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a b s t r a c t 

Modular virus-like particles and capsomeres are potential vaccine candidates that can induce strong im- 

mune responses. There are many described protocols for the purification of microbially-produced viral 

protein in the literature, however, they suffer from inherent limitations in efficiency, scalability and over- 

all process costs. In this study, we investigated alternative purification pathways to identify and optimise 

a suitable purification pathway to overcome some of the current challenges. Among the methods, the 

optimised purification strategy consists of an anion exchange step in flow through mode followed by a 

multi modal cation exchange step in bind and elute mode. This approach allows an integrated process 

without any buffer adjustment between the purification steps. The major contaminants like host cell pro- 

teins, DNA and aggregates can be efficiently removed by the optimised strategy, without the need for a 

size exclusion polishing chromatography step, which otherwise could complicate the process scalability 

and increase overall cost. High throughput process technology studies were conducted to optimise bind- 

ing and elution conditions for multi modal cation exchanger, Capto TM MMC and strong anion exchanger 

Capto TM Q. A dynamic binding capacity of 14 mg ml −1 was achieved for Capto TM MMC resin. Samples 

derived from each purification process were thoroughly characterized by RP-HPLC, SEC-HPLC, SDS-PAGE 

and LC-ESI-MS/MS Mass Spectrometry analytical methods. Modular polyomavirus major capsid protein 

could be purified within hours using the optimised process achieving purities above 87% and above 96% 

with inclusion of an initial precipitation step. Purified capsid protein could be easily assembled in-vitro 

into well-defined virus-like particles by lowering pH with addition of calcium chloride to the eluate. High 

throughout studies allowed the screening of a vast design space within weeks, rather than months, and 

unveiled complicated binding behaviour for Capto TM MMC. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The current outbreak of COVID-19 shows dramatically the 

hreat of global pandemics and the need for potent vaccines that 

an be mass-manufactured efficiently. In a globally-mobile world 

athogens such as corona virus, influenza virus, Ebola virus etc. 

an spread rapidly so keeping a local outbreak under control 

s challenging. Once emerged a sustainable control can only be 

chieved by mass vaccination as demonstrated for example for 

olio and Measles [1–3] . An ideal vaccine candidate to do so is 

ighly immunogenic, exceptionally safe and can be quickly mass 

roduced. Another important point that is often neglected is the 
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eed for low production costs, thus enabling affordable to use in 

ow income countries, which often suffer the most from infectious 

iseases and otherwise may function as a residual reservoir for 

lobal threat [ 4 , 5 ]. Conventional vaccines such as inactivated and 

ttenuated viruses however, have a lengthy production time, ex- 

ensive production costs and might be risky for people with im- 

unodeficiency [ 6 , 7 ]. 

Promising future vaccine candidates that incorporate most of 

he desired properties are virus-like particles (VLPs). VLPs are self- 

ssembled spherical particles of viral structural proteins, mimick- 

ng the overall appearance and structure of a native virus and 

ue to a lack of genetic material are unable to replicate or in- 

ect, making them generally safe [8] . As the antigens are pre- 

ented in a highly repetitive and native structure, VLPs induce 

 strong immunogenic response both humoral and cellular, even 
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n the absence of any adjuvant [9] . The structural viral proteins 

an be amended to present foreign antigens on the surface of the 

LP. These so called modular or chimeric VLPs widen the possi- 

le applications and enabled the development of vaccine platform 

echnologies [ 10 , 11 ]. VLPs as vaccines are commercially available 

gainst human papilloma virus and hepatitis B/E virus (Cervarix®, 

ardasil®, Cecolin®, Recombivax HB®, Energix-B®, Hecolin® etc.) 

nd are heavily examined against many diverse pathogens includ- 

ng influenza A, Norovirus, Chikungunya virus, cytomegalovirus, 

otavirus and Group A Streptococcus, to name a few [ 8 , 12–15 ].

owever, the production and purification of existing commercial 

LPs is challenging, making them comparatively expensive vac- 

ines [ 11 , 16 , 17 ]. VLPs can be expressed in a variety of eukaryotic

nd prokaryotic systems, ranging from mammalian and insect cells 

o microbial, yeast and plant based systems [18] . Expression in eu- 

aryotic cells leads to self-assembly of VLPs in vivo , which always 

ears the risk of co-assembled impurities such as host cell proteins 

nd nucleic acids, therefore leading to product deviations that re- 

uire a subsequent disassembly-reassembly step [ 19 , 20 ]. Another 

athway is the expression in prokaryotic systems, which allow the 

urification of unassembled structural protein and a subsequent in 

itro assembly in a controlled environment [20–22] . 

VLPs produced in a prokaryotic expression system are an ex- 

iting alternative due to their inherent advantages over eukary- 

tic ones in terms of speed and productivity, enabling possible 

osts of cents per vaccine dose [23–25] . China approved E. coli 

roduced VLP vaccines Hecolin® and Cecolin® showing high effi- 

iency and safety and providing proof of concept for E. coli pro- 

uced VLP vaccines [ 26 , 27 ]. Several modular and non-modular 

LPs based on a variety of structural viral protein such as hep- 

titis B core antigen (HBcAg), papilloma major capsid protein L1, 

acteriophage Q β , adeno-associated virus structural protein VP3 

nd polyomavirus major capsid protein VP1 have been produced 

n E. coli [ 24 , 25 , 28 , 29 ]. One of the most advanced approaches is

he platform technology using modularized murine polyomavirus 

ajor capsid protein VP1 [10] . The viral protein can be expressed 

t grams per litre in E. coli giving VLPs able to induce a strong im-

une response against Group A Streptococcus, Influenza, Rotavirus, 

lasmodium, and others [ 12 , 13 , 30–33 ]. However, described purifi- 

ation and production pathways for VP1, the related L1 and other 

icrobial VLPs currently rely on hard-to-scale laboratory unit op- 

rations. Major issues during purification are the removal of DNA 

nd aggregates and low binding on chromatographic resin caused 

y aggregates and the large size of capsomeres and VLPs [34–37] . 

ommon practice is the use of affinity tags (GST, poly HIS, SUMO), 

hich require a subsequent enzymatic cleavage and removal of 

he tag, leading to aggregation during long processing times and 

ther process challenges, and subsequent preparative size exclu- 

ion chromatography (SEC) followed by dialysis to trigger assembly 

 10 , 34 , 38 , 39 ]. Other described pathways use furthermore various

ombinations of density gradient centrifugation, benzonase treat- 

ent, filtration, membrane columns, refolding of inclusion bodies 

nd ammonium sulphate/PEG precipitation [ 27 , 34 , 35 , 40–42 ]. 

