

E 7 60.0 20 3.4 20 20.00 124.12 103.99 

E 8 60.0 20 3.4 20 5.00 149.47 240.29 

E 9 60.0 20 3.4 5 5.00 142.64 231.71 

E 10 60.0 20 3.4 5 20.00 147.02 115.73 

E 11 60.0 20 3.4 20 50.00 149.25 24.46 

E 12 60.0 20 3.4 10 20.00 Not 
analyzed 

#N/A 

E 13 60.0 20 3.4 10 5.00 Not 
analyzed 

#N/A 

F 1 60.0 20 3.4 20 5.00 87.11 226.88 

F 2 60.0 20 3.4 10 35.00 89.98 33.16 

F 3 60.0 20 3.4 20 35.00 89.74 46.29 

F 4 60.0 20 3.4 5 35.00 95.47 21.92 

F 5 60.0 20 3.4 5 50.00 101.85 26.78 

F 6 60.0 20 3.4 20 35.00 89.81 37.10 

F 7 60.0 20 3.4 20 20.00 94.84 58.08 

F 8 60.0 20 3.4 5 5.00 101.78 80.07 

F 9 60.0 20 3.4 5 50.00 94.12 18.93 

F 10 60.0 20 3.4 10 5.00 96.34 583.40 

F 11 60.0 20 3.4 10 50.00 99.13 15.04 
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Figure 37: Determination of DNA content in precipitation-purified GRFT 
samples. Samples of E. coli lysate from before and after precipitation were assayed by 
1% agarose gel electrophoresis with Ethidium Bromide staining and imaged under UV 

illumination. Lane 1: 1 kb DNA Ladder (New England Biolabs, Ipswich, MA), 5 μL. Lane 
2: E. coli lysate immediately after sonication; approximately 450 μg total protein loaded, 
including approximately 45 μg GRFT. Lane 3: supernatant following the precipitation 

step; approximately 20 μg GRFT loaded. Lanes 4 and 5: precipitation supernatant 
following buffer exchange using an Amicon Ultra 10K filter (Millipore Sigma, 

Burlington MA; total spin time approximately 1 hr at 14000 RCF; >90% recovery 
expected for DNA >50 bp per manufacturer information). Buffer-exchanged sample 

lanes contain approximately 18 μg GRFT. Based on an estimated DNA load of 180 μg in 
the lysate and a limit of detection for Ethidium Bromide of approximately 5 ng DNA, we 

estimate a GRFT-DNA separation factor >14400 for the precipitation step. 
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Figure 38: Characterization of 6x-His-GRFT via SPR. As a positive control for 
the measurement of precipitation-purified GRFT activity by SPR, a similar analysis was 
conducted using purified 6x-His-tagged GRFT obtained from Barry O’Keefe at the NIH. 
See Materials and Methods for detailed methods. Data (n = 1) were analyzed by fitting 

with a heterogeneous ligand model. Association rate = 1.6 * 106 M-1 s-1, dissociation rate = 
1.5 * 10-2  s-1, affinity = 9.6 * 10-9 M. 
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Figure 39: Expression of Q-GRFT  in DLF_0025, in microfermentations in AB 
media. Gene expression is driven by the low phosphate inducible yibDp promoter. 
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Appendix B 

B.1 Supplemental Methods 

B.1.1 Literature Search 

The term used to search the PubMed database was:   

“((((("precipitat*"[Title/Abstract] OR ("aqueous"[Title/Abstract] AND 

("extract*"[Title/Abstract] OR "phase"[Title/Abstract]))) AND ("yield*"[Title/Abstract] OR 

"recover*"[Title/Abstract]) AND ("remov*"[Title/Abstract] OR "clear*"[Title/Abstract] OR 

"reduc*"[Title/Abstract] OR "purity"[Title/Abstract] OR "separat*"[Title/Abstract]) AND 

("bioprocess*"[Title/Abstract] OR "purifi*"[Title/Abstract] OR 

"biomanufactur*"[Title/Abstract]) AND ("antibod*"[Title/Abstract] OR 

"mAb"[Title/Abstract] OR "protein*"[Title/Abstract] OR "enzyme*"[Title/Abstract])) NOT 

"Preparative biochemistry biotechnology"[Journal]) AND 2000/01/01:3000/12/31[Date - 

Publication] AND "English"[Language]) NOT "Review"[Publication Type]) AND 

(english[Filter])” 

B.1.2 Reviewed Features 

Table 7: Definitions of features extracted from the dataset of Chapter 4. 

