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Abstract

Purification of His-tagged proteins using WorkBeads
40 TREN as a pre-treatment step prior loading sample
onto IMAC resins with the purpose to enhance
performance Jenny Thorsén

This work is the result of evaluating a novel strategy for the 
purification of recombinant His-tagged proteins. Proteins purified in 
this study were the E. coli translational proteins IF-3, RF-1, and RFF. 
The study aimed to analyse the potential of using Bio-works WorkBeads™ 
40 TREN, a multimodal anion ion exchange chromatography resin, as a pre-
treatment step upstream an immobilized metal ion chromatography (IMAC) 
resin to enhance performance efficiency of His-tagged protein 
purification. The method demonstrated here shows potential for anyone 
seeking to increase the purity of His-tagged protein purification or to 
introduce an effective purification procedure by replacing a polishing 
step downstream IMAC with WorkBeads 40 TREN upstream IMAC. The latter 
contributing to guard the IMAC column from heavy bioburden. This study 
showed that running WorkBeads 40 TREN prior IMAC captures impurities and 
removes 97-98 % more dsDNA compared to direct IMAC. WorkBeads 40 TREN is 
therefore highly advantageous to include early in a purification process 
to remove protein binding DNA fragments. Moreover, WorkBeads 40 TREN 
increases purity in the final product by capturing more host cell 
proteins than when running direct IMAC. This concept is general and 
WorkBeads 40 TREN could be used upstream a variety of resins such as 
Protein A and RPC.
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Lovande reningsstrategi av viktiga proteiner 

Populärvetenskaplig sammanfattning  

Jenny Thorsén 

Senaste revision 1 April 2021 

Proteiner är livets byggstenar, de förekommer i nästan alla cellulära processer och maskinerier. 

Deras breda och komplexa variation av strukturer resulterar i en enorm diversitet av funktioner 

(Campbell et al. 2015). Inom biologisk och biomedicinsk vetenskap är framställning av 

proteiner i biologiska system viktigt. Bakterie- och mammalieceller används ofta för att 

producera proteiner som de normalt sett inte producerar (rekombinant produktion) vilket ger 

tillgång till nya och skräddarsydda proteiner eller proteiner i stora mängder. Proteinerna 

behöver ofta separeras från andra molekyler och fås i ren form innan de kan användas eller 

studeras. Vilken renhet som eftersträvas är beroende av vad proteinet ska användas till. 

Proteinreningen, som kan bestå av flera steg, utnyttjar karaktäristiska egenskaper hos proteinet 

för dess separation från andra molekyler. Dessa egenskaper är storlek, laddning, löslighet och 

specifik bindningsaffinitet (Lodish et al. 2000, Berg et al. 2002). Det finns ett stort behov av 

att förbättra och effektivisera reningsprocessen för proteiner (Wingfield 2015).  

En effektiv reningsstrategi är att använda så kallade affinitetstaggar. En ”tag” är en kort svans 

i ena ändan av proteinet av intresse och den finns enbart där för att möjliggöra rening genom 

affinitetskromatografi. IMAC eller Immobilized metal ion affinity chromatography är en sådan 

reningsteknik. Den baseras på rening med en kromatografikolonn. Kolonnen har en stationär 

fas i form av en basmatris som funktionaliserats genom immobilisering av metalljoner, även 

kallad IMAC-resin. IMAC utnyttjar att histidin, en av de aminosyror som normalt ingår i 

protein, har affinitet till dessa metalljoner (Porath 1975). Taggar bestående av flera histidiner 

på rad inkorporeras därför i proteiner som uttrycks rekombinant, vilka då benämns som His-

taggade proteiner. His-taggade proteiner framställda i en cellodling renas genom att den lösliga 

delen av de sönderslagna cellerna, det så kallade lysatet, laddas på kromatografikolonnen. De 

His-taggade proteinerna binder in till stationärfasen medan andra proteiner tillsammans med 

övriga molekyler passerar rakt igenom. Efter en tvätt av kolonnen tillsätts en lösning som får 

proteinerna som bundit att släppa. Rening av His-taggade proteiner är en relativt enkel och 

billig reningsteknik och används ofta för att rena fram proteiner som används för 

forskningsstudier. Vid struktur- eller interaktionsstudier krävs ofta att proteinet som studeras 

har hög renhet (Knecht et al. 2009, Nieba et al. 1997). Dessvärre kommer de His-taggade 

proteinerna inte vara de enda komponenterna som har affinitet till metalljonerna i 

stationärfasen. Andra komponenter i form av värdcellsproteiner och värdcells-DNA med 

affinitet kan också binda in till kolonnen och renas tillsammans med proteinet av intresse 
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(Bornholst and Falke 2000). Förutom att dessa komponenter utgör orenheter i slutprodukten 

kan de också försämra reningskapaciteten hos IMAC-kolonnen. Orenheterna resulterar i att ett 

ytterligare reningssteg ofta är nödvändigt för att uppnå önskad renhet av proteinet av intresse.  

Konventionella metoder har ofta ett extra reningssteg nedströms IMAC som storleksseparerar 

komponenter. Detta reningssteg tar ofta lång tid och kan kräva viss behandling av provet innan 

det kan laddas på (Lingg et al. 2020, Hagel and Janson 1992, Gibert et al. 2000). För att undvika 

reningssteget nedströms IMAC och samtidigt skydda IMAC-kolonnen från orenheter kan ett 

reningssteg uppströms kolonnen införas. Detta möjliggör att komplexa prover kan laddas på 

och effektiviserar hela reningsprocessen. Den här studien utvärderade införandet av ett 

reningssteg uppströms IMAC med produkter från Bio-Works. Det nya reningssteget bestod av 

en multimodal anjonbytareresin, WorkBeads™ 40 TREN, vilken hade som syfte att fånga upp 

orenheter i prover bestående av His-taggade proteiner producerade i E. coli. WorkBeads 40 

TREN är positivt laddad vid pH lägre än 9 och fångar därför bland annat upp orenheter med 

negativ laddning, exempelvis kromatin och DNA. Studien visade att införandet av detta 

reningssteg förbättrade renheten med 97–98 % i form av borttagande av DNA. Utöver detta 

visade studien även tydliga indikationer på att reningssteget tog bort värdcellsproteiner vilket 

bidrar till ökad renhet. Denna metod kan argumenteras vara mer effektiv och mindre arbetsam 

i jämförelse med reningsmetoder som ofta används idag. En stor fördel med metoden som 

använts i denna studie är att införandet av ett reningssteg uppströms IMAC skyddar kolonnen 

vilket förlänger dess livslängd till skillnad mot när det extra reningssteget sätts nedströms 

IMAC.  
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1 Introduction 

1.1 Aim 

This work is the result of evaluating a novel strategy for the purification of recombinant His-

tagged proteins. The aim was to analyse the potential of using Bio-works WorkBeads™ 40 

TREN, a multimodal anion ion exchange chromatography (AIEX) resin, as a pre-treatment step 

upstream an immobilized metal affinity chromatography (IMAC) resin to enhance performance 

efficiency for purification of recombinant His-tagged proteins.  

1.2 Background  

Proteins comprises the most versatile macromolecule there is. All proteins bind to other 

molecules and consequent regulate reactions and mechanisms resulting in functional life. 

Recombinant proteins are major targets of drug manufacturing and research studies (Campbell 

et al. 2015). The subsequent purification of those proteins is a field of continual development 

and large interest is in making such procedures applicable and more effective (Wingfield 2015, 

Trabbic-Carlsson et al. 2004, Růčková et al. 2014). Recombinant proteins with fusion tags 

facilitate simpler purification at higher yields by the utilization of selective affinity to a ligand 

immobilized on a chromatographic resin. IMAC dominates the purification of recombinant 

proteins fused with His-tags. Its relatively inexpensiveness and easiness of use are the direct 

reasons behind its fame (Song et al. 2012, Cass et al. 2005). However, proteins from the 

expression host amongst other molecules may also have an affinity to the IMAC resin and 

constitute impurities as they can coelute with the His-tagged protein (Bornholst and Falke 

2000). Besides disturbing the studies performed on the target protein these interfering 

molecules and host cell proteins also risk impairing the resin capacity. As such, an additional 

purification step can be applied to attain the desired purity of the target protein (Lingg et al. 

2020, Saraswat et al. 2013). Although, a downstream purification step fails to reduce the 

bioburden subjected to the IMAC resin. The removal of impurities in an upstream step to 

circumvent the need for the down-stream polishing step and simultaneously guard the IMAC 

column should enable loading all kinds of samples onto the IMAC column and result in a more 

efficient purification process.  

2 Theory 

The general aim of any protein purification process is to generate pure protein at high enough 

yields in addition to retaining the protein's maximal activity (Price and Nairn 2009). This 

section gives a background for the recombinant His-tagged proteins purified in this study and 

explains the concept of separation methods and analysing tools used to evaluate the purification 

process performed in the study. 
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2.1 Fusion tagged proteins 

A fusion tag is a peptide fused to the N- or C terminus of a certain recombinant protein. It has 

been genetically engineered into the expression plasmid for the protein. Fusion tags enable 

versatile possibilities to alter protein solubility, increase expression and aid for protein detection 

and purification e.g., affinity or epitope tags may be incorporated and facilitate simpler 

purification through affinity chromatography. There are a variety of affinity tags and their 

cognate binders, among the first ever used affinity tags is Protein A which have affinity towards 

IgG and used for mAb purification (Kimple et al. 2013). If an affinity tag is still present when 

conducting e.g., biochemical studies, it must be confirmed that the tag does not interfere with 

the functionality and activity of the protein. In many cases the tag is cleaved off after 

purification to ensure protein functionality, this is the standard if the product is therapeutic. To 

enable easy removal of the tag, a linker may be incorporated to the recombinant protein. This 

linker offers a protease recognition sequence for suitable cleaving of the tag.  

Commonly used protein affinity tags are FLAG, Strep II and CPB, they are small-sized and 

known to cause little interference effects on a recombinant protein structure and function. As 

such, these tags seldom require to be cleaved of post purification. The most used affinity tag by 

far is the His-tag which shares the above mentioned characteristics (Zhao et al. 2013). 

2.1.1 His-tag 

Incorporation of His-tags to the target proteins is a generally applied method to facilitate easy 

and inexpensive purification via IMAC (Knecht et al. 2009). The His-tag is typically arranged 

of six repeated histidine residues addressed to a protein N or C-terminus. Histidine together 

with cysteine and tryptophan are amino acid residues known to interact with divalent metal ions 

at high specificity. This interaction lays the ground of His-tagged mediated separation of 

proteins since IMAC provides a metal chelating ligand. (Porath et al. 1975). Proteins purified 

using this technique are often targets of research studies concerning their often undetermined 

structure, function and interactions (Knecht et al. 2009, Nieba et al. 1997). 

2.1.2 Translational proteins 

One of the several fields of protein studies involves regulation studies of molecular machines. 

For one, the mechanisms of protein synthesis can be understood by mapping the function of the 

ribosome through biochemical studies of translational proteins. Certain antibiotics function by 

inhibiting translational mechanisms in bacteria, making these systems an interesting research 

field in the battle against drug-resistant bacteria (Ge et al. 2019). Such translational proteins are 

often His-tagged to simplify the purification using IMAC.  

This project investigates the purification of three translational proteins recombinantly expressed 

in E. coli (Table 1). All proteins have a His-tag of six histidine residues fused to the C-terminus. 

 

 



13 

 

Table 1. The proteins purified in the study, their molecular weight and isoelectric point (pI). 

Protein Molecular weight  Theoretical pI 

Translation initiation factor 3 (IF-3) 21387 Da 9.54 

Peptide chain release factor 1 (RF-1) 41340 Da 5.42 

Ribosome recycling factor (RRF) 21461 Da 7.03 

 

IF-3 is a translation initiation factor, the protein binds and interact with the ribosomal subunits 

30S and 50S after the binding of IF-1 and IF-2 and thereby regulates the formation of the 70S 

complex. Upon formation of the translational machine, protein elongation will take place until 

a release factor, RF-1, or RF-2, recognises a stop codon leading to a third release factor, RF-3, 

interacting with the ribosome resulting in a conformational change releasing the newly 

synthesised peptide and dissociates RF-1/RF-2 from the 70S complex. After terminating the 

translation, the ribosomal recycling factor, RFF, is free to bind the ribosome and together with 

EFG catalyses the release of the 50S subunit from the 70S complex, mRNA and tRNA. IF-3 is 

again free to regulate the association or dissociation of the 70S complex. (Ramakrishnan 2002, 

Prabhakar et al. 2017) 

2.2 Chromatography methods  

Methods described in the following section are liquid chromatography (LC) techniques. LC 

separates molecular components in a liquid complex sample mixture, representing the mobile 

phase or eluent, by applying it to a stationary phase. The stationary phase is always solid or 

consists of a liquid adsorbed to the surface of a solid phase. Separation is enabled through the 

characteristics provided by the stationary phase which consists of a cross-linked polymeric resin 

that may have functional groups attached to it. (Price and Nairn 2009, Coskun 2016)  

2.2.1 Binding-elution (BE) vs flowthrough (FT) mode 

Depending on the experimental design, the setup of separation mode may differ. The 

conventional strategy intends the target molecule to adsorb to the capturing resin whereas 

impurities simply flow through the column, this is called binding-elution (BE) mode. The 

adsorbent is often desorbed by changing the pH or increasing the ionic strength either stepwise 

or with a gradient. The opposite is also possible i.e., having the target protein in flowthrough 

(FT) mode and not adsorbing to the matrix, instead impurities are adsorbed (Price and Nairn 

2009). The latter can be advantageous exploit to capture impurities as the first step in an inline 

multiple-step purification. The second step captures the target protein and separates it from 

additional impurities.  