To overcome these challenges, we developed and optimised an 

ntegrated purification process using multi modal cation exchanger 

apto TM MMC as the main purification step. Multi modal ion ex- 

hange resin combines ion exchange with hydrophobic interaction 

nd other modes, which lead to unique binding behaviour and high 

alt tolerance [43] . The salt tolerance of Capto TM MMC enables 

rocessing at intermediate salt concentrations, which enables dis- 

ggregation of non-specific DNA-protein interactions, which other- 

ise hinder separation. The developed process produces well de- 

ned VLPs, removes aggregates, DNA and most host cell proteins, 

s designed for scale-up and does not require any buffer exchange 

uring the optimized purification process, thus reducing overall 

rocess cost and time. 
2 
. Material and methods 

.1. Buffers and chemicals 

Milli-Q® water (MQW) was used for the preparation of all 

uffers. E. coli culture was grown in Terrific Broth (TB) medium 

12 g l −1 tryptone (LP0042, Thermo Fisher Scientific, USA), 24 g 

 

−1 yeast extract (P0021, Thermo Fisher Scientific, USA), 5 g l −1 

lycerol (GL010, ChemSupply, Australia), 2.31 g l −1 potassium di- 

ydrogen phosphate (PO02600, ChemSupply Australia), 12.5 g l −1 

ipotassium hydrogen phosphate (PA020. ChemSupply, Australia)), 

upplemented with 35 μg ml −1 chloramphenicol (GA0258, Chem- 

upply, Australia) and 100 μg ml −1 ampicillin (GA0283, ChemSup- 

ly, Australia). IPTG (15529019, Thermo Fisher Scientific. USA) and 

ntibiotics were prepared in 10 0 0x stock solutions and added be- 

ore use. Sodium chloride (SL046, ChemSupply, Australia) solution, 

 g l −1 , was used as a washing saline. 

Loading buffer (L buffer) consisted of 40mM buffer salt (Tris- 

ydrochloride (GB4431, ChemSupply, Australia) for pH 8 and 9, 

lycine (GA007, ChemSupply, Australia) for pH 10 and sodium hy- 

rogen orthophosphate (SL061, ChemSupply, Australia) for pH 11 

nd 12 buffer preparation) plus 2mM EDTA (EA023, ChemSupply, 

ustralia), 5 % w w 

−1 glycerol, 5mM dithiothreitol (DTT) (DL131, 

hemSupply, Australia) and 0–500 mM NaCl (SL046, ChemSupply, 

ustralia). DTT and 1x SigmaFast TM protease inhibitor (SA8820 Mil- 

ipore Sigma, USA), which were added during cell lysis, were added 

reshly before use. Loading buffer was prepared from a 5x stock 

olution originally prepared, filtered (0.2 μm, KYL Scientific, Aus- 

ralia) and vacuum degassed before use. Calcium chloride (CA033, 

hemSupply, Australia) was used to induce the assembly of VLPs. 

TruPAGE TM 4x LDS sample buffer (PCG3009) and 20x Tris-MOPS 

DS express running buffer (PCG3003) were purchased from Milli- 

oreSigma, USA. The 10x DTT sample reducer and 800x running 

xidant (sodium bisulfite, 243973, Millipore Sigma, USA) reagents 

ere freshly prepared before use. For staining of SDS-APGE gels a 

olution containing Coomassie Brilliant Blue R-250 (Bio-Rad Labo- 

atories, USA), and for destaining a mixture of 10 % v v −1 ethanol 

EA043, ChemSupply, Australia) and 10 % v v −1 acetic acid (AA009, 

hemSupply, Australia) was used. 

HPLC grade acetonitrile (LC1005) and Trifluoroacetic Acid (TFA) 

TS181) were purchased from Chem-Supply, Australia 

PEG-60 0 0 (PL113, ChemSupply, Australia) was used for precipi- 

ation experiments. 

.2. Plasmid construction and protein expression 

Group A Streptococcus antigen GCN4-J8 was inserted with 

anking G4S linkers into murine polyomavirus major capsid pro- 

ein VP1 sequence (M34958) and cloned into pETDuet-1 at mul- 

iple cloning site 2 (MCS2) at Ndel and Pacl restriction sites. The 

lasmid was constructed by the Protein Expression Facility of the 

niversity of Queensland, Brisbane, Australia and the sequence was 

erified by the Australian Genome Research facility (AGRF), Bris- 

ane, Australia. 

Rosetta TM 2(DE3) Singles TM competent cells (Merck KGaA, Ger- 

any) were used as an expression system. The VP1-J8 plasmid was 

ransformed by heat shock transformation. In brief, competent cells 

ere mixed with plasmid DNA and incubated on ice for 5 min, 

ollowed by a heat shock at 42 °C for 30 s and 2 min cooling on

ce. Subsequently, they were diluted with TOC medium and inoc- 

lated on TB agar plates containing 100 μg ml −1 ampicillin and 

5 μg ml −1 chloramphenicol. The Master Cell Bank (MCB) glycerol 

tocks were produced by growing a single colony at 37 °C in 50 ml 

B medium in a 250 ml shake flask until an optical density OD 600 

f 0.5 AU was reached and subsequent adding of glycerol to a fi- 
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al concentration of 25 % w w 

−1 . Samples of 100 μl were collected

nd vials stored at -80 °C until further use. 

Cells were grown overnight in 50 ml of TB medium contain- 

ng 35 μg ml −1 chloramphenicol and 100 μg ml −1 ampicillin in 

 250 ml shake flask at 37 °C and 200 rpm. A 5 ml sample of

he overnight culture was transferred into a 200 ml of fresh TB 

edium in a 1 l shake flask and cells were grown under the same

onditions till an OD 600 of 0.5 AU was reached. Protein expres- 

ion was induced by adding IPTG to a final concentration of 0.1 

mol and performed for 16 h at a reduced temperature of 27 °C 

nd 200 rpm. Cells were harvested by centrifugation in an A5920R 

entrifuge (Eppendorf, Germany) at 3200 g for 10 min at 4 °C, re- 

uspended in 0.9 % w w 

−1 saline and split into 50 ml aliquots. Af-

er centrifugation for 10 min at 20,130 g at 4 °C the supernatant 

as discarded and the pellets were stored at -80 °C until further 

rocess. 