Feature Definition 

Product name The common name (e.g., “penicillin acylase”), gene name (e.g., “pac”), or a 
generic name (e.g., “mAb”) for the product protein. 

Product gene 
source 

The common name (e.g., “cow”) or scientific name (e.g., “Bos taurus”) of the 
organism from which the gene encoding the product protein was derived. 
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Industrial 
context 

The major area of use for the product or purification process. E.g., medical 
products, industrial agents, etc. 

Host The common name (e.g., “CHO”) or scientific name (e.g., “Cricetulus 
griseus”) of the organism from which the product was purified. 

Method type A categorization of the partitioning unit operation as either precipitation or 
liquid-liquid extraction, followed by the type of separating agents used. E.g., 
precipitation: heat or LLE: polymer/salt ATPS. Some records contain a 
combination of two or more basic method types, separated by commas. 

Method 
description 

A quotation from the publication describing the general methods used to 
achieve the partitioning operation. 

Recipe A brief description detailing, as far as possible, the chemical species, mass 
composition, temperature, pH, and time relevant to the partitioning unit 
operation. E.g., “5 mg protein, 5 g total ATPS, 2 mM Triton X-114-Cu(II), 0.5 
mM HM-EOPO polymer, 10 C, 5 hr”  

Process stage A general categorization of where the partitioning unit operation was used 
in the context of a complete purification process. E.g., “capture” for 
operations used on crude lysates or “polishing” for operations used on 
nearly-pure proteins. 

Sequence The complete sequence of unit operations reported in the study, beginning 
with the product harvest step. The partitioning unit operation relevant to a 
given record is indicated by an “X”. If other partitioning operations are used 
in the same sequence and detailed in separate records, they are indicated by 
numerals corresponding to the numbering of the records in the publication. 

Yield The recovery of product from the partitioning unit operation, expressed as a 
percentage. When possible, mass-based measures were used. When only 
measures based on biological activity were reported, they were used unless it 
was clear that the ratio of activity to product mass was substantially affected 
by the operation. 

Initial purity The purity of the product before the partitioning unit operation, on a mass 
per mass basis. When possible, the measures used were relative only to 
protein-based contaminants. 

Final purity The purity of the product after the partitioning unit operation, on a mass per 
mass basis. When possible, the measures used were relative only to protein-
based contaminants. 
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Purification 
factor 

The ratio of final purity to initial purity. Or, if mass-based purity measures 
were not reported, the ratio of final specific activity to initial specific activity. 

HCP LRV The log10 reduction value in host cell protein contaminant mass achieved by 
the partitioning unit operation. E.g., log10(HCPinitial / HCPfinal). 

DNA LRV The log10 reduction value in DNA contaminant mass achieved by the 
partitioning unit operation. 

LPS LRV The log10 reduction value in LPS (i.e., endotoxin) contaminant mass achieved 
by the partitioning unit operation. 

HMW LRV The log10 reduction value in HMW (i.e., high molecular weight, or aggregate) 
contaminant mass achieved by the partitioning unit operation. 

Concentration 
factor 

The ratio of product mass per volume before vs. after the partitioning unit 
operation, taking into account any necessary auxiliary operations such as 
resuspension of a precipitate. 

Recycling The percentage of a given reagent used in a partitioning operation that was 
reported to be recovered and reused in subsequent cycles. 

Optimization 
method 

The type of experimental design used to optimize the conditions of the 
partitioning unit operation. Takes values of: None reported; OFAT (One 
Factor at a Time experimentation), i.e., when each factor is optimized 
independently; MFAT (Multiple Factors at a Time experimentation), i.e., 
when multiple factors are varied and optimized simultaneously; or DoE 
(Design of Experiments), i.e., when MFAT experimentation was 
supplemented by the use of statistical principles to select the set of 
experiments performed. 