2.2.2 Immobilized metal ion chromatography 

Immobilized metal ion affinity chromatography was first described and developed nearly fifty 

years ago by Jerker Porath and colleagues at Uppsala University, Sweden, and Clinical 

Research Institute of Montreal, Canada (Porath et al. 1975). IMAC utilizes the affinity of 

histidine, cysteine, and tryptophan amino acid side chains on the protein surface for divalent 
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transition metal ions on the chromatography resin (Janson and Rydén 1998). The metal ions are 

either copper(II), nickel(II), zinc(II) or cobalt(II) and are linked to the chromatography matrix 

by a chelating ligand such as nitrilotriacetic acid (NTA) or iminodiacetic acid (IDA). Different 

setups of the ion and chelating ligand present varying selectivity and binding strength to the 

target protein (Porath 1992). IMAC is mostly used for the purification of recombinant His-

tagged proteins and Ni-NTA is the most common combination of ion and chelating ligand. 

When a sample containing His-tagged proteins is loaded to an IMAC resin, the immobilized 

divalent metal ions will bind to the nitrogen in the histidine residues leading to the capture of 

the protein (Figure 1). It is important that the loading buffer is designed in a way that de-

protonates the His-tag on the protein since the His-tag is unable to bind the metal ion if 

protonated (Lee et al. 2008).  

 

Figure 1. Histidine residues from the protein binding to the metal ion chelated by the NTA ligand.  

Weakly or unbound molecules will pass through the column and hence separates from bound 

molecules. The target protein can be desorbed by stepwise or gradient elution through either a 

competing agent such as imidazole or by adjusting the pH and thereby protonating the nitrogen 

in histidine leading to the loss of affinity (Bornholst and Falke 2000). Clusters of histidine in 

host cell proteins may contribute to them binding non-specifically to the matrix. Unwanted 

binding can be reduced by including a low concentration of imidazole in the loading buffer. 

(Canping et al. 2006, Riguero et al. 2020, Tolner et al. 2006). Although, such precautions will 

not ensure total purity as some components still coelute and constitute impurities in the eluate. 

A following polishing step may therefore be necessary for the purification of His-tagged 

proteins. The commonly used strategy is to use gel filtration chromatography of the sample 

after IMAC. However, this polishing step is time-consuming and laborious since the IMAC 

eluate may need desalting or a buffer exchange before it can be loaded on the gel filtration 

column (Hagel and Janson 1992, Gibert et al. 2000). 

2.2.3 Multimodal ion exchange chromatography  

Ion exchange chromatography (IEX) enables separation through electrostatic interactions 

between components and the matrix agent. There are two types of ion exchangers, anion 

exchangers interact with negatively charged proteins due to the positive charge of their ligand 

and vice versa is true for cation exchangers. Multimodal IEX resins may have more than one 
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area of use (Janson and Rydén 1998). These resins provide multiple interaction mechanisms by 

combining different matrix and ligand properties e.g., they may have both electrostatic and 

hydrophobic properties. As such, multimodal IEX resins are suitable to use early in a 

purification process to clean up feeds with complex impurity profiles (Wang et al. 2018, Bio-

Works 2021).  

WorkBeads™ 40 TREN (Bio-Works) is an agarose-based multimodal AIEX, the ligand is made 

of Tris(2-aminoethyl)amine (TAEA) (Figure 2) and is positively charged at a pH below 

approximately 9. This resin has proven effective when used in FT-mode to capture chromatin 

and host cell impurities during mAb purification (Bio-Works 2021). It has also shown 

promising results in removing viruses and endotoxins, bacterial feeds may be rich of endotoxins 

(Nian et al. 2016, Chen et al. 2016). 

   

Figure 2. WorkBeads 40 TREN ligand attached to agarose matrix. 

When addressing multimodal IEX, it is essential that the feed to be purified is in the solution of 

a low ionic strength buffer and if BE-mode of the target protein is intended the effective pH 

should be generating a net charge on the protein that is opposite to that of the resin. If FT-mode 

is attempted, the pH of the puffer should generate the same net charge as the resin.  

2.2.4 Size exclusion chromatography 

Size exclusion chromatography (SEC) or gel filtration unlike IMAC does not purify protein 

through adsorption but separates according to molecular size. SEC matrixes consists of 

Sepharose or agarose beads. Larger proteins are unable (or only partially able) to enter the 

porous structure of the chromatography matrix and therefore pass through the column faster 

than smaller proteins, allowing elution to occur by descent in size. The choice of elution buffer 

of suitable pH and ionic strength is of importance to assure separation is based on size only and 

not on parameters such as electrostatic or hydrophobic interactions (Pierce and Nairn 2009). 

This method may be used as a polishing step after IMAC purification to isolate the target protein 

(Hagel and Janson 1992, Gibert et al. 2000).  

In this study, SEC was used as an analytical tool to evaluate the purity of the given protein in 

the IMAC eluate. Multiple peaks or a noisy baseline in chromatograms may indicate impurities 

as one single peak with a clean baseline indicates the presence of one single type of component.  
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2.3 Analytical methods  

2.3.1 Gel electrophoresis  

The routine method when evaluating the result of protein purification is electrophoresis 

performed under denaturing conditions. Developed by Laemmli in 1970, the standard technique 

is still sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Pierce and 

Nairn 2009). SDS-PAGE separates mixtures of proteins based on their size. SDS induces 

denaturation of proteins by unfolding the structure through hydrophobic interactions and 

simultaneously assessing them with a constant negative charge. This provides a uniform mass 

to charge relationship between different proteins. The SDS-protein mixture is loaded in wells 

on a polyacrylamide stacking gel and then forced to migrate through a separation gel under the 

influence of an electric field. Proteins will migrate with different rates according to their size 

i.e., larger proteins will migrate slower (Gallagher 2006). A reducing agent such as 

dithiothreitol (DTT) is added to the SDS mixture to disassociate potential disulphide bonds 

within or between subunits ensuring that proteins remain as monomers. The proteins are stained 

with dye e.g., Coomassie Brilliant Blue R-250, to visualise the separation. A commercial 

standard set of marker proteins of known weight are also loaded on the gel and serves as a 

reference for the protein mixture (Gallagher 2006, Pierce and Nairn 2009). 

2.3.2 Determination of target protein concentration and specific activity 

It is central to determine the amount of protein purified throughout a purification process to 

calculate the specific activity of the target protein and accordingly evaluate the success of the 

purification method. To decide the specific activity of the target protein, an assay designed for 

the proteins biological activity is needed. The assay should measure a response solely to the 

presence of the target protein and the response should be proportional to the amount of protein 

present. The assay may be designed in regards for the nature of the protein e.g., a catalytic or 

binding assay. (Pierce and Nairn 2009) 

Protein concentration can be measured in various ways, measuring the absorbance at 280 nm is 

the simplest method but not the most sensitive. At 280 nm, amino acids with aromatic residues 

absorbs ultraviolet light, the aromatic content varies between different proteins. Other 

techniques are dye-binding methods, bicinchoninic acid (BCA), Lowry method and the Biuret 

method. The last method is much less sensitive than the others. BCA is highly sensitive but as 

the Lowry method incompatible with various detergents and compounds (Pierce and Nairn 

2009). In general, dye-binding methods are highly sensitive and easy to perform. Bradford assay 

is a dye-binding method where Coomassie Brilliant Blue G-250 undergoes a measurable change 

of absorbance when binding to arginine and aromatic residues (NH3
+ side chains) in proteins 

(Harlow and Lane 2006). The dye molecule is protonated when no NH3
+ groups are bound, and 

the colour shows orange/brown. Deprotonation occurs when NH3
+ side chains bind to the dye-

anion leading to a colour change to blue and a measurable absorbance signal of 595 nm. The 

signal corresponds to the total protein concentration and serves as a comparative aid, meaning 

that measurements are calculated based on referencing to a standard curve of known protein 

concentrations (usually bovine serum albumin (BSA)). It is important to account for any 
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dilution factor and subtracting the absorbance value of the blank when calculating the unknown 

protein concentration. The arginine and aromatic residue content vary amongst proteins and the 

NH3
+ side chains have differing reactivity to the dye, therefore the colour shift will fluctuate 

between proteins. If possible, it is advantageous if the standard protein has similar composition 

of arginine and aromatic residues as the target protein (Pierce and Nairn 2009). 

2.3.3 Host cell DNA determination  

Detection of nucleic acid as host cell DNA can be carried out as means to evaluate the degree 

of purity during protein purification processes. Nucleic acids can be detected via wavelength or 

fluorescence techniques as well as gel electrophoreses. Compared to spectrophotometric 

methods, the fluorescence method allows higher specificity due to the dye-binding of dsDNA 

and is more sensitive to lower dsDNA concentrations (Gallagher and Desjardins 2008). The 

detected fluorescence of unknown dsDNA concentration can be determined based on reference 

to a standard of known dsDNA concentration and account for any dilution factor as well as 

subtracting the fluorescence of the reagent blank. There are different commercial assay kits 

available for host cell DNA determination e.g., Quant-iT™ PicoGreen® (ThermoFisher). This 

kit uses different concentrations of λ-DNA as a standard reference and a fluorescent reagent 

which is used to measure the fluorescence intensity at 520 nm to determine dsDNA 

concentrations.  Note that other nucleic acids species such as RNA and ssDNA are not detected 

with this kind of assay.  

2.3.4 Host cell protein determination  

Detection of host cell protein levels is another analyse that can be carried out in means to 

evaluate the degree of purity during protein purification processes. When investigating the 

purity regarding host cell proteins, enzyme linked immunosorbent assay (ELISA) can be 

addressed. Tubes in a microtiter plate are coated with antibodies that are specific towards 

impurities that are of interest to detect. The sample of interest is added to the tubes and the 

impurities or the host cell proteins present bind to the antibodies in the tubes. Next, detection 

enzyme labelled antibodies are added which form a solid phase sandwich complex through an 

immunological reaction with the coated antibodies. Unbound components are washed of before 

the detection enzyme’s substrate is added. The substrate is reacted, and the absorbance 

measured. The detected signal is directly proportional to the concentration of host cell proteins 

present in the sample. Known concentrations of host cell proteins are assayed in means to create 

a reference for the unknown host cell protein concentrations. (Engvall and Perlmann 1971)  

3 Method 

3.1 Bacterial cultivation and protein expression 

A single colony of BL21D3 containing the respective protein pET-24A(+) vectors (IF-3, RF-1 

or RRF) was added to separate E-flasks containing 30 mL LB broth and 50 µg/mL kanamycin 
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(KM). The inoculations were incubated overnight at 37° C on a shaking table of 180 rpm. From 

each inoculation flask of bacteria, 20 mL was added to separate flasks of 2000 mL LB broth 

and 50 µg/mL KM. The cultures were incubated at 37° C on a shaking table of 180 rpm and 

induced with 1 mM IPTG when OD600 reached 0.4-0.5. Bacterial cultivation and expression 

were performed two times with different expression times. The first time all three proteins were 

expressed for three hours, the next time IF-3 was grown and expressed for 16 hours. The 16 

hours protein expression was done by Xueliang Ge (ICM, Uppsala University).  

Cultures were centrifuged at room temperature for 25 minutes at 4000 rpm (Sorvall RC3C 

PLUS centrifuge) and the media supernatant was decanted. The pellet was resuspended in 

deionized water and vortexed before centrifuged for 20 minutes at 4000 rpm at 4°C (Eppendorf 

centrifuge 5810). The supernatants were decanted, and the cell pellets put on ice overnight. The 

cell pellets were resuspended in IMAC phosphate buffer pH 8.0 (Medicago) and lysed by 

sonication (Sonics VCX130). Cell debris was removed by ultracentrifugation for 1 hour at room 

temperature at 16 000 rpm (Thermo Fisher Scientific Sorvall RC 6+ centrifuge) and the 

supernatant containing the protein feeds were aliquoted into Falcon tubes and stored at -20°C 

until protein purification. Further details concerning the cultivation protocol are found in 

Appendix A.  

3.2 Chromatography  

Three His-tagged proteins (IF-3, RF-1 and RRF), cultivated and overexpressed in E. coli, were 

purified on IMAC including, or excluding an upstream pre-treatment step (Figure 3). Pre-

charged BabyBio™ Ni-NTA 1 mL (Bio-Works) columns were used for the IMAC purifications 

and BabyBio™ 40 TREN 5 mL columns were used for the upstream purification. Columns used 

in this study were operated as recommended by the manufacturer’s instructions. Unicorn and 

ÄKTA™ systems (Cytiva) were used to create running schemes and perform purification. 

Figure 3. Flow-scheme for loading protein feeds including or excluding a pre-treatment step. (A) Loading of protein feed onto 

a Ni-NTA column. (B) Loading the protein feed when including the pre-treatment step upstream IMAC.    
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Buffers were prepared with required pH for purification of IF-3, RF-1 and RRF on IMAC and 

multimodal IEX inline with IMAC (Table 2). pH was determined to generate a positive net 

charge on the proteins by setting the pH one unit below their theoretical pI. The intended pH 

for RF-1 and RRF were 4.42 and 6.02 but the pH meter was defective, resulting in lower pH 

values in the binding and washing buffer for both protein feeds. The binding/washing and 

elution buffer were the same for all IMAC runs whereas the binding/washing buffer differed 

for the various proteins when the purification procedure included the upstream step.  

Table 2. Buffers. 