Clarified lysate was produced by resuspending approximately 

 g of cell pellet per 50 ml of L buffer pH 8, 0 M NaCl on ice.

ells were disrupted by ultrasonic homogenization using a Scientz- 

ID Ultrasonic homogeniser (Ningbo Scientz Biotechnology, China) 

quipped with a 6 mm diameter horn. The suspension was soni- 

ated with 10 s bursts at 400 W followed by 40 s cool down on

ce, for a total time of 15 min. Subsequently the lysed cell suspen- 

ion was centrifuged for 45 min at 20130 g at 4 °C to remove cell

ebris. 

.3. Characterisation 

Expression was visualised by SDS-PAGE analysis under reducing 

nd denaturing conditions using TruPAGE TM precast Gels 4-12 %, 

0 × 10 cm 12-well (PCG2003, Millipore Sigma, USA), following the 

anufacturer’s protocol. Total protein concentration of the samples 

as measured by Bradford protein assay and the amount of protein 

oaded on each well was normalised. Samples were prepared by 

ixing with 4X loading buffer prior heating for 10 min at 75 °C. 

el electrophoresis carried out at 180 V fixed current was applied 

or separation until finished, followed by 1 h of staining and 4 h 

f destaining using the described buffers. Precision Plus Protein 

TM 

tandard (1610363, Bio-Rad, USA) was used as a protein marker. 

Bradford Protein Assay for determination of total protein con- 

entration used standard protocol as described by BioRad in 200 

l 96 well plates format [44] . As a reference bovine serum albumin 

as used. Concentration of the reference solutions was verified by 

 280 absorbance on a NanoDrop 

TM (Thermo Fisher Scientific, USA). 

Quant-iT TM High-Sensitivity dsDNA Assay Kit (Q33232, Thermo 

isher Scientific, USA) was used for quantification of host cell DNA. 

luorescence at 485/530 nm was measured on a 2300 Victor X5 

ultilabel reader (PerkinElmer, US). The DNA content is given as 

 DNA g protein 
−1 , which is measured by Bradford. 

VP1-J8 concentration was measured by RP-HPLC using a 

ethod described in the literature [45–47] , on a Shimadzu UFLC- 

R system (pump: LC-20AD-XR, autosampler: SIL-20AXR, diode 

rray detector: SPD-M20A, column oven: CTO-20) with detec- 

ion at 280 nm. A Vydac Protein C4 column 2.1 × 100 mm, 

 μm (214TP521) was used. Briefly, samples were mixed 1:4 with 

enaturing buffer (8 M guanidine (GE1914, ChemSupply, Australia), 

0 mM DTT, 20 mM Tris pH 8) and incubated at 75 °C for 10 min.

amples, 3 μl, were injected and separated by gradient elution with 

 water (Mobile Phase A, 0.5 % TFA) and acetonitrile (Mobile Phase 

, 0.4 % TFA) system. The elution program was as following: 6 min 

radient from 35 % B to 60 % B, 30 s gradient from 60 % B to 100 %

, 1 min 100 % B, 30 s from 100 % B to 35 % B and 4 min of 35 % B,

iving a total analysis time of 12 min, at a flow rate of 1 ml min 

−1 

nd a column temperature of 60 °C. As a reference purified VP1-J8 

as used of which the concentration was determined by Bradford 

ssay. 
3 
The same Shimadzu system was used for SEC-HPLC with a 

SKgel G30 0 0SW column (5 μm, 7.8 × 30 0 mm, Tosoh Corp.). 

0 % v v −1 acetonitrile, 0.1 v v −1 TFA was used as a running

uffer at a flow rate of 1 ml min 

−1 and 30 °C column temperature.

amples received no pre-treatment except filtering through a 0.22 

m cellulose acetate filter (THCCH2213, Thermo Fisher Scientific, 

SA). The peak areas at A 280 nm were analysed and categorized 

nto high-molecular-weight impurities (HMWI) and low-molecular- 

eight (LMHI) impurities depending on if they elute before or af- 

er the VP1-J8 peak. An example chromatogram can be found in 

he appendix (figure A1). 

Aggregates were quantified by SEC chromatography with a Su- 

erose® 6 Increase 10/300 GL (Cytiva, Sweden) with L buffer pH 

, 0.5 M NaCl as a running buffer and a flow rate of 0.6 ml min 

−1 

n an ÄKTA pure system equipped with a sample pump (Cytiva, 

weden). Aggregates have been defined as the fraction remaining 

n the excluded volume of the Superose® 6 column. The identity 

s VP1-J8 aggregates was verified by SDS-PAGE. Absorbance was 

easured at 280 nm and 260 nm. Aggregates are expressed as the 

eak area in relation to the VP1-J8 peak area. 

Liquid chromatography–electrospray ionisation tandem mass 

pectrometry (LC-ESI-MS/MS was used to analyse and identify the 

rotein bands in the purified samples. Mass spectrometric anal- 

sis was performed at the Adelaide Proteomic Centre, University 

f Adelaide. In brief gel bands were destained and dried followed 

y in-gel reduction plus alkylation and subsequent trypsin diges- 

ion. Peptide separation was performed using a 75 μm ID C18 col- 

mn (Acclaim PepMap100 C18 75 μm × 15 cm, Thermo-Fisher 

cientific, USA). Raw MS/MS data was searched against the tar- 

et sequence of VP1-J8 and E. coli entries present in the Swiss- 

ro database in Proteome Discovery (v.2.4, Thermo-Fisher Scien- 

ific, USA). Full protocol can be found in appendix. 

Transmission electron microscopy (TEM) was used to analyse 

LPs. Samples of 5 μl were diluted 1:10 with MQW and pipet- 

ed on carbon coated square meshed grids (GSCU100C, ProSciTec, 

ustralia) and incubated for 5 min. After removal of excess liquid, 

he sample was washed twice with MQW to reduce the formation 

f salt crystals. Negative staining was conducted for 2 min with 

 % w v −1 uranyl acetate. A FEI Tecnai G2 Spirit with an Olym- 

us SIS Veleta CCD camera was used to obtain images at 120 kV 

oltage. Particle diameter was measured by counting pixels using 

IMP 2.10.18. 