Theoretical 
model 

Whether any kind of theoretical model or simulation study was directly used 
in selecting the conditions of the partitioning unit operation. Takes values of 
“yes” or “no”. 

Reagent phase 
data 

Whether data are reported or referenced that describe the partitioning of the 
reagents used in the partitioning unit operation, e.g., a binodal curve for 
ATPS. Takes values of “yes” or “no”. 
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B.1.3 Equations and analyses applied in standardizing data from 
publications 

𝐿𝐿𝐿𝐿𝐿𝐿 =  𝑙𝑙𝑙𝑙𝑙𝑙10(𝑓𝑓𝑙𝑙𝑙𝑙𝑓𝑓 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎)  =  𝑙𝑙𝑙𝑙𝑙𝑙10 �
100

(100−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑃𝑃)�. Additionally, 

HCP fold changes were calculated from initial and final purities and yield as: fold 

change = 
� �1−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖�� 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖�

�

�𝑌𝑌𝑃𝑃𝑌𝑌𝑖𝑖𝑌𝑌−� 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑌𝑌𝑃𝑃𝑌𝑌𝑖𝑖𝑌𝑌��

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖

 . 

When relevant quantitative data were shown in figures but not reported in the 

text, figures were digitized using WebPlotDigitizer to extract numerical data (Rohatgi, 

2021). Figures that were not 2D graphs (e.g., SDS-PAGE gels, surface plots) were not 

analyzed. 

All quantitative measures relating to the reduction of a contaminant were 

reported in absolute terms. In some cases, this required adjusting reported values based 

on the product yield. For example, if HCP levels before and after a partitioning 

operation were given in parts per million (ppm), then 𝐻𝐻𝐻𝐻𝑃𝑃 𝐿𝐿𝐿𝐿𝐿𝐿 =

 𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑝𝑝𝑝𝑝𝑝𝑝𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖×100

𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖×% 𝑌𝑌𝑌𝑌𝑃𝑃𝑌𝑌𝑑𝑑
�. 

For concentration factors, in the case of ATPS operations for which no mass-

based concentration factor could be determined, an approximate concentration factor 

was calculated based on the product yield, the volume ratio of the phases, and the 

fraction of initial system volume made up by the product-containing component. In this 

case, the simplifying assumption was made that all components had the same density. 
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For example, if an ATPS system initially contained 20% w/w product-containing lysate, 

the product separated to the top phase with a 90% yield, and the phase ratio was 1:1, the 

approximate concentration factor would be 
90
100
1
2

100
20

� . 
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B.2 Supplemental Results 

B.2.1 Classification of the dataset 

 

Figure 40: Representation of different combinations of expression host type 
and research context in the dataset. NR = not reported. For further information on 

categorization of research contexts, refer to Chapter 4. 
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Figure 41: Representation of different combinations of expression host type 
and product type in the dataset. NR = not reported. For further information on product 

categorization, refer to Chapter 4. 
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Figure 42: Usage of different partitioning methods as a function of research 
context. Method types are precipitations unless ending with ATPS (aqueous two-phase 
separation) or TPP (three-phase partitioning). For further information on categorization 

of research context, refer to Chapter 4.  
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Figure 43: Usage of different partitioning methods as a function of product 
type. Ig = Immunoglobulin. Method types are precipitations unless ending with ATPS 

(aqueous two-phase separation) or TPP (three-phase partitioning). For further 
information on product categorization, refer to Chapter 4. 
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Figure 44: Usage of different partitioning methods as a function of host type. 
NR = not reported. Method types are precipitations unless ending with ATPS (aqueous 

two-phase separation) or TPP (three-phase partitioning). 

B.2.2 Chromatography datasets 

Table 8: Typical product yields and host cell protein log10 reduction values for 
ion-exchange chromatography. HCP: host cell protein. LRV: log10 reduction value in 
absolute mass of contaminant. For the data from Shukla et al., no yield was reported. 

However, because this study represented results in a pharmaceutical mAb bioprocess, 
we assumed a typical yield of 95% for that case (Kelley, 2007). 