Buffer IF-3 RF-1 RRF 

IM
A

C
 Binding and washing IMAC phosphate, 10 mM imidazole, pH 8.0 

Elution IMAC phosphate, 300 mM imidazole, pH 8.0 

M
u
lt

im
o
d
al

 I
E

X
-

IM
A

C
 

Binding and washing 
IMAC phosphate, 

pH 8.0 

Piperazine, pH 

2.92 
MES, pH 4.52 

Elution IMAC IMAC phosphate, 300 mM imidazole, pH 8.0 

Elution IEX multimodal 2 M NaCl 

CIP dH2O and 1 mM NaOH 

 

For each purification, protein feed was thawed in water bath at room temperature on the day of 

purification and all chromatographic purifications were performed at ambient temperature.  

The IMAC pre-study purification was performed by first equilibrating the IMAC column with 

10 CV of binding buffer before loading 10 mL of protein feed at 1 mL/min (156 cm/h, residence 

time of ca 1 minute) onto the IMAC column. 5 mL of flowthrough was collected in a Falcon 

tube. The column was washed with 20 CV of washing buffer. The target protein could next be 

desorbed by 100 % step elution using the B1 inlet and 7 mL was collected in a Falcon tube. The 

collected fractions were stored at 4 °C directly after purification for future analyses. Separate 

IMAC columns were used for each protein feed.  

For the two-step purification, the 40 TREN column was washed with 2 CV of IMAC elution 

buffer to counter ion neutralize the resin. The 40 TREN and IMAC column were equilibrated 

with 5 respective 25 CV of binding buffer. For protein purification, 10 mL of protein feed was 

loaded onto the pre-treatment column connected inline with IMAC at 1 mL/min. 4 mL of 40 

TREN-IMAC flowthrough was collected in a Falcon tube. The IMAC column was washed with 

20 CV of washing buffer, bypassing the pre-treatment column by shifting the flow pathway. 

The target protein was desorbed by 100 % step elution from the B1 inlet and 7 mL of eluate 

was collected in a Falcon tube, still bypassing the 40 TREN column. Impurities bound to the 

40 TREN column was eluted by 100 % step elution, collecting 5 mL. During TREN elution, 

the IMAC column was bypassed. The collected fractions were stored at 4 °C directly after 
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purification for future analyses. The 40 TREN column was operated at 3.5 mL/min (158 cm/h, 

residence time of ca 1.45 minutes) during counter ion loading and when eluting impurities and 

at 1 mL/min (156 cm/h, residence time of ca 1 minute) when connected inline with IMAC. New 

IMAC and 40 TREN columns were used for each protein feed.  

In the main study, four different purifications were made including, or excluding the pre-

treatment step. First, 10 and 50 mL of IF-3 feed cultivated with 3 hours of protein expression 

was purified including or excluding the pre-treatment step. The purification procedure was the 

same as above but with scaled CVs and fraction volumes for the 50 mL sample load. The two 

remaining purifications were done on 10 mL of the IF-3 cultivation that had undergone 16 hours 

of protein expression. One of those purifications was done using IMAC columns a competitive 

brand. All fractions collected from the main study were stored at 4 °C and -20 °C for future 

analyses. The complete Unicorn running schemes for IMAC including and excluding the pre-

treatment step are found in Appendix B and C for 10 mL load and D and E for 50 mL load. 

3.3 Protein quantification 

Protein concentration measurements were carried out through a Bradford assay where BSA 

concentration was used as a standard. The feeds, flowthroughs and eluates were measured to 

evaluate the recovery of target protein from purification by IMAC (Equation 1) and the yield 

of the target protein when addressing the upstream step (Equation 2).  

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (%) = 100 ×
[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐹𝑒𝑒𝑑]
   (1) 

𝑌𝑖𝑒𝑙𝑑𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (%) = 100 ×
[𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝐸𝑋−𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]
  (2) 

Some measurements were made without blanking the instrument, instead the blank value was 

subtracted from measured absorbance for these values, this was done since some measurements 

from when the instrument was blanked fell out of range. Linearity was confirmed by measuring 

different dilutions of these samples. See Appendix F for the full procedure protocol. 

3.4 Purity analysis 

Purification was analysed both generally and quantitively by methods described in the bullet 

list. The samples were fresh when running analytical SEC and freeze thawed samples were used 

for the other analyses.  

• Analytical size exclusion chromatography (SEC) was used to examine the general purity 

where 50 or 200 µL eluate was run on Superdex 200 10 300 GL SEC (Cytiva) under 

non-denaturing conditions. The running buffer used was 20 mM PBS and the flow 0.3 

mL/min (23 cm/h, ca 79 min residence time). See Appendix G for Unicorn running 

scheme. The column was stored in 20 % ethanol when not in use for two days or longer.  
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• SDS-PAGE run using denatured conditions served as another tool to evaluate the 

general purity of the feeds, flowthroughs and eluates. See Appendix H for procedure 

protocol. When running samples from the 50 mL and 10 mL run, the eluates from the 

50 mL run were diluted to make up for the larger sample load and dilution during 

fraction collection. 

 

• Quant-iT™ PicoGreen® dsDNA assay kit (Thermo Fischer Scientific) served as a 

quantifying tool to evaluate purity in terms of dsDNA in feeds and eluates. See 

Appendix I for protocol. The dsDNA concentrations in feeds and eluates were used to 

calculate dsDNA recovery (Equation 3) and percental loss of dsDNA mediated by the 

upstream step (Equation 4). In both equations, [Eluate from IMAC run] represents the 

concentration of dsDNA in the eluate from only running IMAC i.e., no upstream step. 

The same equations were applied when calculating the host cell DNA ppm (host cell 

DNA ng/ protein mg) recovery and loss by replacing the host cell DNA concentrations 

with host cell DNA ppm.  

𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
[𝐻𝑜𝑠𝑡𝑐 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐹𝑒𝑒𝑑]
                   (3) 

𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑙𝑜𝑠𝑠 (%) = 100 × (1 −
[𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝐸𝑋−𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]
)    (4) 

• ELISA was used to determine the presence of E. coli host cell protein impurities in the 

feed, flowthroughs and eluates collected from the purification of IF-3 (16 hours protein 

expression). The E. coli HCP ELISA F410 kit from Cygnus Technologies was used and 

the manufacturer’s instructions were followed as described in Appendix J. The ppm (ng 

host cell protein/ eluted target protein mg) of host cell proteins per target protein were 

calculated from the readouts from the ELISA along with measured protein concentration 

from the Bradford assay.   

4 Results 

The results are presented in separate sections for the pre- and main study. The pre-study 

contains the purification outcome of all three His-tagged proteins from the 3 hours protein 

expression cultivation and testing the pre-treatment. 

Next follows the results from the main study where IF-3 feed (10 mL and 50 mL) was purified 

including or excluding the upstream pre-treatment. The main study contains purification runs 

on both IF-3 cultivations.  

To fit the collection of flowthrough fractions to the detection of absorbance the collected 

volumes differed between the two loading volumes and the purification mode (Table 3). The 
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IMAC elution fraction volumes were double the size when loading five times more sample and 

the multimodal IEX eluate were 2.6 times bigger.  

Table 3. Volume of collected fractions. 

  Volume of collected fraction (mL) 

 Sample 10 mL sample load 50 mL sample load 

IM
A

C
 Flowthrough 5 30 

Eluate 7 14 

M
u

lt
im

o
d
al

 

IE
X

-I
M

A
C

 Flowthrough 4 25 

Multimodal IEX eluate 5 13 

IMAC eluate 7 14 

 

4.1 Pre-study 

The pre-study results include the protein concentrations when purifying all three proteins with 

IMAC and a purity analysis of analytical SEC runs, SDS-PAGE, and the determination of host 

cell DNA concentrations. It also includes the result from testing the pre-treatment step upstream 

IMAC.    

4.1.1 IMAC purification of IF-3, RF-1 and RRF  

Purification was effective for each protein, figure 4 show an example of protein purification 

using the IMAC experimental setup, see chromatograms for all pre-study runs in Appendix K.  

 
Figure 4.  A protein purification where 10 mL of RRF feed is loaded onto a BabyBio Ni-NTA 1 mL column. The absorbance at 

280 nm (blue curve) and concentration (%) of elution buffer (red curve) are shown in the chromatogram.   
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IF-3 purification showed double elution peaks and was purified a second time using the same 

IMAC column and feed from the same thawing batch, the result was a single elution peak, see 

Appendix L. The cause of double peaks from the first purification attempt was ignored and 

thought to be a non-repeated deviation.  

4.1.2 Protein quantification  

It was assumed that the specific activity of the protein was 100 % throughout the purification 

procedure as no assay was performed to measure the biological activity. All protein feeds, 

flowthroughs and eluates were analysed using Bradford assay to determine the total protein 

concentration (Table 4). The BSA standard measurements and curve is found in Appendix L.  

Table 4. Total protein amount (mg) in the feed, flowthrough, and eluate from the purification of IF-3, RF-1 and RRF. The raw 

data form the Bradford assay may be accessed in Appendix L.  

Sample IF-3 purification 

Total protein (mg) 

RF-1 purification 

Total protein (mg) 

RFF purification 

Total protein (mg) 

Feed n/a 7.52 6.88 

Flowthrough n/a 3.02 1.56 

Eluate 1.84 / 1.76a 3.43 4.05 

a The amount of protein (mg) from both purifications of IF-3 

The feed and flowthrough concentrations were below the limit of detection for IF-3. For RF-1 

and RRF, the feed and flowthrough concentration are expected to be more similar than the 

results indicate. Moreover, the protein amount in the flowthrough and eluate does not sum up 

to the protein amount in the feed. Deviations may be due to target proteins not behaving 

similarly in comparison to BSA or impurities interacting differently with the Bradford reagent.  

4.1.3 Purification analysis 

The analytical SEC shows that the target protein was successfully separated from the protein 

feed when purified with IMAC (Figure 5), this since the target protein peak is absent in the 

flowthrough. All analytical SEC chromatograms ran during the pre-study are found in 

Appendix M. 
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Figure 5. Analytical SEC overlay where 50 μL of RRF feed, 200 μL flowthrough and 200 μL eluate were loaded onto a Superdex 

200 10 300 GL SEC column. The red eluate peak at approximately 16 mL is absent in the flowthrough at the same volume. The 

absorbance at 280 nm (dark blue, light blue and red curve) is shown in the chromatogram.    

SDS-PAGE analysis confirms the SEC-analyses, only target proteins are detected in eluates. 

There is no detectable loss of recovery as target protein band intensities are the same for feeds 

and eluates. The flowthroughs and eluates from the two different IF-3 purification runs show 

the same pattern in the gel from SDS-PAGE (Figure 6). This contradicts any suggestion that 

the double and single elution peak contain different proteins. The flowthrough of RF-1 and RRF 

show bands of the same weight as the target proteins but this should not be misinterpreted as 

saturation of the IMAC columns since their maximum capacity is not met.  

 
Figure 6. SDS-PAGE analysis of fractions from purification runs of IF-3, RF-1 and RRF. FT is short for flowthrough. FT (1) 

and Eluate (1) are fractions collected from the first IF-3 feed purification and FT (2) and Eluate (2) are fractions collected 

from the second purification.   

The Quant-iT™ PicoGreen® results show that IF-3 had the highest host cell DNA concentration 

in the eluate as RF-1 and RRF has the highest concentration in their feeds (Table 5). In other 
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words, the IF-3 eluate has the highest degree of impurities. Moreover, the RRF eluate showed 

the highest degree of purity. 

Table 5. The host cell DNA amount (ng) in the feed, flowthrough, and eluate from the purification of IF-3, RF-1 and RRF. The 

raw data form the Quant-iT
™

 PicoGreen
®

 assay may be accessed in Appendix N.  

Sample IF-3 purification 

Host cell DNA (ng) 

RF-1 purification 

Host cell DNA (ng) 

RFF purification 

Host cell DNA (ng) 

Feed 5.91×105 7.79×105 7.60×105 

Flowthrough 4.75×105 9.44×105 7.94×105 

Eluate 2520 731 357 

 

The amount of host cell DNA in the RF-1 and RRF flowthroughs exceeds the amount in their 

feeds which is contradictory, this may be due to the flowthrough being more concentrated when 

collected than the feed and because of potential delay differences in the read-out timing.  

4.1.4 Test of pre-treatment step 

To obtain a streamlined purification process it was desired to have the two-step purification 

inline and by so minimise the manual handling between the multimodal IEX and IMAC that 

could otherwise lead to a decrease of target protein yield. Time and buffer savings are other 

aspects in mind when addressing the inline setup. As a result, the pH of the respective loading 

buffer was set to generate a positive net charge on the proteins (same as the TREN resin) in 

means to get the target proteins in flowthrough mode while adsorbing impurities. Impurities 

targeted to bind to WorkBeads 40 TREN were thought to include endotoxins, host cell proteins 

and DNA, and chromatin fragments, the latter having a massive negative net charge and 

therefore easy to capture. The target protein could next be adsorbed to the IMAC resin and 

eluted while bypassing the 40 TREN column. Separate elution of the impurities bound to 40 

TREN resin (regeneration) could be achieved by increasing the salt concentration using 2 M 

NaCl buffer.  

The testing of the pre-treatment step consisted of using a new BabyBio™ TREN 5 mL column 

upstream a new BabyBio™ Ni-NTA 1 mL column for each protein feed, the experimental setup 

is shown in Figure 7. Larger columns were used for the pre-treatment step to preserve enough 

capacity to capture all impurities. 
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Figure 7. A protein purification where 10 mL of IF-3 feed is loaded onto a BabyBio Ni-NTA and BabyBio TREN 5 mL column 

connected in series. Impurities in the sample bind to the WorkBeads™ 40 TREN resin. The absorbance at 280 nm (blue curve) 

and concentration (%) of elution buffers (red curve) are shown in the chromatogram.    