.4. High throughput process technology strategies applied for 

tudying binding capacity of resins 

Briefly, 96 well PreDictor® (Cytiva, Sweden) plates filled with 

0 μl of Capto TM MMC or Capto TM Q were used for high through- 

ut binding screening. The pH values 7.5, 8.0, 8.5 and 9.0 and NaCl 

oncentrations from 0–500 mM were screened. L buffers at the 

esired pH values, containing 0 M NaCl, were prepared 6 times 

oncentrated as well as 3 M NaCl solution and a VP1-J8 stock so- 

ution. The stock solutions were finally mixed in the PreDictor®

late wells to a total volume of 300 μl (50 μl 6x L buffer, 0-50 μl

 M NaCl, 0-50 μl MQW, 200 μl VP1-stock solution or MQW for 

quilibration). The protocol followed standard procedure. Solutions 

n the PreDictor® plates were removed by 2 min centrifugation at 

00 g. The wells were equilibrated 3 times with desired buffer (5 

in shaking at 1200 rpm). After equilibration, buffer with VP1- 

8 stock solution instead of MQW was added and shacked for 60 

in at 1200 rpm. The bound VP1-J8 was calculated by measuring 

he concentration in the unbound samples by HPLC and subtract 

t from the initial VP1-J8 concentration for loading. The DNA con- 

entration was measured as described and compared to the initial 

NA concentration for loading. The experiments were automated 

sing a Microlab® Nimbus4® automated liquid handler (Hamilton, 
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SA). The results presented here are an average of duplicates (ex- 

eriments and samples). 

VP1-J8 stock solution was prepared by adding PEG-60 0 0 and 

aCl to a final concentration of 7 % w v −1 and 0.5 M respectively

o clarified lysate to precipitate the VP1-J8 out. After gently shak- 

ng and 10 min incubation on ice, the precipitated VP1-J8 was sep- 

rated by centrifugation at 20,130 g for 10 min at 4 °C. The pel-

et was washed several times with 5 ml MQW to remove PEG and 

alts. Thereafter the pellet was resolubilized in 15 ml L buffer con- 

aining no buffer salt (MQW, 5 % w w 

−1 glycerol, 5 mM DTT, 2 mM

DTA, 1x protease inhibitor) and the pH was readjusted to 8.25. 

ny undissolved residues were removed by centrifugation for 10 

in at 20130 g, 4 °C, and filtering through a 0.22 μm filter (16532

inisart®, Sartorius, Germany). 

.5. High throughput elution study 

To establish the optimal elution conditions elution studies on 

6 well PreDictor® plates filled with 20 μl Capto TM MMC were per- 

ormed. Elution buffers at pH values of 8, 9, 10, 11, 12 and NaCl

oncentrations of 0–2 M were examined. Pipetting was done with 

 Nimbus automated liquid handler (Hamilton, US). L buffers at dif- 

erent pH values were prepared 2 times concentrated, as well as a 

 M NaCl stock solution and mixed to a final volume of 200 μl 

nside the wells (100 μl 2x L buffer, 0-100 μl 4 M NaCl solution 

nd 0-100 μl MQW). The VP1-J8 stock solution was prepared as 

escribed in the previous section, except precipitated VP1-J8 was 

esolubilized in L buffer pH 8, 0.5 M NaCl (40mM Tris, 5 % w w 

−1 

lycerol, 5 mM DTT, 2 mM EDTA, 1x protease inhibitor). Predic- 

or plates were equilibrated 3 times for 5 min at 1200 rpm with L 

uffer pH 8, 0.5 M NaCl and loaded 60 min at 1200 rpm with 200

l of VP1-J8 stock solution. After loading the wells were washed 3 

imes at 1200 rpms for 5 min with L buffer pH 8, 0.5 M NaCl con-

aining no DTT, to remove optical interfering substances like oxi- 

ized DTT and other impurities. Two elution steps were conducted 

n which the wells were filled with elution buffers, incubated for 

 min at 1200 rpm and centrifuged for 2 min at 500 g. The Ab-

orbance A 280 of the eluent solution was measured on a 2300 

ictor X5 multilabel reader (PerkinElmer, US). The absorbances of 

oth elution steps were added and normalized to the measured 

aximum. The results presented here are an average of duplicates 

experiments and samples). 

.6. Dynamic binding capacity 

The resin dynamic binding capacity at 10 % breakthrough 

DBC 10 ) was measured at a flow rate of 0.33 ml min 

−1 on a 1 ml

re-packed Capto TM MMC column. VP1-J8 stock solution (VP1-J8 

oncentration: 2.13 mg VP1-J8 ml −1 ) at pH 8.9, 0.35 M NaCl, pre- 

ared as described by PEG precipitation, was used and loaded onto 

he column. The flowthrough was collected in 2 ml fractions and 

he VP1-J8 contend determined by RP-HPLC. To verify the results 

nd to test the influence of the starting impurity level or prod- 

ct concentration, purified sample by Capto TM MMC were diluted 

ith L buffer pH 8 and readjusted to pH 8.9, 0.35 M NaCl (VP1- 

8 concentration: 0.79 mg VP1-J8 ml −1 ), fractions were analysed by 

radford assay. 

.7. Process integration and further polishing 

Several possible purification pathways in which Capto TM MMC 

s incorporated have been examined as shown in Fig. 1 (pathway 

 to F). Pathway A and B started with PEG precipitation, followed 

y Capto TM MMC purification and an additional polishing step, ei- 

her by SEC or by Capto TM Q. Pathway C and D also started with

EG precipitation, however, followed by Capto TM Q flow through 
4 
hromatography and either SEC or Capto TM MMC was used as a 

hird/polishing purification step. Pathway E combined Capto TM Q 

ith Capto TM MMC without a PEG precipitation. Pathway F com- 

ined diafiltration with Capto TM MMC. 

PEG precipitation was conducted as described in Section 2.4 , 

xcept the precipitate was resolubilized in L buffer pH 8.9, 0.35 

 NaCl. Under this condition VP1-J8 bound strongly to Capto TM 

MC and basically did not bind to Capto TM Q. The salt concentra- 

ion in the load material also minimizes DNA-protein interaction 

nd therefore beneficially influenced the purification process by 

inimising product loss in the first step. Capto TM Q flow through 

xperiments were done either with a custom-packed column con- 

aining 14 ml of resin (XK 16/20 Column, Cytiva, Sweden) or with 

 1 ml pre-packed column on an ÄKTA pure system at flow rates 

f 1 ml min 

−1 or 0.33 ml min 

−1 respectively with L buffer pH 8.9, 

.35 M NaCl as a running buffer. Sam ples obtained from Capto TM 

 flowthrough, PEG precipitation or clarified lysate were loaded on 

 ml Capto TM MMC with L buffer pH 8.9, 0.35 M NaCl at a flow

ate of 0.33 ml min 

−1 . Elution from Capto TM MMC was achieved 

y applying a step gradient with L buffer pH 12, 0 M NaCl at 1 ml

in 

−1 . In the case in which Capto TM Q flow through purification 

as performed after Capto TM MMC, the sample was diluted 1:4 

ith L buffer pH 8 and the pH and NaCl concentration were ad- 

usted to 8.9 and 0.35 M respectively. A Superose®6 (Cytiva, Swe- 

en) column was used for SEC polishing with L buffer pH 8, 0.5 M 

aCl at a flow rate of 0.6 ml min 

−1 . For batch diafiltration 15 ml

micon® Ultra-15 centrifugal filter units with a molecular weight 

ut-off of 100 kDa were used (UFC9100, MilliporeSigma, USA). A 

ample of 15 ml crude lysate (pH 8.9, 0.35 M NaCl) was centrifuged 

t 50 0 0 g till the volume reached 2 ml. It was then diluted 1:1

ith L buffer pH 8.9 0.35 M NaCl, and centrifuged till a volume of 

 ml. This step was repeated 5 times and it took about 8 h. 