Source Yield (%) Initial purity (%) Final purity (%) HCP LRV 
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(Hou et al., 2005) 63.87 35.40 95.30 1.76 
(Yu et al., 2021) 79.00 22.00 83.00 1.34 
(Guo et al., 2021) 67.03 45.00 82.27 0.93 
(Dux et al., 2006) 90.00 3.00 70.00 1.92 
(Dux et al., 2006) 76.00 70.00 80.00 0.35 
(Dux et al., 2006) 53.00 80.00 92.00 0.73 
(Bocanegra-Jiménez et 
al., 2021). 

79.17 55.00 86.00 0.80 

(Shukla et al., 2017) 95.00 98.05 99.93 1.49 
(Shukla et al., 2017) 95.00 99.16 99.95 1.29 
(Shukla et al., 2017) 95.00 99.26 99.98 1.64 
(Shukla et al., 2017) 95.00 99.30 99.97 1.37 
(Shukla et al., 2017) 95.00 99.72 99.99 1.33 
(Shukla et al., 2017) 95.00 99.80 99.99 1.36 
(Shukla et al., 2017) 95.00 99.90 100.00 1.36 
(Shukla et al., 2017) 95.00 99.92 100.00 1.28 
(Shukla et al., 2017) 95.00 99.93 100.00 1.20 
(Shukla et al., 2017) 95.00 99.95 100.00 1.02 
(Shukla et al., 2017) 95.00 99.98 100.00 0.62 
(Shukla et al., 2017) 95.00 99.97 100.00 0.87 
(Shukla et al., 2017) 95.00 99.99 100.00 0.50 
(Shukla et al., 2017) 95.00 99.99 100.00 0.32 
(Olsen et al., 2013) 115.38 0.79 78.95 2.61 
(A. Li et al., 2021) 79.49 71.00 78.00 0.26 
(Burkhardt et al., 2007) 69.00 9.00 90.00 2.12 
(Freiherr von Roman et 
al., 2014) 

97.00 92.00 96.00 0.33 

(Xiang et al., 2010) 90.91 94.00 95.00 0.13 
(Xiang et al., 2010) 70.00 95.00 99.00 0.87 
(C. Huang et al., 2005) 96.70 85.00 95.00 0.54 
(Hofmann et al., 2013) 97.32 35.00 85.00 1.03 
(Hofmann et al., 2013) 91.74 85.00 95.00 0.56 
(Hofmann et al., 2013) 70.97 45.00 90.00 1.19 
(Hofmann et al., 2013) 82.95 90.00 93.00 0.25 

 

Table 9: Typical host cell protein log10 reduction values for Protein A 
chromatography. Data are from (Shukla et al., 2017). PPM: parts of contaminant per 
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million parts of product. HCP: host cell protein. LRV: log10 reduction value in absolute 
mass of contaminant. For calculating HCP LRV from ppms, a product yield of 95% was 

assumed as typical for Protein A in a pharmaceutical process. (Kelley, 2007). 

Initial HCP ppm 

(assumed—see caption) 

HCP ppm post-ProA HCP LRV 

241948.47 19936.71 1.11 
241948.47 8453.89 1.48 
241948.47 8137.43 1.50 
241948.47 7504.52 1.53 
241948.47 7097.65 1.55 
241948.47 2757.69 1.97 
241948.47 1989.15 2.11 
241948.47 994.58 2.41 
241948.47 813.74 2.50 

 

Table 10: Typical DNA log10 reduction values for ion-exchange 
chromatography. Data are from (Berthold & Walter, 1994). LRV: log10 reduction value in 

absolute mass of contaminant. 

Fold reduction in DNA DNA LRV 

2,360,000.00 6.37 
1,500,000.00 6.18 
1,320,000.00 6.12 
1,500,000.00 6.18 
1,050,000.00 6.02 
1,546,000.00 6.19 
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B.2.3 Techno-economic analysis 

 

Figure 45: Empirical cumulative distribution of annual production scales for 
monoclonal antibody drug processes. Adapted from data presented in Appendix A. 
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Figure 46: Implementation readiness by expression host type. For definitions of 
implementation readiness categories, see Chapter 4.  
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