The purification of RF-1 and RRF failed. Firstly, precipitation was observed when adjusting 

the acquired pH for the RF-1 and RRF feed. When comparing a new IMAC column to the 

column used during RF-1 purification it is evident that the metal was stripped since the blue 

colour faded, see Appendix P. The RF-1 and RRF purification showed unspecific elution of the 

IMAC resin during re-equilibration, see chromatograms in Appendix P. Lastly, RRF 

purification was unsuccessful since the target protein bound the TREN resin as shown in the 

SDS-PAGE analysis (Figure 8).   

 
Figure 8. SDS-PAGE analysis of fractions from the two-step purification of IF-3, RF1 and RRF. FT is short for flowthrough.  
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The purification of IF-3 was successful, and the gel analysis was positive as no target protein 

was captured by the multimodal IEX column but observe that the protein feed is rather pure 

when examining the gel. The IF-3 protein was selected to move on to the main study. Studying 

the removal of host cell DNAs when purifying IF-3 with the pre-treatment step included is a 

good model system since the pre-study showed high levels of host cell DNA in the eluate from 

direct IMAC. 

4.2 Main study 

The main study results include the purification of loading 10- as well as 50 mL of IF-3 feed that 

had undergone protein expression for 3 hours. Additional results show the outcome for 

purifications of IF-3 cultivated with protein expression of 16 hours. The 16 hours protein 

expression cultivation was performed with the intention to enrich the feed and thereby test the 

purification method on tougher conditions. From the 16 hours expression time, 10 mL of feed 

was purified using BabyBio columns or the market leading IMAC column, HisTrap™ (Cytiva), 

to show impartiality. The purity analysis includes analytical SEC, SDS-PAGE, host cell DNA 

and host cell protein concentration determination.  

In total, the result of four different purifications including or excluding the upstream treatment 

is presented. From now on the abbreviations shown in Table 6 are used for respective 

purification. 

Table 6. Abbreviations of four different purifications of IF-3 feed.  

Purification Abbreviation  

10 mL load of 3 hours of protein expression  3 h 10 mL 

50 mL load of 3 hours of protein expression 3 h 50 mL 

10 mL load of 16 hours of protein expression on BabyBio columns 16 h BabyBio 

10 mL load of 16 hours of protein expression on HisTrap and BabyBio 16 h HisTrap  

 

It should be noted that it passed 60 days between the first purification of feed cultivated with 3 

hours of protein expression and the last purification of feed cultivated with 16 hours of protein 

expression. In means to continuously evaluate the results during this period, the stored samples 

from each purification were analysed short after they had been purified. However, all samples 

were analysed together at the same timepoint for the final analyse. 

4.2.1 Double elution peaks 

First, 10 mL of the 3 hours protein expression feed was purified using a BabyBio™ Ni-NTA 1 

mL column and double elution peaks were observed as previously encountered during the pre-

study. A new column was used for a second purification and feed from the same thawing batch 
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was purified and a single elution peak appeared, chromatograms are found in Appendix P. A 

troubleshooting procedure took place to evaluate the event. Two new purifications were 

performed on a new column and freshly thawed feed. Since previous purifications had shown 

a single elution peak after the column had been used once, a blank run on the column was 

performed before using it for the new purifications. Double elution peaks were observed from 

both runs, indicating that the column is not the cause of double peaks. Moreover, the second 

purification shows a decreased signal from the first double peak as the signal from the second 

peak is the same (Figure 10). This indicates that the cause of double peaks can be related to the 

time passed from thawing the sample i.e., the signal of the first double peak decreases over 

time. 

Analytical SEC was run on eluates from the first and second IMAC run after performing the 

blank run (Figure 9). The SEC results show double peaks with amplitudes accordingly to the 

IMAC chromatograms, indicating that the signal of the first double peak from the IMAC 

chromatograms relates to the first double peak observed in the analytical SEC. SDS-PAGE was 

also run to compare the different eluates, all of them showed a single band indicating that the 

eluates contain a single protein, see Appendix P. Future double peaks were ignored.  

 

Figure 9. (A) IMAC purification of 10 mL IF-3 feed. (B) IMAC purification of 10 mL IF-3 feed from the same thawing batch 

used for the purification in (A). (C) Overlay of analytical SEC runs on eluates from the two IF-3 purifications. The absorbance 

at 280 nm (blue and green curves) is shown in the chromatogram.   

4.2.2 IMAC and TREN-IMAC purification of IF-3 

The 3- and 16 hours IF-3 feed were successfully purified with IMAC as well as the two-step 

purification, chromatograms are found in Appendix Q. The increased volume load, from 10 mL 

to 50 mL, of the 3 hours IF-3 feed show increased absorbance signals. A resemblance is seen 

when comparing the purification of short and long protein expression time (Figure 10). 
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Figure 10. The absorbance at 280 nm (blue and green curves) and concentration is shown in the chromatogram. (A) Protein 

purification of 10 mL of IF-3 cultivated with 3 hours (blue curve) versus 16 hours (green curve) of protein expression loaded 

onto a Ni-NTA 1 mL column. (B) Protein purification of 10 mL of IF-3 cultivated with 3 hours (blue) versus 16 hours (green) 

of protein expression loaded onto a Ni-NTA 1 mL column and 40 TREN 5 mL column connected in series. 

4.2.3 Protein quantification 

As previously mentioned, the specific activity of the target protein is assumed to be 100 %. 

When summarizing all purification runs in the final analysis the target protein recovery from 

IMAC varies between 63-90 % and the target protein yield from the two-step purification lies 

between 71-111 % (Table 7). The results differ more between the 3 hours protein expression 

runs than for the 16 hours ones. However, observing protein concentration data compiled earlier 

during this study, see Appendix S, the 3 hours protein expression cultivation purifications show 

higher protein concentrations in the feed resulting in lower recoveries and yields and thus higher 

resemblances between the two runs.  

Table 7. The IF-3 recovery when purifying with IMAC and IF-3 yield from the two-step purification procedure for all protein 

purifications performed in the main study. For the 3 hours purifications, the underlined percentage was calculated from the 

data recorded short after the purification took place and the non-underlined percentage corresponds to the data recorded from 

the final analyse. The raw data is accessed in Appendix R and S. 

Sample  IF-3 recovery (%) IF-3 yield (%) 

3 h 10 mL  90 / 43 89 / 101 

3 h 50 mL  64 / 56 111 / 82 

16 h BabyBio 63 85 

16 h HisTrap 71 77 
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As previously saw in the pre-study, the total protein mass does not add up for any of the runs 

i.e., the protein mass in the feed is not the sum of the protein mass in the flowthrough and the 

eluate, see data in Appendix R. 

4.2.4 Purification analysis 

Analytical SEC run on the IF-3 eluates from IMAC and two-step purification show separate 

patterns and this trend is seen when comparing all runs (Figure 11). The analytical SEC run on 

the IMAC eluate from the two-step purification show a less noisy baseline in comparison to the 

eluate purified with IMAC only, this shows that the purity has improved. Note that the 

purification using the Cytiva IMAC resin resulted in a single elution peak from the IMAC 

purification, hence the analytical SEC chromatogram looks different from the others. 

Figure 11. Analytical SEC on IF-3 eluates collected from four purification runs with combinations of IMAC resins with or 

without pre-treatment using WorkBeads™ 40 TREN. A blue curve corresponds to loading the eluate collected from an IMAC 

run and a green curve correspond to loading the eluate collected from the two-step purification. The absorbance at 280 nm 

(blue and green curves) is shown in the chromatogram.   

Moreover, the eluates from the 50 mL load shows increased signals with an amplitude of 2.5 

since the loading volume was five times bigger and the fraction collected was diluted two times 

compared to the eluate from the 10 mL loading run.  

SDS-gels from the different purifications show that the flowthrough from the IMAC 

purification is richer than the flowthrough from the two-step purification. This trend implies 

that the TREN resin captures impurities. The trend is most evident in the result from the 16 

hours protein expression cultivation (Figure 12). The result is analogous when comparing the 

Bio-Works IMAC resin to the Cytiva resin.   
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Figure 12. SDS-PAGE analysis of fractions from the IMAC and two-step purification of IF-3. (A) Analysis of fractions collected 

from the 10 mL purification of IF-3 feed cultivated with either 3 or 16 hours of protein expression. (B) Analysis of fractions 

collected from the purification of 10 mL IF-3 feed cultivated with 16 hours of protein expression using either an IMAC column 

from Bio-Works or from Cytiva.   

The host cell DNA ppm (host cell DNA ng/IF-3 mg) in IMAC eluates decreases by 97-98 % 

when running the TREN purification step upstream IMAC (Table 8, and Figure 13). This trend 

is true for all purifications. When WorkBeads 40 TREN was run upstream IMAC the amount 

of host cell DNA in the flowthroughs reduced to levels below the detection limit, this trend was 

seen in all runs and indicates that the pre-treatment captures the majority of host cell DNAs. 

Raw data for the host cell DNA and host cell protein measurements are found in Appendix T 

and U.  

The ELISA results show poor dilutional linearity for all samples and the host cell protein 

concentrations fall outside the limit of detection for most samples. The absolute data should not 

be used to make any reliable calculations, but the results may be used as guidelines to make 

assumptions about the outcome. The data indicates that the ppm host cell protein (host cell 

protein ng/mg IF-3) decreases for purifications when running TREN upstream IMAC (Table 8) 

resulting in higher purity in the final product. Comparing the amount of host cell proteins in 

flowthroughs when including or excluding the upstream pre-treatment does not show any 

concrete improvement. 
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Table 8. Analysis of IF-3 eluates collected from four runs with combinations of IMAC resins with or without pre-treatment 

using WorkBeads™ 40 TREN. 

Sample Resins Host cell DNA (ppm) Host cell protein (ppm) 

3 h 10 mL 

 

WorkBeads Ni-NTA 2701 n/a 

WorkBeads 40 TREN + Ni-NTA 49 n/a 

3 h 50 mL 
WorkBeads Ni-NTA 2616 n/a 

WorkBeads 40 TREN + Ni-NTA 79 n/a 

16 h BabyBio 

 

WorkBeads Ni-NTA 1779 18 

WorkBeads 40 TREN + Ni-NTA 42 7a 

16 h HisTrap 

 

HisTrap  1295 16 

WorkBeads 40 TREN + HisTrap  37 8a 

a 
Value was below the stable range of detection. 

The host cell DNA ppm in the eluate from the two-step purification differ some between loading 

volumes as the eluate from the 50 mL purification shows higher host cell DNA than the eluate 

from the 10 mL purifications. 

 

Figure 13. (A) Host cell DNA ppm analysis of eluates collected from four IF-3 purification runs with combinations of IMAC 

resins with or without pre-treatment using WorkBeads™ 40 TREN. (B) Host cell protein ppm analysis of eluates collected from 

two IF-3 purification runs with combinations of IMAC resins with or without pre-treatment using WorkBeads™ 40 TREN. 

5 Discussion 

5.1 Double elution peaks  

Double elution peaks were observed during almost all IMAC purifications of IF-3. It is not 

likely to be due to overloading the columns capacity since the protein is not observed in the 

flowthrough in any of the gel analyses. The probability that the extra peak is representing 
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another protein with the same molecular weight is low. If that was the case a higher protein 

concentration would have been expected. I hypothesize that the double peak is due to a 

conformational variety of the IF-3 protein which declines as time passes from the thawing 

event. This explains why the absorbance signal at 280 nm from the double peak is higher closer 

to the time from the thawing event. The SDS-PAGE analysis was run under denaturing 

conditions and that is probably the reason why the conformational variety is not observed in the 

gel. Moreover, the double peak was not observed in the chromatograms from the two-step 

purification suggesting that the conformational variety dissociates when the sample passes 

through the WorkBeads 40 TREN resin.  

5.2 Protein quantification  

The protein quantification assay showed questionable results in some point of views. For 

starters, the protein amount in the flowthrough and eluate did not sum up to the protein amount 

measured in the feed for any of the measurements performed during the study. An explanation 

comes from the reagent dye interacting differently with BSA and the proteins present in the 

feed, flowthrough, and eluate due to the different amino acid compositions. Also, the feed and 

flowthrough contain much higher concentrations of e.g., dsDNA and other impurities which 

may add interference in ways the more protein concentrated samples do not (Compton and 

Jones 1985, Wenrich and Trumbo 2012). The Bradford assay is considered an accepted standard 

and the deviations observed in this study are not of a serious sort. The measurements are hence 

considered accurate enough, especially since the interest is in the eluate measurements which 

are more accurate due to less interference from impurities.  

Comparing the recovery and yields between the purification runs on feed that had 3 or 16 hours 

of protein expression showed that the recovery and yields measured in the final analyse for the 

3 hours protein expression samples differed more than for the 16 hours protein expression 

samples. As reported in Table 7, the IF-3 recovery was 90 % when loading 10 mL and the two-

step purification yield was 89 % as the recovery was 64 % when loading 50 mL and the yield 

was 111 %. The significant difference between the recoveries were noticed as well as the fact 

that the yield increased when loading the larger sample volume. A possible explanation for this 

may be given when observing the protein concentration data collected more closely to the time 

of purification. Then, the IF-3 recovery measured 43 % for the purification of 10 mL IF-3 feed 

respective 56 % when purifying 50 mL and the yield from the two-step purification was 101 

and 89 %. I therefore trust the early measurements more. The protein amount in the feed were 

higher at that time, hence a protein decay occurred as time passed between the purifications and 

the final analyse which explains the data reported in the final analyse. This indicates that protein 

fractions should not be stored for longer times before analyses. 