.8. Virus-like particle assembly 

Purified VP1-J8 capsomeres were assembled by adding calcium 

hloride directly into the protein solution, based on a method de- 

cribed by Liew et al. [46] . 

Purified VP1-J8 capsomeres were obtained as described in 

able 1 pathway E. Clarified supernatant was purified on Capto TM 

 in flow through mode (pH 8.9, 0.35 M NaCl) and without further 

uffer adjustment loaded onto a 1 ml Capto TM MMC column. After 

oading, the column was washed for 10 CV with washing buffer 

ithout DTT (20mM Tris, 5 % w w 

−1 glycerol, 1 mM EDTA, 0.35 M 

aCl, pH 8.9) and step eluted with a sodium hydrogen orthophos- 

hate buffer at pH 12 containing 1 M NaCl (20mM sodium hydro- 

en orthophosphate, 5 % w w 

−1 glycerol, 1 mM EDTA, 1 M NaCl, 

H 12). The increased NaCl was chosen as it supports VLP assem- 

ly. The eluate was diluted with elution buffer to a VP1-J8 concen- 

ration of 0.6 mg ml −1 and pH adjusted to pH 7.2 with HCl. After 

H adjustment 100 mM CaCl 2 stock solution was added to a fi- 

al concentration of 3 mM CaCl 2 and subsequently incubated for 

2h at room temperature. The solution was analysed by TEM as 

escribed in Section 2.3 . 

. Results 

.1. High throughput binding studies 

Figs. 2 and 3 show contour plots of the static binding of VP1-J8 

n Capto TM Q and Capto TM MMC resins, respectively. Fig. 4 shows 

ound DNA on Capto TM Q expressed as percent of the loaded DNA. 

alues in the figures are rounded to the closest colour level. For 

apto TM MMC initially 29.1 mg VP1-J8 per ml resin was loaded, 

nd for Capto TM Q 53.5 mg VP1-J8 per ml resin. In general, VP1-J8 

howed poor binding affinity towards Capto TM Q at all examined 
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Fig. 1. Possible purification pathways examined in this research. 

Fig. 2. Static binding of VP1-J8 on Capto TM Q measured with 20 μl PreDictor®

plates in the range pH 7.5–9.0 and NaCl 0–0.5 M. 
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Fig. 3. Static binding of VP1-J8 on Capto TM MMC measured with 20 μl PreDictor®

plates in the range pH 7.5–9.0 and NaCl 0–0.5 M. 
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onditions with a maximum measured binding capacity of 4.2 mg 

l −1 at pH 8.5, 0.5 M NaCl and capacities ranging from -1.4 to 3.8 

g ml −1 at the other conditions. The negative value might be de- 

ived from measurement uncertainty, due to the high concentra- 

ion of loaded material. Therefore, negative values should not be 

onsidered in this instance. The binding capacity slightly increased 

ith increasing NaCl concentration. DNA binding on Capto TM Q 

as low if no NaCl was present in the buffer ( < 5 % for pH 7.5–

.5, and 15 % at pH 9.0, 0 M NaCl in each case) and increased with

ncreasing NaCl concentrations, eventually reaching an optimum at 

.3 M NaCl and decreased at higher NaCl concentrations. The high- 

st DNA binding was measured at pH 7.5 at NaCl concentrations 
5 
etween 0.3 and 0.4 M, at which 38 % of the loaded DNA bound to

he resin, as shown in Fig. 4 . 

In contrast, VP1-J8 showed a strong binding towards Capto TM 

MC at elevated NaCl concentrations. The highest binding capacity 

as measured at pH 9, 0.3 M NaCl with 16.0 mg ml −1 and bind-

ng at 0 M NaCl was below 4 mg ml −1 at all pH values. There is a

lear trend that VP1-J8 poorly binds to Capto TM MMC at low salt 

oncentrations and starts binding with increasing NaCl concentra- 

ions. This effect is also pH dependent. While at pH 7.5, 0.4 M NaCl 

s required to obtain a binding capacity of 10 mg ml −1 , only 0.2

 NaCl is required at pH 9. The binding shows an optimum at a 

ertain NaCl concentration and at higher NaCl binding decreases. 
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Fig. 4. Bound DNA on Capto TM Q during static binding studies with 20 μl PreDic- 

tor® plates in the range pH 7.5–9.0 and NaCl 0–0.5 M. Bound DNA is expressed as 

percentage of initial DNA loaded onto the resin. 

Fig. 5. Elution study of VP1-J8 from Capto TM MMC for a pH range from 8–12 and 

NaCl concentrations from 0–2 M. Cumulative recovery obtained from 2 consecutive 

steps normalized to the maximum. 
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6 
or example, maximum binding at pH 9 is at 0.3 M NaCl (16.0 mg 

l −1 ) and at 0.5 M NaCl it decreased to 13.2 mg ml −1 . 

.2. High throughput elution studies 

The best elution from Capto TM MMC was observed at pH 12, 

 M NaCl, and no elution was measured at pH values and NaCl 

oncentrations below the loading condition (pH 8, 0.5 M NaCl). As 

an be seen as a general trend in Fig. 5 , increasing NaCl concen- 

ration led to better elution with a maximum at around 1.2–1.4 

 NaCl. At higher salt concentrations however, VP1-J8 elutes less. 

his trend is only true for pH values below 12, as at pH 12 the

trongest elution is at 0 M NaCl. Increasing NaCl concentration led 

o lower elution, but still high, compared to other elution condi- 

ions tested. Rising pH supports elution gradually at all NaCl con- 

entrations and showed a steep increase from pH 11 to 12. 
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Fig. 6. Breakthrough curve of VP1-J8 on a 1 ml Capto TM MMC column at pH 8.9, 

0.35 M NaCl at a flow rate of 1 ml min −1 . The marked square indicates a DBC 10% . 

( • ) VP1-J8 stock solution, obtained by PEG precipitation. ( �) Purified VP1-J8. 