Moreover, the gel analysis of the pre-study showed that the RF-1 and RRF feed, flowthroughs 

and eluates were more concentrated than IF-3 although the cultivation and protein expression 

protocols were identical. The lower protein concentration may be explained through the actual 

function of IF-3 since it regulates initiation of translation, overexpressing the protein results in 
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a negative feedback loop (Ramakrishnan 2002). This is probably the reason why the IF-3 

amount does not increase with the same amplitude of the increased time of protein expression 

when comparing the 3 hours protein expression time to the 16 hours one.  

5.3 IMAC vs TREN-IMAC 

5.3.1 Host cell DNA removal 

Superior dsDNA removal was as reported in all purifications when including the pre-treatment 

step. Removing host cell DNA early in the purification process with 40 TREN is valuable since 

the downstream IMAC column is protected against high bioburdens, prolonging its lifetime 

(Bio-Works 2021). It also acts to increase the final purity since the DNA binding proteins are 

removed prior IMAC contributing to minimize the risk for them to co-elute with the target 

protein in the IMAC step.  

Although the results differ some, which is expected due to biological variations, the Bio-works 

Ni-NTA resin show results analogous to the market leading IMAC resin in terms of capacity 

and effective purification.  

There were little differences when comparing the amount of removed host cell DNA amount 

from the 3 hours vs the 16 hours protein expression cultivation. The reason behind this is 

possibly explained with the fact that the lysate was pre-treated before purification took place. 

After lysing the cells, cell debris was removed by ultracentrifugation, possibly removing large 

amounts of dsDNA and hence resulting in similar starting points for the two cultivation feeds. 

Redoing the purification experiments on crude lysate would be interesting since the effect of 

WorkBeads 40 TREN could show to be more distinctive.   

Comparing the host cell DNA concentration and the host cell DNA ppm, differences are 

observed, the host cell DNA ppm is more similar between runs. The more protein that binds the 

resin the more unspecific components bound to the protein will co-elute, that is the reason for 

the host cell DNA ppm being more similar than host cell DNA concentrations and why host 

cell DNA concentrations are not presented in the result. It should be stated that only the host 

cell DNA ppm in eluates with or without the pre-treatment step should be compared since those 

are the fractions that alone contains IF-3. All runs performed similar as the precentral decrease 

in host cell DNA ppm was alike. However, the 3 hours 50 mL host cell DNA ppm from running 

TREN-IMAC was approximately twice as high compared to the other runs. This indicates that 

the 40 TREN column was saturated when exposed to the larger sample load, but the principle 

of purity improvement is still true. To test this a DBC evaluation could be performed where 

fractions of run feed are analysed for impurities e.g., dsDNA, and the breakthrough is measured.     

5.3.2 Host cell protein removal 

The host cell proteins were measured by ELISA and the results indicate that WorkBeads 40 

TREN captures host cell proteins to a certain degree, improving purity. The Bio-works Ni-NTA 

resin show better results than the market leading IMAC resin in terms of effective purification. 
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However, the ELISA assay is not a robust method, it requires multiple technical and biological 

replicates in many dilutions, more than performed here, for it to present credible results (Kenny 

and Dunsmoor 1983, Waritani et al. 2017) As reported, the assay result showed poor dilutional 

linearity, possibly due to a Hook effect since lower dilutions showed increased amounts of host 

cell proteins. It is likely that the assay used in this study provided less of a particular antibody 

than the amount of the cognate host cell protein present in the samples.  

Performing additional host cell protein measurements could possibly support the evidence that 

WorkBeads 40 TREN improves purity by capturing host cell proteins. Nonetheless, it is evident 

that the pre-treatment step captures host cell proteins as showed in the gel analysis and by so 

reduces the bioburden on IMAC.  

5.4 Limitations and potentials of WorkBeads 40 TREN 

It was initially sought to evaluate the pre-treatment to capture impurities in protein feeds with 

target proteins showing a variety of pIs. Unfortunately, the pre-study resulted in failure of 

purifying RF-1 and RRF which had their pI below 9.54. For those proteins, the pH was outside 

the stable range when running IMAC since the working range is pH 7-9. Around pH 3 the 

IMAC column was stripped of metal as demonstrated in the RF-1 purification. The purification 

of RRF failed since the protein bound to the TREN resin. The higher limit for the protein pI is 

hypothesized be around 10 since pH 9 is the highest pH that would generate a positive net 

charge to the protein and still be in the working range. It is possible that the inline purification 

of proteins with higher pIs may still be successful but there is not experimental material 

supporting that here. Moreover, WorkBeads 40 TREN could be addressed upstream IMAC for 

proteins pIs outside 8-10 but then a buffer exchange would be necessary prior loading the pre-

purified sample onto the IMAC resin.  

For all protein purifications, the resin could also be used downstream IMAC to capture 

impurities, but that scheme would not contribute to increased effectiveness since a buffer 

exchange still would be necessary for some proteins, nor would it protect the IMAC resin.  

 

 

 

 



36 

 

6 Conclusion 

The method demonstrated here show potential for anyone seeking to increase the purity of His-

tagged protein purification or to introduce an effective purification procedure by replacing a 

polishing step downstream IMAC with WorkBeads 40 TREN upstream IMAC. The latter 

contributing to guard the IMAC column from heavy bioburden.  

This study shows that running WorkBeads 40 TREN prior IMAC captures impurities and 

removes 97-98 % more dsDNA compared to direct IMAC. WorkBeads 40 TREN is therefore 

highly advantageous to include early in a purification process to remove protein binding DNA 

fragments. Moreover, WorkBeads 40 TREN increases purity in the final product by capturing 

more host cell proteins than when running direct IMAC. This concept is general and 

WorkBeads 40 TREN could be used upstream a variety of resins such as, Protein A and RPC.  

Lastly, the Bio-works Ni-NTA resin produce just as good results as the market leading IMAC 

resin in terms of capacity and effective purification.   
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Appendix A 

Kanamycin (KM) was added to LB to a final concentration of 50 ug/mL. A single colony of 

BL21D3 containing the respective protein pET-24A(+) vector (IF-3, RF-1 and RRF) was added 

to separate E-flasks containing 30 mL of LB with KM. The inoculations were incubated 

overnight at 37° C on a shaking table of 180 rpm. 6 x 1000 mL of LB media was stored at 37° 

C overnight.  

2000 mL of LB was added to three separate 5 L E-flasks and KM to a concentration of 50 

ug/mL. From the inoculation flask of bacteria, 20 mL was added to a separate 5 L flask of LB 

and KM. The flasks were incubated at 37° C on a shaking table of 180 rpm. OD600 was measured 

by the Hitachi U-2900 spectrophotometer. The instrument was blanked with LB before 

measurements. Cultures were induced when OD600 reached 0.4-0.5. 

The cultures were taken out from the incubator after three/sixteen hours and balanced with 

deionized water into two 1 L centrifuge tubes. The tubes were centrifuged at room temperature 

for 25 minutes at 4000 rpm in a Sorvall RC3C PLUS centrifuge. The supernatant (media) was 

decanted and 20 mL of deionized water was added to each tube and vortexed for resuspension 

of the culture. The resuspended pellet was poured into 50 mL Falcon tubes and centrifuged for 

20 minutes at 4000 rpm in an Eppendorf centrifuge 5810 at 4°C. The supernatant was decanted, 

and the pellet weighed. Cell cultures were put on ice overnight. 

Pellets were resuspended in IMAC phosphate buffer pH 8.0 (Medicago) by adding buffer to the 

20 mL marking of the Falcon tubes and then vortexed. The cell solution was then lysed by 

sonication (Sonics VCX130) for 5 minutes of 10 seconds pulses with an amplitude of 60 %. 

Between the pulses, there was a 20-second rest, not included in the 5 minutes pulse time. Every 

5 minutes, the lysate was taken out from the sonicator and gently shaken. The lysate was moved 

to centrifuge tubes and balanced with deionized water before centrifuged at room temperature 

at 16 000 rpm for 1 hour in the Thermo Fisher Scientific Sorvall RC 6+ centrifuge. After 

centrifugation, the supernatant was decanted into a measuring flask of 500 mL and IMAC buffer 

was filled to the 500 mL marking. Lysates were aliquoted into 50 mL Falcon tubes to a volume 

of approximately 45 mL and snap freeze with liquid nitrogen and stored at -20°C. 
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Appendix B 

BabyBio™ 1 mL Ni-NTA (Bio-Works) running method (Unicorn software) when loading 10 

mL sample. 

Main 

0.00 Base CV, (1)#Column_volume {ml}, Any 

0.00 AveragingTimeUV 0.64 {sec} 

0.00 PumpWashExplorer A11, OFF, ON, OFF 

0.00 BufferValveA1 A11 

0.00 Alarm_Pressure Enabled, 0.5 {MPa}, 0.00 

{MPa} 

0.00 Wavelength 280 {nm}, OFF {nm}, OFF {nm} 

0.00 Block equilibration 

0.00 Base SameAsMain 

0.00 ColumnPosition (Position5)#Column_position 

0.00 BufferValveA1 A11 

0.00 Flow (1)#Flow_rate_equilibration {ml/min} 

0.20 Set_Mark “Equilibration” 

2.00 Set_Mark ()#Column 

9.80 AutoZeroUV 

10.00 End_Block 

0.00 Block Sample_injection 

0.00 Base Volume 

0.00 PumpAInlet A2 

0.00 Set_Mark “Sample_injection” 

5.00 OutletValve (F3)#FT_fraction 

5.00 Set_Mark “FT fraction F3” 

10.00 OutletValve WasteF1 

10.00 PumpAInlet A1 

15.00 End_Block 

0.00 Block Rinse 

0.00 Base SameAsMain 

15.00 End_Block 

0.00 Block Gradient Elution 

0.00 Base SameAsMain 

0.00 OutletValve F2 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 PumpWashExplorer OFF, OFF, ON, OFF 

0.00 Fractionation 18 mm, 7 {ml}, 

(FirstTube)#Which_tube, Volume 

0.00 PumpBInlet B1 

0.00 Flow (1)#Flow_rate_elution {ml/min} 

0.00 InjectionValve Load 

7.00 End_Block 

0.00 Block Re_equilibration 

0.00 Base SameAsMain 

0.00 Gradient 0.0 {%B}, 0.00 {base} 

0.00 OutletValve WasteF1 

0.00 FractionationStop 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

0.00 BufferValveA1 A11 

0.00 Set_Mark “Re-equilibration” 

5.00 End_Block 

0.00 End_Method 
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Appendix C 

BabyBio™ 1 mL Ni-NTA (Bio-Works) running method (Unicorn software) when loading 50 

mL sample. 

Main 

0.00 Base CV, (1)#Column_volume {ml}, Any 

0.00 AveragingTimeUV 0.64 {sec} 

0.00 PumpWashExplorer A11, OFF, ON, OFF 

0.00 BufferValveA1 A11 

0.00 Alarm_Pressure Enabled, 0.5 {MPa}, 0.00 

{MPa} 

0.00 Wavelength 280 {nm}, OFF {nm}, OFF {nm} 

0.00 Block equilibration 

0.00 Base SameAsMain 

0.00 ColumnPosition (Position5)#Column_position 

0.00 BufferValveA1 A11 

0.00 Flow (1)#Flow_rate_equilibration {ml/min} 

0.20 Set_Mark “Equilibration” 

2.00 Set_Mark ()#Column 

9.80 AutoZeroUV 

10.00 End_Block 

0.00 Block Sample_injection 

0.00 Base Volume 

0.00 PumpAInlet A2 

0.00 Set_Mark “Sample_injection” 

20.00 OutletValve (F3)#FT_fraction 

20.00 Set_Mark “FT fraction F3” 

50.00 OutletValve WasteF1 

50.00 PumpAInlet A1 

55.00 End_Block 

0.00 Block Rinse 

0.00 Base SameAsMain 

15.00 End_Block 

0.00 Block Gradient Elution 

0.00 Base SameAsMain 

0.00 OutletValve F2 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 PumpWashExplorer OFF, OFF, ON, OFF 

0.00 Fractionation 18 mm, 14 {ml}, 

(FirstTube)#Which_tube, Volume 

0.00 PumpBInlet B1 

0.00 Flow (1)#Flow_rate_elution {ml/min} 

0.00 InjectionValve Load 

14.00 End_Block 

0.00 Block Re_equilibration 

0.00 Base SameAsMain 

0.00 Gradient 0.0 {%B}, 0.00 {base} 

0.00 OutletValve WasteF1 

0.00 FractionationStop 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

0.00 BufferValveA1 A11 

0.00 Set_Mark “Re-equilibration” 

5.00 End_Block 

0.00 End_Method 
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Appendix D 

BabyBio™ 5 mL 40 TREN – BabyBio™ 1 mL Ni-NTA (Bio-Works) running method (Unicorn 

software) when loading 10 mL of sample. 