Fig. 7. SDS-PAGE analysis of purification pathways A-F as described in Fig. 1 . (1 & 

10) Marker, (2) clarified cell lysate, (3) resolubilized PEG precipitate (pathway A & 

B), (4) PEG followed by Capto TM MMC (pathway A & B), (5) SEC polishing (pathway 

A), (6) Capto TM Q polishing (pathway B), (7) PEG precipitation followed by Capto TM 

Q flow through (pathway C & D), (8) SEC polishing (pathway C), (9) Capto TM MMC 

polishing (pathway D), (11) clarified cell lysate, (12) Capto TM Q flow through of clar- 

ified cell lysate (pathway E), (13) Capto TM MMC polishing (pathway E), (14) reten- 

tate of diafiltration (pathway F), (15) Capto TM MMC polishing (pathway F). Protein 

identity of impurities A–E were analysed by LC-ESI-MS/MS Mass Spectrometry. 
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.3. Dynamic binding capacity 

As can be seen in Fig. 6 , the purity and concentration of the

tarting material had a negligible influence on dynamic binding 

apacity. Both experiments showed a DBC 10% of around 14 mg 

l resin 
−1 at a residence time of 1 min for VP1-J8 on Capto TM MMC. 

he dynamic binding is comparable to high throughput results, but 

n this case slightly lower, to the static binding measured with high 

hroughput binding studies in which a binding of 15-16 mg ml −1 

as obtained for the chosen buffer conditions. 

.4. Process integration and further polishing 

Although the binding of VP1-J8 on Capto TM MMC at a pH above 

 seems to be highly specific it was found that purification by 

apto TM MMC alone does not result in a pure product. 

The purity analysis of the different purification pathways is 

ummarized in Table 1 . The results of SDS-PAGE analysis are shown 

n Fig. 7 . Purity analysis by size exclusion methods of the products 

btained by PEG precipitation and diafiltration was not expedient 
7 
s the impurity levels, in particular DNA levels, were too high and 

herefore distorted the results. 

PEG precipitation followed by Capto TM MMC purification led to 

EC purities of around 80 % and removed the majority of DNA. 

ery low levels of aggregates (0.6 %) could be measured, however 

he identity of the aggregates could not be verified as VP1-J8 ag- 

regates. Both subsequent polishing steps, either by size exclusion 

hromatography or by flow through polishing on Capto TM Q further 

ncreased the purity to levels above 90 % and DNA levels below 

.04 μg mg protein 
−1 . No aggregates could be detected after polish- 

ng. 

PEG precipitation followed by Capto TM Q flow through purifi- 

ation lowered DNA levels to 0.04 μg mg protein 
−1 , and achieved a 

EC purity of around 70 %. Around 3.1 % VP1-J8 aggregates were 

resent in the sample. Polishing by SEC led to the removal of 

ggregates, however HMWI remained high with 18.1 %. Polishing 

ith Capto TM MMC removed aggregates and also removed most of 

he HMWI (HMWI: 2.1 %). 

The combination of AEX flowthrough followed by Capto TM MMC 

urification, without a prior PEG precipitation step, showed similar 

esults, with slightly higher impurities. After the flow through step 

he DNA level was very low, but VP1-J8 aggregates were present 

2.8 % aggregates). HMWI (42.7 %) and LMWI (22.9 %) were higher 

han with a prior PEG precipitation step (HMWI: 25.2 %, LMWI: 

.6 %). The subsequent Capto TM MMC step strongly reduced HMWI 

nd LMWI impurities to 10.9 % and 1.7 % respectively, and aggre- 

ates could not be detected. The remaining DNA content of 0.004 

g mg protein 
−1 was the lowest measured for all purification steps 

nd is below the detection limit of the assay. 

Diafiltration as an alternative first purification step resulted in 

nsufficient outcomes. DNA levels could not be lowered in the di- 

filtration step and impurity levels remained high. Also the sub- 

equent Capto TM MMC step showed poor performance and very 

igh HMWI impurities of 50.0 % remained. Furthermore 14.6 % ag- 

regates could be measured and DNA at a comparable very high 

evel of 1.85 μg mg protein 
−1 was present. Nonetheless, the aggre- 

ates could not be identified by SDS-PAGE as VP1-J8 aggregates 

r any other protein and a comparison of the A 260 /A 280 ratio of 

.96 indicates that the measured aggregate fraction is in fact nu- 

leic acid (data not shown). 

SDS-PAGE analysis confirms the SEC-HPLC analysis. PEG precip- 

tation, Capto TM Q and Capto TM MMC are possible unit operations 

o purify VP1-J8. PEG precipitation and Capto TM Q did not result 

n pure product ( Fig. 7 , line 3, 7, 12). In combination with Capto TM 

MC the purity is very high. The Capto TM MMC step in partic- 

lar showed a high specifity towards VP1-J8 and thus strongly in- 

reased the purity. This is especially evident for the purification af- 

er diafiltration ( Fig. 7 , line 14 & 15). The combination of Capto TM 

 and Capto TM MMC lead to a product of high purity, with only 

aint bands of impurities visible ( Fig. 7 lane 9 & 13, impurities A- 

). These impurity bands could not be removedin our experiments 

nd become visible if the SDS gel was overloaded. However, the 

athway without prior PEG precipitation showed slightly higher 

mpurities for proteins > 50 kDa ( Fig. 7 , lane 13) and lower im-

urities for proteins < 50 kDa. Impurity A has a molecular weight 

f around 90 kDa, impurity B of around 70 kDa, impurity C shows 

 double band at around 40 kDa and impurity D & E has a molec-

lar weight of 25 & 20 kDa, respectively. Protein identification by 

omparing protein fingerprints of the impurity bands via LC-ESI- 

S/MS as described in Section 2.3 against E.coli proteins and VP1- 

8 revealed that impurities C, D and E showed the highest coverage 

ith VP1-J8. Impurity C had a coverage of 69 %, impurity D of 57 

 and impurity E of 59 %. Known E. coli proteins showed a sig- 

ificantly lower coverage. As impurities C, D and E have a lower 

olecule weight as native VP1-J8 but showed a high fingerprint 

overage of VP1-J8, it can be concluded that impurities C, D and E 
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Fig. 8. TEM image of VLPs assembled by lowering the pH to 7.2 and adding calcium 

chloride to the eluate obtained from pathway E. Scale bar represents 200 nm. 
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re truncation products of VP1-J8. Unfortunately, Impurities A and 

 showed no signal in LC-ESI-MS/MS at all and therefore could not 

e identified (below detection limit). 

.5. VLP assembly 

As can be seen in Fig. 8 the capsomeres from pathway E ( Fig. 1 )

ould be successfully assembled into capsid like structures by 

olely lowering the pH and adding calcium chloride. The measured 

iameters of the particles ranged from 42 nm to 52 nm. Apart from 

apsid like structures also unassembled capsomeres were visible 

n the TEM images but no spherical aggregates between 15 and 

0 nm. 

. Discussion 

At a pH range from 7.5 to 9.0 VP1-J8 capsomeres showed static 

inding capacities between -1.4 to 3.8 mg ml resin 
−1 on Capto TM 

. Keeping in mind that at the high concentration used in these 

ests, 1 % error in the concentration determination corresponds to 

round 0.5 mg ml resin 
−1 difference in binding capacity it can be 

oncluded, that VP1-J8 capsomeres do not effectively bind Capto TM 

. This result is unexpected given the fact that VP1-J8 has a theo- 

etical isoelectric point of 6.57 and should therefore have an over- 

ll negative charge and expected to bind to strong anion exchang- 

rs for selected buffer systems. It is also contrary to reports in 

he literature in which VP1 capsomeres have been captured on 

artobind® Q membranes at pH 8 having the same ligand [41] . 

he slightly increased binding at elevated NaCl concentrations, can 

e explained by non-specific hydrophobic interactions. In contrast, 

P1-J8 does bind strongly towards Capto TM MMC, a mixed mode 

ation exchanger, at the examined pH range for elevated NaCl con- 

entrations but with only low levels at low salt concentrations. For 

 given NaCl concentration (e.g. 0.3 M NaCl) the binding capac- 

ty actually increases with increasing pH. This behaviour is some- 

hat strange, and a plausible explanation would be that hydropho- 

ic interactions are the predominant binding mechanism between 

apto TM MMC and VP1-J8. However, that would also mean that 

P1-J8 binding increases with increasing salt concentrations [48] . 

s the binding capacity decreases again at high salt concentrations 

see Fig. 3 pH 9, 0.5 M NaCl) this explanation seems to be untrue. 

urthermore, the measured optimal salt concentrations (0.3-0.5 M 

aCl) are far below reported concentrations in which hydrophobic 

ffects play a dominant role at mixed mode cation exchangers [48] . 

he elution experiments strengthen the assumption that the bind- 

ng mechanism is in fact an electrostatic binding. At salt concentra- 

ions down to 0 M NaCl VP1-J8 does not elute from Capto TM MMC, 

hich is contrary to the observations made during binding studies, 

n which VP1-J8 does poorly bind at this condition. If hydrophobic 
8 
nteractions are responsible for the binding it would be expected 

o show some elution at very low salt concentrations which can- 

ot be observed [48] . The elution behaviour with a maximum elu- 

ion at salt concentrations around 1.4 M NaCl and lower elution 

t higher salt concentrations shows that hydrophobic effects only 

lay a dominant role at very high salt concentrations. Increasing 

he pH beneficially affects the elution as expected and as described 

y the manufacturer [49] . At a high pH value of 12 binding strongly 

ecreased at all salt concentrations having the highest elution at 0 

 NaCl. This might be explained by that fact that ionic binding 

ccurs at a charged patch, rather than by the overall net charge of 

he protein. A possible binding site is the exposed N-terminal DNA 

inding site of VP1, which is rich in arginine and lysine, having 

Ka’s of 12.48 and 10.53, respectively [50] . 

Assuming that the binding is predominantly caused by localised 

lectrostatic interactions, the binding behaviour still opens ques- 

ions. Comparing the binding of VP1-J8 on Capto TM MMC with the 

inding of DNA onto Capto TM Q the similarities are obvious. As 

hown in literature DNA binds to anion exchangers such Capto TM 

 especially well at low ionic strengths [51] . However, at low ionic 

trengths neither DNA on Capto TM Q nor VP1-J8 on Capto TM MMC 

ind properly on the resin and binding increased with increasing 

aCl concentrations; a phenomenon between the two types of in- 

eractions are evident. We could show that VP1-J8 is forming sol- 

ble DNA-protein aggregates at low ionic strengths, caused by the 

trong DNA binding site on VP1 subunits, which effectively hinders 

P1-J8 of accessing the pores of chromatographic resin and thus 

ead to very low binding capacities at low ionic strengths (results 

ubmitted to publication). At salt concentrations having an opti- 

um binding (0.3–0.4 M NaCl) the ionic strength leads to disso- 

iation of DNA-protein complexes, but due to the salt tolerance of 

apto TM MMC, only minimally affect the overall binding capacity. 

his effect explains the divergence between binding and eluting at 

ow ionic strengths, the overall binding behaviour and also explains 

hy DNA cannot be properly removed on Capto TM Q at low ionic 

trengths. Combing the data, it can be concluded that processing 

f VP1-J8 requires a NaCl above 0.3 M NaCl. Optimal loading con- 

itions on Capto TM MMC are NaCl concentrations between 0.3 and 

.4 at pH values above 8.5 and for DNA removal on Capto TM Q a pH

f 7.5 should be chosen, but also higher pH values are applicable. 

referable elution conditions are at pH 12 at low ionic strengths, 

ut NaCl can be added in concentrations up to 2 M with only min- 

mal negative effects on elution. 

The optimal elution conditions at a pH of 12 are generally con- 

idered as very harsh and should be avoided in protein processing 

s proteins at very high pH values might degenerate over time due 

o micro chemical changes. These reactions are favoured by long 

xposure time and high temperatures [52] . However, such harsh 

onditions are only used for a few minutes during elution and 

ould be neutralized immediately. Therefore, it can be assumed 

hat the degeneration is minimal. This is also supported by the fact 

hat the acquired capsomeres show no abnormal behaviour com- 

ared to capsomeres obtained without a high pH elution step (e.g. 

athway C, data not shown). Alternatively, as many other mixed 

ode ligands than Capto TM MMC exist, a broad screening likely 

ill find a ligand with enhanced elution at lower pH values [53] . 