Main 

0.00 Base CV,(1)#Column(ml), Any 

0.00 Block Start_Settings 

0.00 Base SameAsMain 

0.00 Alarm_Pressure Enabled, 1.5 {MPa}, 0.00 

{MPa} 

0.00 Wavelength 280 {nm}, OFF {nm}, OFF {nm} 

0.00 OutletValve WasteF1 

0.00 Set_Mark (EXPno)#EXP 

0.00 End_Block 

0.00 Block CounterIon_TREN 

0.00 Base SameAsMain 

0.00 PumpBInlet B2 

0.00 PumpWashExplorer OFF, OFF, OFF, ON 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 Flow 3.5 {ml/min} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

8.00 End_Block 

0.00 Block Equilibration 

0.00 Base SameAsMain 

0.00 Gradient 0.0 {%B}, 0.00 {base} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

0.00 PumpAInlet A1 

0.00 BufferValveA1 A11 

0.00 Flow 3.5 {ml/min} 

15.00 Block ColumnPosition 

0.00 Base SameAsMain 

0.00 ColumnPosition (Position5)#ColumnPosition 

0.00 Flow 1 {ml/min} 

0.00 End_Block 

24.00 AutoZeroUV 

25.00 End_Block 

0.00 Block Sample 

0.00 Base Volume 

0.00 PumpAInlet A2 

0.00 Flow 1 {ml/min} 

0.00 Set_Mark “Sample injection” 

10.00 BufferValveA1 A11 

10.00 PumpAInlet A1 

14.00 OutletValve F3 

14.00 Set_Mark “F3 FT IMAC” 

18.00 OutletValve WasteF1 

28.00 End_Block 

0.00 Block Wash 

0.00 Base SameAsMain 

0.00 Flow 1 {ml/min} 

0.00 FlowDirection DownFlow 

20.00 End_Block 

0.00 Block Elution_IMAC 

0.00 Base SameAsMain 

0.00 OutletValve F2 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 PumpWashExplorer OFF, OFF, ON, OFF 

0.00 Fractionation 18mm, 7.000 {ml}, FirstTube, 

Volume 

0.00 PumpBInlet B1 

0.00 Flow 1 {ml/min} 

0.00 InjectionValve Load 

7.00 End_Block 

0.00 Block Re_EQ_IMAC 

0.00 Base SameAsMain 

0.00 Gradient 0 {%B}, 0.00 {base} 

0.00 OutletValve WasteF1 

0.00 FractionationStop 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

0.00 BufferValveA1 A11 

0.00 Set_Mark “Re-eq. IMAC” 

5.00 End_Block 

0.00 Block Elution_TREN 

0.00 Base Volume 

0.00 PumpBInlet B2 

0.00 PumpWashExplorer OFF, OFF, OFF, ON 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

0.00 Flow 3.5 {ml/min} 

3.00 OutletValve F4 

3.00 Set_Mark “F4 Eluate TREN” 

8.00 OutletValve WasteF1 

25.00 End_Block 

0.00 Block CIP_TREN 

0.00 Base Volume 
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0.00 Gradient 0 {%B}, 0.00 {base} 

0.00 BufferValveA1 A12 

0.00 PumpWashExplorer A12, OFF, OFF, OFF  

0.00 Flow 3.5 {ml/min} 

15.00 BufferValveA1 A18 

15.00 PumpWashExplorer A18, OFF, OFF, OFF  

30.00 PumpWashExplorer A12, OFF, OFF, OFF 

30.00 BufferValveA1 A12 

45.00 End_Block 

0.00 Block Re_EQ_TREN 

0.00 Base Volume 

0.00 BufferValveA1 A11 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

25.00 End_Block 

0.00 End_Method 
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Appendix E 

BabyBio™ 5 mL 40 TREN – BabyBio™ 1 mL Ni-NTA (Bio-Works) running method (Unicorn 

software) when loading 50 mL of sample. 

Main 

0.00 Base CV,(1)#Column(ml), Any 

0.00 Block Start_Settings 

0.00 Base SameAsMain 

0.00 Alarm_Pressure Enabled, 1.5 {MPa}, 0.00 

{MPa} 

0.00 Wavelength 280 {nm}, OFF {nm}, OFF {nm} 

0.00 OutletValve WasteF1 

0.00 Set_Mark (EXPno)#EXP 

0.00 End_Block 

0.00 Block CounterIon_TREN 

0.00 Base SameAsMain 

0.00 PumpBInlet B2 

0.00 PumpWashExplorer OFF, OFF, OFF, ON 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 Flow 3.5 {ml/min} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

8.00 End_Block 

0.00 Block Equilibration 

0.00 Base SameAsMain 

0.00 Gradient 0.0 {%B}, 0.00 {base} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

0.00 PumpAInlet A1 

0.00 BufferValveA1 A11 

0.00 Flow 3.5 {ml/min} 

15.00 Block ColumnPosition 

0.00 Base SameAsMain 

0.00 ColumnPosition (Position5)#ColumnPosition 

0.00 Flow 1 {ml/min} 

0.00 End_Block 

24.00 AutoZeroUV 

25.00 End_Block 

0.00 Block Sample 

0.00 Base Volume 

0.00 PumpAInlet A2 

0.00 Flow 1 {ml/min} 

0.00 Set_Mark “Sample injection” 

25.00 OutletValve F3 

25.00 Set_Mark “F3 FT IMAC” 

50.00 BufferValveA1 A11 

50.00 PumpAInlet A1 

50.00 OutletValve WasteF1 

54.00 End_Block 

0.00 Block Wash 

0.00 Base SameAsMain 

0.00 Flow 1 {ml/min} 

0.00 FlowDirection DownFlow 

20.00 End_Block 

0.00 Block Elution_IMAC 

0.00 Base SameAsMain 

0.00 OutletValve F2 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 PumpWashExplorer OFF, OFF, ON, OFF 

0.00 Fractionation 18mm, 14.000 {ml}, FirstTube, 

Volume 

0.00 PumpBInlet B1 

0.00 Flow 1 {ml/min} 

0.00 InjectionValve Load 

14.00 End_Block 

0.00 Block Re_EQ_IMAC 

0.00 Base SameAsMain 

0.00 Gradient 0 {%B}, 0.00 {base} 

0.00 OutletValve WasteF1 

0.00 FractionationStop 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

0.00 BufferValveA1 A11 

0.00 Set_Mark “Re-eq. IMAC” 

5.00 End_Block 

0.00 Block Elution_TREN 

0.00 Base Volume 

0.00 PumpBInlet B2 

0.00 PumpWashExplorer OFF, OFF, OFF, ON 

0.00 Gradient 100 {%B}, 0.00 {base} 

0.00 ColumnPosition Position1Bypass 

0.00 FlowDirection UpFlow 

0.00 Flow 3.5 {ml/min} 

3.00 OutletValve F4 

3.00 Set_Mark “F4 Eluate TREN” 

16.00 OutletValve WasteF1 

33.00 End_Block 

0.00 Block CIP_TREN 
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0.00 Base Volume 

0.00 Gradient 0 {%B}, 0.00 {base} 

0.00 BufferValveA1 A12 

0.00 PumpWashExplorer A12, OFF, OFF, OFF  

0.00 Flow 3.5 {ml/min} 

15.00 BufferValveA1 A18 

15.00 PumpWashExplorer A18, OFF, OFF, OFF  

30.00 PumpWashExplorer A12, OFF, OFF, OFF 

30.00 BufferValveA1 A12 

45.00 End_Block 

0.00 Block Re_EQ_TREN 

0.00 Base Volume 

0.00 BufferValveA1 A11 

0.00 PumpWashExplorer A11, OFF, OFF, OFF 

25.00 End_Block 

0.00 End_Method
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Appendix F 

Bradford reagent was prepared by weighing 12.5 mg of Coomassie Brilliant Blue G-250 and 

dissolving it in 12.5 mL of methanol and next adding 25 mL of 85 % phosphoric acid. The 

solution was slowly poured into 212.5 mL of dH2O and stored at 4°C. Standard dilutions of 

BSA were prepared in IMAC phosphate buffer, with concentration ranging between 5-100 

ug/30 µL. The reagent was filtered through a Whatman filter paper in means to remove any dye 

precipitations before usage. Assay measurements were done by diluting 30 µL of a sample in 

1.5 mL of Bradford reagent and vortexed for 3 seconds. The mixture was incubated at room 

temperature for 7 minutes and 30 seconds before absorbance at 595 nm was measured (UV-

1800 UV Spectrophotometer (Shimadzu)). The addition of reagent and absorbance 

measurements was done with a 30-second delay between samples. The standard dilutions 

measurements were used to create a standard curve from which a linear equation was made and 

used to calculate the protein concentration of unknown samples. 
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Appendix G 

Superdex 200 10 300 GL SEC (Cytiva) running method (Unicorn software) when injecting 200 

µL of sample. 

Main 

0.00 Base CV, (24)#Column{ml}, Any 

0.00 Alarm_Pressure Enabled, 1.30 {MPa}, 0.00 {MPa} 

0.00 PumpAInlet A1 

0.00 BufferValveA1 A11 

0.00 AveragingTimeUV 2.56 {sec} 

0.00 Wavelength 280 {nm}, OFF {nm}, OFF {nm} 

0.00 OutletValve WasteF1 

0.00 Block Flow_rate 

0.00 Base SameAsMain 

0.00 Flow (0.3)#Flow_Rate{ml/min} 

0.00 End_Block 

0.00 Block Column_Position 

0.00 Base SameAsMain 

0.00 ColumnPosition (Position 5)#Column_Position 

0.00 End_Block 

0.00 Block Data 

0.00 Base Time 

0.00 Message “Inject Sample”, Screen, “No sound” 

0.00 Set_Mark (Batch)#Batch 

0.05 Pause INFINITE {Minutes} 

0.05 End_Block 

0.00 Block Sample_Injection_ 

0.00 Base SameAsMain 

0.00 InjectionValve Inject 

0.00 Block Sample_Injection 

0.00 Base Volume 

(1)#Empty_loop_with End_Block 

0.00 InjectionValve Load 

0.00 End_Block 

0.00 Block Elution 

0.00 Base SameAsMain 

0.00 OutletValve WasteF1 

(1.70)#Elution_Volume End_Block 

0.00 End_Method 
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Appendix H 

Electrophoresis buffer was prepared by diluting 0.1 litre of 10X Tris/Glycine/SDS (Bio-Rad) 

in 0.9 deionized water. The Criterion TGX precast polyacrylamide gel 4-20 %, 26 well (Bio-

rad) was unpacked and wells rinsed with deionized water before inserted into the cassette and 

the upper tank was filled with electrophoresis buffer.  

Any sample dilutions were made in IMAC phosphate buffer, pH 8.0. To reduce the proteins, 

100 µL of DTT 2000 mM solution was added to 900 µL of 4X Laemmli sample buffer. 10 µL 

of the reducing buffer was added to 30 µL of sample and heated at 95° C for 5 minutes (VWR 

Mini Block Heater). Samples and the Precision Plus Protein unstained ladder (Bio-Rad) were 

added to gel wells using a pipette, 10 µL was loaded. The gel was run at 200 V for 43 minutes. 

The gel was immersed in fixing solution (40 % EtOH, 10 % HAc) for 30 minutes without 

agitation. Next, the gel was stained with Coomassie Brilliant Blue R-250 staining solution (Bio-

Rad) for 20 minutes under gentle agitation. The gel was destained for 2-2.5 hours with changes 

of the detaining solution every 30 minutes. The gel was moved into a plastic pocket and 

photographed with Samsung S20. 
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Appendix I 

A working solution of 1X TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) was prepared by 

diluting the 20X TE included in the Quant-iT™ PicoGreen® (Thermo Fischer Scientific) with 

DNase-free water. PicoGreen® reagent was thawed dark at room temperature and standard 

dilutions of λ-DNA ranging between 0.25-1000 ng/mL in 1X TE buffer were prepared. The 

thawed reagent was diluted 200-folds in 1X TE buffer, an Eppendorf tube covered in foil was 

used. Any sample dilutions were made in 1X TE buffer. Three sample measurements were 

conducted simultaneously as 100 µL of the sample was diluted in 100 µL of reagent, then 

vortexed for 3 seconds, poured into a microtiter plate well and incubated for 3 minutes in dark. 

Fluorescence (excitation at 480 nm and emission at 520 nm) was measured by the Tecan Infinite 

M200 plate reader. The standard dilutions measurements were used to create a standard curve 

from which a linear equation was made and used to calculate the dsDNA concentration of 

unknown samples. 

The reagent used was prepared the same day as measurements took place.  
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Appendix J 

All reagents were brought to room temperature and sample dilutions were made accordingly to 

Table 1. Dilutions were made in 1 % (w/v) BSA in 1X wash solution (20X wash concentrate 

was included in the kit). The assay was performed by pipetting 25 µL of sample, standards and 

controls into wells in a 96-well microtiter plate. Next, 100 µL of anti-E. coli was pipetted into 

each well, using a multipipette. The plate was covered and incubated at 500 rpm (Centrifuge 

5810) for 90 minutes in room temperature. The content was dumped and the plate was firmly 

tapped over absorbent paper to remove most of the residual liquid. The wells were filled with 

1X wash solution and dumped again, washing was repeated four times. The substrate was added 

by pipetting 100 µL of TMB (tetramethylbenzidine) into each well and the plate was incubated 

at room temperature for 30 minutes before 100 µL of Stop solution was pipetted into each well 

and the absorbance was read at 450/650 nm (UV-1800 UV Spectrophotometer (Shimadzu)).   

Table 1. The standard concentrations of E.coli host cell protein used to model the standard curve and the equation used to 

calculate unknown sample concentration.  

E. coli host cell protein (ng/mL) 

0 

1 

3 

12 

40 

100 
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Appendix K 

This appendix contains the chromatogram results from the purification of IF-3 and RF-1 

performed in the pre-study. Figure 1 show the IF-3 chromatograms and Figure 2 show the RF-

1 chromatogram.   

 

Figure 1. The absorbance at 280 nm (blue curve) is shown in the chromatogram. (A) First purification of 10 mL IF-3 feed 

when loading onto a BabyBio Ni-NTA 1 mL column (B) Second purification of 10 mL IF-3 feed when loading onto a BabyBio 

Ni-NTA 1 mL column, using the same column as in the first purification.  

 

 

Figure 2. Protein purification when loading 10 mL RF-1 feed onto a Ni-NTA 1 mL column. The absorbance at 280 nm (blue 

curve) is shown in the chromatogram.   
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Appendix L  

This appendix contains the raw data from the Bradford assay performed during the pre-study. 

Table 1 presents the standard measurements of BSA used to model the standard curve (Figure 

1) used to calculate the unknown sample concentrations from the purification of IF-3, RF-1 and 

RRF (Table 2). The protocol in Appendix F was followed to perform the measurements.  

Table 1. The standard concentrations of BSA used to model the standard curve and the equation used to calculate unknown 

sample concentration. The instrument was blanked with 0 mg/mL BSA. Commas are employed due to the using the Swedish 

version of Excel. 

BSA (mg/mL) Abs 595 nm 

0 0 

0,25 0,149 

0,333333333 0,189 

0,5 0,284 

0,666666667 0,352 

1 0,488 

 

 

Figure 1. The standard curve modeled from the standard measurements of BSA (Table 1). The curve was made to extract the 

equation displayed which are used to calculate unknown sample concentration as viewed in Table 2.  
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Table 2. Raw data from the Bradford assay performed on IF-3, RF-1 and RRF samples. FT is short for flowthrough. Values in 

the column “Conc. (mg/mL)” are calculated using the equation of the standard curve. Grey fields indicate that absorbance 

measurement fall outside the limit of detection. Commas are employed due to the using the Swedish version of Excel.  
 

Sample Volume (mL) Abs 595 nm Conc. (mg/ml) Protein (mg) 

IF
-3

 

Feed 10 0,008 -0,02741138 -0,27411377 

FT (1) 10 -0,002 -0,04802143 -0,48021434 

FT (2) 10 0 -0,04389942 -0,30729596 

Eluate (1) 7 0,149 0,26319044 1,842333059 

Eluate (2) 7 0,143 0,2508244 1,755770816 

R
F

-1
 

Feed 10 0,386 0,7516488 7,516488046 

FT 10 0,168 0,30234955 3,023495466 

Eluate 7 0,259 0,48990107 3,429307502 

R
R

F
 

Feed 10 0,355 0,68775763 6,877576257 

FT 10 0,097 0,15601814 1,560181369 

Eluate 7 0,302 0,57852432 4,049670239 
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Appendix M 

This appendix contains the analytical SEC outcome of the eluates from purification of IF-3, 

RF-1 and RRF during the pre-study. The result show that each eluate contains one distinct 

component and some different sized impurities (Figure 1). 

 

Figure 1. Analytical SEC outcomes when running eluates from each protein purification in the pre-study. The absorbance at 

280 nm (blue and green curves) is shown in the chromatogram.  A blue curve corresponds to loading 50 µL of eluate and a 

green curve correspond to loading 200 µL of eluate.  
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Appendix N  

This appendix contains the raw data from the Quant-iT® PicoGreen™ assay performed during 

the pre-study. Table 1 presents the standard measurements of λ-DNA used to model the 

standard curve (Figure 1) used to calculate the unknown sample concentrations from the 

purification of IF-3, RF-1 and RRF (Table 2). The protocol in Appendix I was followed to 

perform the measurements.  

Table 1. The standard concentrations of λ-DNA used to model the standard curve and the equation used to calculate unknown 

sample concentration. Commas are employed due to the using the Swedish version of Excel. 

λ-DNA (mg/mL) Abs 595 nm Abs 595 nm - blank 

0 203 0 

0,25 226 23 

1 305 102 

2,5 519 316 

10 1440 1237 

25 3002 2799 

100 11545 11342 

 

 
Figure 1. The standard curve modeled from the standard measurements of λ-DNA (Table 1). The curve was made to extract 

the equation displayed which are used to calculate unknown sample concentration as viewed in Table 2.  
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Table 2. Raw data from Quant-iT® PicoGreen™ assay performed on IF-3, RF-1 and RRF samples. FT is short for flowthrough. 

Values in the column “Conc. (mg/mL)” are calculated using the equation of the standard curve. Commas are employed due to 

the using the Swedish version of Excel.  
 

Sample Volume (mL) Ex 480 / Em 520 nm Ex/Em - blank Conc. (mg/ml) 

IF
-3

 

Feed 10 3567 3364 59143,6065 

FT 10 2910 2707 47539,93289 

Eluate 7 4300 4097 360,44781 

R
F

-1
 

Feed 10 4630 4427 77917,8912 

FT 10 5565 5362 94431,49064 

Eluate 7 1401 1198 104,4428647 

R
R

F
 

Feed 10 4522 4319 76010,43801 

FT 10 4716 4513 79436,78912 

Eluate 7 796 593 51,0165136 
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Appendix O  

This appendix contains the chromatograms for the pre-study purification of RF-1- and RRF 

feed by the two-step procedure (Figure 1). In figure 2, the precipitation observed during buffer 

exchange is seen as well as a comparison of the used IMAC column for RF-1 and a unused one.   

 

Figure 1. The absorbance at 280 nm (blue curves) is shown in the chromatogram.  The protein purification of loading 10 mL 

of RF-1 (A) and RRF (B) feed onto BabyBio Ni-NTA 1 mL and BabyBio TREN 5 mL connected in series. Impurities in the 

samples will bind to the TREN resin.  

 

Figure 2. (A) presents precipitation. (B) show a new and used BabyBio Ni-NTA 1 mL column. 
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Appendix P  

This appendix contains the two chromatograms from the first purification of 10 mL IF-3 in the 

main study (Figure 1). Moreover, the SDS-PAGE analysis result run on different IF-3 eluates 

that gave single or double elution peaks when performing IMAC or the two-step purification is 

presented (Figure 2). 

 
Figure 1. An overlay of the two purifications of 10 mL IF-3 using the same BabyBio Ni-NTA 1 mL column. The absorbance at 

280 nm (blue and green curves) is shown in the chromatogram.   

 

 
Figure 2. SDS-PAGE analysis of IF-3 eluates that showed single or double elution peaks during purification.    
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Appendix Q 

This appendix contains all the chromatogram results from the main study. Figure 1 show the 

IMAC and the two-step purification of 10- and 50 mL of IF-3 feed that had undergone 3 hours 

of protein expression.  

  

Figure 1. The absorbance at 280 nm (blue curves) is shown in the chromatogram. (A) Purification of 10 mL of IF-3 feed when 

loading onto a BabyBio Ni-NTA 1 mL column (B) Purification of 50 mL of IF-3 feed when loading onto a BabyBio Ni-NTA 1 

mL column (C) Purification of 10 mL of IF-3 feed when loading onto a BabyBio Ni-NTA 1 mL column and BabyBio 40 TREN 

5 mL column connected in series. (D) Purification of 50 mL of IF-3 feed when loading onto a BabyBio Ni-NTA 1 mL column 

and BabyBio 40 TREN 5 mL column connected in series. 

Figure 2 show the chromatograms from the IMAC and two-step purification of 10 mL IF-3 feed 

(protein expression was 16 hours) using Bio-Works columns and the Cytiva IMAC column. 

Double peaks were observed in the IMAC elution from the BabyBio Ni-NTA column and a 

single peak were observed from HisTrap.  
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Figure 2. The absorbance at 280 nm (blue and green curves) is shown in the chromatogram. (A) IMAC purification of 10 mL 

of IF-3 feed using either a BabyBio Ni-NTA 1 mL column (blue curve) or a HisTrap Ni-NTA 1 mL column (green curve). (B) 

Two-step purification of 10 mL of IF-3 feed using either a BabyBio Ni-NTA 1 mL column (blue curve) or a HisTrap Ni-NTA 1 

mL column (green curve) before loading onto a BabyBio 40 TREN 5 mL column. 
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Appendix R 

This appendix contains the raw data from the Bradford assay performed during the final analysis 

of the main-study. Table 1 presents the standard measurements of BSA used to model the 

standard curve (Figure 1) used to calculate the unknown sample concentrations of the fractions 

from the all purifications of IF-3 (Table 2). The protocol in Appendix F was followed to perform 

the measurements. 

 
Table 1. The standard concentrations of BSA used to model the standard curve and the equation used to calculate unknown 

sample concentration. Commas are employed due to the using the Swedish version of Excel. 

BSA (mg/mL) Abs 595 nm 

0 0,373 / 0 a 

0,166666667 0,081 

0,25 0,123 

0,33 0,161 

0,5 0,278 

0,666666667 0,351 

0,75 0,374 

1 0,483 

a 0,373 was the absorbance observed from the blank 

 

 

Figure 1. The standard curve modeled from the standard measurements of BSA (Table 1). The curve was made to extract the 

equation displayed which are used to calculate unknown sample concentration as viewed in Table 2.  
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Table 2. Raw data from the Bradford assay performed on all purifications of IF-3 during the final analyse made in the main-

study. Underlined absorbance values means that the Spectrophotometer was not blanked before measurement took place, 

instead the blank was subtracted from these values. Commas are employed due to the using the Swedish version of Excel.  

 Sample   Volume (mL) Dilution  Abs 595 nm Conc. (mg/mL) Protein (mg) 

3
h

 1
0

 m
L

 

Feed 10 2 0,049 0,180609 1,806087 

FT 10 2 0,039 0,140294 1,402943 

Eluate  7 4 0,033 0,232211 1,625479 

FT 10 2 0,035 0,124169 1,241685 

IMAC eluate 7 2 0,037 0,132231 0,661157 

Multimodal IEX eluate 5 4 0,03 0,208023 1,456158 

3
h

 5
0

 m
L

 

Feed 50 1 0,105 0,203185 10,15924 

FT 50 2 0,045 0,164483 8,224148 

Eluate  14 1 0,235 0,465229 6,513203 

FT 50 2 0,052 0,192703 9,635154 

IMAC eluate 14 1 0,104 0,201169 2,615199 

Multimodal IEX eluate 13 1 0,261 0,517638 7,246926 

1
6
 h

 B
a
b

y
B

io
 

Feed 10 1 0,157 0,308002 3,080024 

FT 10 2 0,064 0,24108 2,410804 

Eluate  7 1 0,141 0,275751 1,930256 

FT 10 2 0,046 0,168514 1,685144 

IMAC eluate 7 2 0,037 0,132231 0,661157 

Multimodal IEX eluate 5 1 0,12 0,233421 1,633945 

1
6
 h

 H
is

T
ra

p
 

Feed 10 1 0,167 0,32816 3,281596 

FT 10 1 0,103 0,199153 1,991534 

Eluate  7 1 0,169 0,332191 2,325338 

FT 10 2 0,05 0,18464 1,846402 

IMAC eluate 7 2 0,051 0,188672 0,943358 

Multimodal IEX eluate 5 1 0,131 0,255594 1,789155 

 

The target protein recovery and yield are calculated using Equation 1 and 2.  

𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐹𝑒𝑒𝑑]
   (1) 

𝑌𝑖𝑒𝑙𝑑𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (%) = 100 ×
[𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝐸𝑋−𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]
  (2) 
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Appendix S 

This appendix contains the raw data from the Bradford assay performed on fractions collected 

from the purification of 10- and 50 mL of IF-3 cultivated with protein expression of 3 hours. 

Table 1 presents the standard measurements of BSA used to model the standard curve (Figure 

1) used to calculate the unknown sample concentrations of the fractions from the all 

purifications of IF-3 (Table 2). The target protein recovery and yield are shown in Table 3.  

 

The protocol in Appendix F was followed to perform the measurements. 

 
Table 1. The standard concentrations of BSA used to model the standard curve and the equation used to calculate unknown 

sample concentration. Commas are employed due to the using the Swedish version of Excel. 

BSA (mg/mL) Abs 595 nm 

0 0 

0,166666667 0,088 

0,25 0,132 

0,5 0,247 

0,666666667 0,326 

1 0,474 

* The first value was the absorbance from the blank 

 

 

Figure 1. Illustrates the standard curve modeled from the standard measurements of BSA (Table 1). The curve was made to 

extract the equation displayed which are used to calculate unknown sample concentration as viewed in Table 2.  
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Table 2. Raw data from the Bradford assay performed on all purifications of IF-3 feed cultivated under 3 hours of protein 

expression. Grey values indicate that absorbance measurement was outside the measuring range. Commas are employed due 

to the using the Swedish version of Excel.  

 Sample   Volume (mL) Dilution  Abs 595 nm Conc. (mg/mL) Protein (mg) 

3
h

 1
0

 m
L

 

Feed 10 1 0,187 0,379295715 3,792957149 

FT 10 1 0,051 0,090793381 0,907933814 

Eluate  7 1 0,118 0,163046245 1,630462452 

FT 10 1 0,036 0,058973271 0,589732711 

IMAC eluate 7 1 0,119 0,164531184 1,645311837 

Multimodal IEX eluate 5 1 0,028 0,029401782 0,294017819 

3
h

 5
0

 m
L

 

Feed 50 1 0,14 0,279592703 13,97963513 

FT 50 1 0,083 0,158676283 7,933814171 

Eluate  14 2 0,141 0,157759864 7,887993212 

FT 50 1 0,044 0,075943997 3,79719983 

IMAC eluate 14 2 0,116 0,128061095 6,403054731 

Multimodal IEX eluate 13 1 0,105 0,057496818 2,874840899 

 

The target protein recovery and yield are calculated using Equation 1 and 2.  

𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐹𝑒𝑒𝑑]
   (1) 

𝑌𝑖𝑒𝑙𝑑𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (%) = 100 ×
[𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝐸𝑋−𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐸𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]
  (2) 

Table 3. The target protein recovery when purifying with IMAC and target protein yield from the two-step purification 

procedure for purifications performed on 10- and 50 mL of IF-3 feed that had undergone protein expression for 3 hours during 

the bacterial cultivation.  