The measured dynamic binding capacity was nearly indepen- 

ent from product concentration and product purity. Thus, a 

apto TM MMC purification step can be used at every step dur- 

ng purification without any negative impact on the performance. 

lthough, the measured DBC 10% of 14 mg ml −1 is significantly 

ower than reported DBCs for e.g. BSA on Capto TM MMC (30 mg 

l −1 ) [54] , the capacity is comparable to highly overloaded affin- 

ty ligands (GSTrap HP, 22 mg ml −1 ) [37] and far higher than re- 

orted dynamic binding capacities of 5.7 mg mL −1 for human B19 

arvovirus-like particles on Sartobind® Q [55] . 
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The obtained design space allows the construction of several 

urification pathways, of which a few have been examined. As ex- 

ected, a three-step purification (pathway A–D) with capturing by 

elective precipitation leads to higher purities compared to a two- 

tep purification (pathway E & F). Surprisingly, VP1-J8 aggregates 

eem not bind to Capto TM MMC as can be clearly seen in pathway 

 and D. This is unexpected as usually, even after an affinity purifi- 

ation step, aggregates are present and must be subsequently sep- 

rated by SEC [56] . Steric hindrance of the aggregates might be an 

xplanation; another rational could be that the binding site might 

e inaccessible in aggregated form. Although the mechanism is un- 

nown, purification by Capto TM MMC eradicates the need for a size 

xclusion step, which is an expensive purification step. 

Selective precipitation is a valuable process for lab scale purifi- 

ation, however, the scale-up raises issues, as the resolubilisation 

f the precipitate is challenging at large scale, especially if cap- 

ured by centrifugation, which compresses the pellet and there- 

ore hinders the resolubilisation [57] . Diafiltration, although widely 

sed in industry for initial purification of VLPs, was impractical as 

n alternative to precipitation as it showed low removal of impu- 

ities, lead to aggregation of the product and proved to be very 

ime consuming. Tangential flow filtration might increase the per- 

ormance but was not tested. The two-step purification pathway 

pathway E), without PEG precipitation, consisting of a Capto TM Q 

ow through step followed by a Capto TM MMC bind and elute step, 

howed similar process characteristics as pathway D. Aggregates 

nd DNA are completely removed and SEC-HPLC purities close to 

0 % are achieved. Furthermore, less truncation product could be 

dentified, which might be a result of the faster processing com- 

ared to the three-step pathway. If higher purities are required, 

ew multi modal size exclusion resins such as Capto TM Core TM 

ight be a promising approach that yet has to be tested. 

Using a flow through step on as an initial purification step is 

ather unusual, but in our process has the advantages of a direct 

ubsequent loading onto Capto TM MMC without any buffer adjust- 

ent and therefore eradicates a unit operation. It also reduces the 

mpurity level to a point at which the Capto TM MMC loading step 

an be controlled by the UV signal, which is impossible if crude 

ysate is loaded. This comes, however, at the cost of higher resin 

osts, as more resin is needed compared to a flow through pol- 

shing step. The eluate obtained from Capto TM MMC can be di- 

ectly assembled into well-formed VLPs by just lowering the pH 

nd adding calcium ions to the solution; no aggregates or miss 

ormed VLPs could be identified. As expected a small amount of 

apsomeres remained unassembled, an effect already described in 

he literature, which is negatively correlated to the concentration 

uring assembly [58] . A higher initial concentration can be easily 

chieved as VP1-J8 is eluted highly concentrated, which will lead 

o higher recoveries during assembly. Although the overall product 

ecovery has not been evaluated, the process shows no intrinsic 

roduct loss and therefore likely has a very high recovery. Com- 

ared to other described processes in the literature for the pro- 

uction of viral capsomeres and VLPs our process has several ad- 

antages and address some of the common bottlenecks like ben- 

onase treatment for DNA removal, removal of affinity tags, protein 

efolding, density gradient centrifugation, the use of SEC, multiple 

uffer exchanges, or the use of low capacity membrane columns 

 34 , 35 , 41 , 59 ]. Furthermore, the process is fully scalable, easy to in-

egrate and rapid, as the purification is completed in less than 3 

ours. The obtained VLPs are also already highly concentrated in 

BS buffer containing only VLPs, capsomeres, EDTA, glycerol and 

aCl at a physiological pH value, thus formulation can be achieved 

y solely diluting it to the required concentration. 

Several VP1-J8 truncation products could be identified on SDS- 

AGE analysis at purified samples. Although it was not possible to 

dentify impurities A and B, it is likely that they are chaperones 
9 
hat bound to VP1-J8. Having a size of around 70 kDa, impurity 

 is probably the prokaryotic hsp70 chaperone DnaK, which was 

hown to copurify with VP1 [60] and impurity A is hsp90 which 

nteracts with hsp70 [61] . Another possibility is the formation of 

nter-polypeptide aggregates of VP1-J8 and VP1-J8 truncation prod- 

cts during SDS sample preparation by partial reoxidation [62] . The 

ouble band on SDS-PAGE gels at 43 & 40 kDa have already been 

escribed in literature and occur due to auto digestion of VP1, as 

P1 has an intrinsic serine protease activity [63] . As SEC-HPLC still 

eveals a near uniform capsomere peak we conclude, that partially 

igested VP1-J8 still remains in pentameric form together with in- 

act VP1-J8 monomers and therefore are impossible to remove. The 

ormation of truncation products of viral protein during the ex- 

ression in E. coli has also been reported for adeno associated viral 

rotein VP3 and might therefore also be a result of E. coli proteases 

28] . Further research needs to be undertaken to minimize the for- 

ation of these digestion products, and how to remove the bound 

haperons, but using protease inhibitors throughout the whole pro- 

ess instead of only during cell disruption, run at reduced temper- 

ture and addition of ATP to remove chaperones will likely solve 

he issue. 

. Conclusion 

In this study we developed a robust and theoretically fully 

calable, highly efficient process for the production of modular 

urine polyomavirus major structural protein VP1-J8 capsomeres 

nd modular VLPs using high-throughput process development 

ools. Purification by mixed mode cation exchanger at pH values 

bove 8 showed a highly specific binding and dynamic binding of 

4 mg ml resin 
−1 was achieved under the optimised conditions. The 

eveloped two step purification pathway, consisting of an anion 

xchange flow through step followed by a bind and elute step on a 

ultimodal cation exchanger, requires no buffer adjustment during 

rocessing and is thus incomparably simple and fast. The devel- 

ped process removes the majority of host cell protein, aggregates 

nd DNA, without any of the common bottleneck unit operations 

n other described VLP production pathways. VLPs in PBS buffer 

an be obtained by simply adding calcium ions to the final eluate 

nd lowering the pH to 7.2. This straightforward process, requir- 

ng only three integrated unit operations might lay the baseline for 

uture cost effective, large scale production of microbial produced 

odular VLP vaccine candidates. 
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