Sample Recovery (%) Yield (%) 

3 h 10 mL  42.98657718 100.9107468 

3 h 50 mL  56.42488619 81.1746988 
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Appendix T 

This appendix contains the raw data from the Quant-iT® PicoGreen™ assay performed during 

the pre-study. Table 1 presents the standard measurements of λ-DNA used to model the 

standard curve (Figure 1) used to calculate the unknown sample concentrations from the 

purification of IF-3 (Table 2). Table 3 shows the data used to calculate the host cell DNA ppm 

in samples and Table 4 and 5 shows the host cell DNA concentration respective ppm loss. The 

protocol in Appendix I was followed to perform the measurements.  

Table 1. The standard concentrations of λ-DNA used to model the standard curve and the equation used to calculate unknown 

sample concentration. Commas are employed due to the using the Swedish version of Excel. 

λ-DNA (mg/mL) Abs 595 nm Abs 595 nm - blank 

0 133 0 

0,025 141 8 

0,25 178 45 

1 201 68 

2,5 470 337 

10 1220 1087 

25 2752 2619 

100 9495 9362 

 

 
Figure 1. The standard curve modeled from the standard measurements of λ-DNA (Table 1). The curve was made to extract 

the equation displayed which are used to calculate unknown sample concentration as viewed in Table 2. 
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Table 2. Raw data from Quant-iT® PicoGreen™ assay performed on IF-3 fractions. FT is short for flowthrough. Values in the 

column “Conc. host cell DNA (mg/mL)” are calculated using the equation of the standard curve (Figure 1). Grey values 

indicates that the measurement is below the stable limit of detection. Commas are employed due to the using the Swedish 

version of Excel. 

 Sample   

Volume 

(mL) Dilution  

Ex 480 /Em 

520 nm 

Ex 480 /Em 

520 nm - blank 

Conc. host 

cell DNA 

(ng/mL) 

3
h

 1
0

 m
L

 

Feed 10 2000 2596 2463 51202,74921 

FT 10 2000 1857 1724 35404,38677 

Eluate  7 10 6069 5936 627,2431964 

FT 10 20 188 55 -2,755 

IMAC eluate 7 2000 3459 3326 69652 

Multimodal IEX eluate 5 2 678 545 10,2 

3
h

 5
0
 m

L
 

Feed 50 2000 2084 1951 40257 

FT 50 2000 1976 1843 37948 

Eluate  14 50 2478 2345 1217 

FT 50 20 339 206 29,525 

IMAC eluate 14 10000 1742 1609 164730 

Multimodal IEX eluate 13 2 2113 1980 40,877 

1
6
 h

 B
a
b

y
B

io
 

Feed 10 2000 2307 2174 45024 

FT 10 2000 1908 1775 36495 

Eluate  7 20 2496 2363 490,65 

FT 10 20 194 61 -1,473 

IMAC eluate 7 2000 5965 5832 123225 

Multimodal IEX eluate 5 2 659 526 9,7935 

1
6

 h
 H

is
T

ra
p

 

Feed 10 2000 2154 2021 41754 

FT 10 2000 1541 1408 28649 

Eluate  7 20 2213 2080 430,15 

FT 10 20 204 71 0,6651 

IMAC eluate 7 2000 5863 5730 121045 

Multimodal IEX eluate 5 2 644 511 9,4728 
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Table 3. Raw data from Quant-iT® PicoGreen™ and Bradford assay performed on IF-3 fractions used to determine host cell 

DNA ppm. FT is short for flowthrough. Grey values indicates that the host cell DNA measurement is below the stable limit of 

detection. Commas are employed due to the using the Swedish version of Excel. 

 Sample   

Volume 

(mL) 

Conc. Host 

cell DNA 

(ng/mL) 

Host cell 

DNA 

(ng) 

Protein 

(mg) 

Host cell DNA ppm 

(ng host cell DNA / 

mg protein) 

3
h

 1
0

 m
L

 

Feed 10 51202,74921 512027,5 1,806087 283500,9362 

FT 10 35404,38677 354043,9 1,402943 252357,9925 

Eluate  7 627,2431964 4390,702 1,625479 2701,174911 

FT 10 -2,755 -27,55 1,241685 -22,19092335 

IMAC eluate 7 69652 487564 0,661157 526743,1524 

Multimodal IEX eluate 5 10,2 51 1,456158 49,03165968 

3
h

 5
0
 m

L
 

Feed 50 40257 2012850 10,15924 198130,9172 

FT 50 37948 1897400 8,224148 230713,0806 

Eluate  14 1217 17038 6,513203 2615,924872 

FT 50 29,525 1476,25 9,635154 153,2171004 

IMAC eluate 14 164730 2306220 2,615199 818861,1088 

Multimodal IEX eluate 13 40,877 531,401 7,246926 78,96869157 

1
6
 h

 B
a
b

y
B

io
 

Feed 10 45024 450240 3,080024 146182,291 

FT 10 36495 364950 2,410804 151379,6312 

Eluate  7 490,65 3434,55 1,930256 1779,321633 

FT 10 -1,473 -14,73 1,685144 -8,73950367 

IMAC eluate 7 123225 862575 0,661157 931891,5159 

Multimodal IEX eluate 5 9,7935 48,9675 1,633945 41,95647779 

1
6

 h
 H

is
T

ra
p

 

Feed 10 41754 417540 3,281596 127235,8183 

FT 10 28649 286490 1,991534 143853,5849 

Eluate  7 430,15 3011,05 2,325338 1294,886162 

FT 10 0,6651 6,651 1,846402 3,601980847 

IMAC eluate 7 121045 847315 0,943358 641563,1219 

Multimodal IEX eluate 5 9,4728 47,364 1,789155 37,0621099 

 

Equation 1 is used to calculate the host cell DNA recovery when purifying protein with IMAC 

and equation 2 is used when calculating the host cell DNA loss when purifying the target protein 

with the two-step procedure.   

𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
[𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒]

[𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝐹𝑒𝑒𝑑]
                  (1) 
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𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑙𝑜𝑠𝑠 (%) = 100 −  100 ×
[𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒 𝑓𝑟𝑜𝑚 𝑇𝑅𝐸𝑁−𝐼𝑀𝐴𝐶 𝑟𝑢𝑛]

[𝐻𝑜𝑠𝑡 𝑐𝑒𝑙𝑙 𝐷𝑁𝐴 𝑖𝑛 𝐼𝑀𝐴𝐶 𝑒𝑙𝑢𝑎𝑡𝑒]
    (2) 

Table 3. The host cell DNA concentration recovery when purifying with IMAC and host cell DNA concentration loss from the 

two-step purification procedure for all IF-3 purifications performed in the main study.  

Sample Host cell DNA conc. recovery (%) Host cell DNA conc. loss (%) 

3 h 10 mL  0,857513013 98,37388557 

3 h 50 mL  0,846459768 96,6411633 

16 h BabyBio 0,762817202 98,00397018 

16 h HisTrap 0,721145752 97,79778054 

 

Table 4. The host cell DNA ppm recovery when purifying with IMAC and host cell DNA ppm loss from the two-step purification 

procedure for all IF-3 purifications performed in the main study.  

Sample Host cell DNA ppm recovery (%) Host cell DNA ppm loss (%) 

3 h 10 mL  0,666954566 98,18480249 

3 h 50 mL  0,369684335 96,98123244 

16 h BabyBio 0,852035588 97,64199586 

16 h HisTrap 0,712393983 97,13780941 
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Appendix U 

This appendix contains the compiled data from the ELISA performed in the main study. Table 

1 presents the standard measurements of E. coli host cell proteins used to model the standard 

curve (Figure 1) used to calculate the unknown sample host cell protein concentrations from 

the purification of IF-3 (Table 2). The protocol in Appendix J was followed to perform the 

measurements. 

Table 1. The standard concentrations of E. coli host cell protein used to model the standard curve and the equation used to 

calculate unknown sample concentration. Commas are employed due to the using the Swedish version of Excel. 

E.coli host 

cell proteins 

(mg/mL) 

Duplicate 1 

Abs 650 nm 

Duplicate 2 

Abs 650 nm 

Mean Abs 650 nm Mean Abs 650 nm - 

blank 

blank 0,1036 0,0989 0,10125   

0 0,0956 0,1277 0,11165 0 

1a 0,1051 0,1074 0,10625 -0,0054 

3 0,1279 0,1245 0,1262 0,01455 

12 0,2449 0,2395 0,2422 0,13055 

40 0,5897 0,5383 0,564 0,45235 

100 1,2863 1,1174 1,20185 1,0902 

a was excluded when making the standard curve 

 
Figure 1. The standard curve modeled from the standard measurements of E. coli host cell proteins (Table 1). The curve was 

made to extract the equation displayed which are used to calculate unknown sample concentration as viewed in Table 2. 
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Table 2. Raw data from ELISA measurements on feed, flowthrough, and eluates collected from purifications on 10 mL IF-3 

feed (16 hours protein expression). Grey values indicates that the host cell protein measurement is outside the stable limit of 

detection. Commas are employed due to the using the Swedish version of Excel. 

Sample Dil.  

Dupl. 

1 

Dupl. 

2 Mean 

Minus 

blank  

Host cell 

protein conc. 

(ng/mL) x 

dil.  

Volume 

(mL) 

Host cell 

protein 

(ng) 

Protein 

(mg) 

Host cell protein 

ppm (ng host cell 

protein / mg IF-

3) 

1
6

 h
 F

ee
d
 

100 n/a 0,4864 0,4864 0,38515 3532,272727 

10 

35322,73 

3,08002419 

11468,32788 

500 0,2185 0,239 0,22875 0,1275 5950 59500 19318,0301 

1000 0,158 0,1678 0,1629 0,06165 5913,636364 59136,36 19199,96728 

2500 0,1283 0,1353 0,1318 0,03055 7715,909091 77159,09 25051,45615 

5000 0,118 0,1177 0,11785 0,0166 9090,909091 90909,09 29515,7068 

7500 0,1113 0,1126 0,11195 0,0107 9613,636364 96136,36 31212,85994 

10000 0,108 0,1079 0,10795 0,0067 9181,818182 91818,18 29810,86387 

1
6
 h

 F
T

 

100 0,4948 0,4876 0,4912 0,38995 3575,909091 35759,09 

2,41080427 

14832,84699 

500 0,2081 0,2464 0,22725 0,126 5881,818182 58818,18 24397,74248 

1000 0,1658 0,1663 0,16605 0,0648 6200 62000 25717,55853 

2500 0,1363 0,1389 0,1376 0,03635 9034,090909 90340,91 37473,34867 

5000 0,1195 0,128 0,12375 0,0225 11772,72727 117727,3 48833,19399 

7500 0,1175 0,1197 0,1186 0,01735 14147,72727 141477,3 58684,6781 

10000 0,1073 0,1167 0,112 0,01075 12863,63636 128636,4 53358,2776 

1
6
 h

 F
T

 T
+

I 

100 0,411 0,4643 0,43765 0,3364 3089,090909 30890,91 

1,68514412 

18331,31579 

500 0,2182 0,2221 0,22015 0,1189 5559,090909 55590,91 32988,81579 

1000 0,1528 0,1684 0,1606 0,05935 5704,545455 57045,45 33851,97369 

2500 0,1374 0,1434 0,1404 0,03915 9670,454545 96704,55 57386,51316 

5000 0,1228 0,1309 0,12685 0,0256 13181,81818 131818,2 78223,68422 

7500 0,1165 0,1293 0,1229 0,02165 17079,54545 170795,5 101353,6184 

10000 0,1142 0,1307 0,12245 0,0212 22363,63636 223636,4 132710,5263 

1
6
 h

 E
lu

at
e 1 0,1544 0,1491 0,15175 0,0505 4,9 

7 

34,3 

1,930256 

17,76966374 

5 0,1377 0,1295 0,1336 0,03235 16,25 113,75 58,9300073 

10 0,1224 0,1153 0,11885 0,0176 19,09090909 133,6364 69,23245613 

15 0,1183 0,1094 0,11385 0,0126 21,81818182 152,7273 79,12280701 

25 0,1213 0,1147 0,118 0,01675 45,79545455 320,5682 166,0754751 

1
6

 h
 E

lu
at

e 

T
+

I 

1 0,1218 0,1218 0,1218 0,02055 2,177272727 

5 

10,88636 

1,63394476 

6,662626487 

5 0,1121 0,1137 0,1129 0,01165 6,840909091 34,20455 20,93372205 

10 0,1082 0,1031 0,10565 0,0044 7,090909091 35,45455 21,6987418 

15 0,1103 0,1051 0,1077 0,00645 13,43181818 67,15909 41,10242436 

25 0,1059 0,1021 0,104 0,00275 13,97727273 69,88636 42,77155835 

H
is

T
ra

p
  

E
lu

at
e 

1 0,1537 0,1591 0,1564 0,05515 5,322727273 

7 

37,25909 

2,32533763 

16,02308859 

5 0,1326 0,1237 0,12815 0,0269 13,77272727 96,40909 41,46025485 

10 0,1116 0,1175 0,11455 0,0133 15,18181818 106,2727 45,7020631 

15 0,1152 0,1185 0,11685 0,0156 25,90909091 181,3636 77,99453882 

25 0,1111 0,1205 0,1158 0,01455 40,79545455 285,5682 122,8071905 

H
is

T
ra

p
 

E
lu

at
e 

T
+

I 1 0,1233 0,1358 0,12955 0,0283 2,881818182 

5 

14,40909 

1,78915541 

8,05357143 

5 0,1298 0,1324 0,1311 0,02985 15,11363636 75,56818 42,23679023 

10 0,1233 0,1304 0,12685 0,0256 26,36363636 131,8182 73,67620551 

15 0,1255 0,1196 0,12255 0,0213 33,68181818 168,4091 94,12770393 

25 0,1235 0,1247 0,1241 0,02285 59,65909091 298,2955 166,7241719 
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