

  processes-08-00085




processes-08-00085







Processes 2020, 8(1), 85; doi:10.3390/pr8010085




Article



A Flow-Through Chromatographic Strategy for Hepatitis C Virus-Like Particles Purification



Ricardo J. S. Silva 1, Mafalda G. Moleirinho 1,2, Ana S. Moreira 1,2, Alex Xenopoulos 3, Paula M. Alves 1,2, Manuel J. T. Carrondo 1 and Cristina Peixoto 1,2,*





1



iBET, Instituto de Biologia Experimental e Tecnológica, Apartado 12, 2780-901 Oeiras, Portugal






2



ITQB NOVA, Instituto de Tecnologia Química e Biológica António Xavier, Universidade Nova de Lisboa, Av. da República, 2780-157 Oeiras, Portugal






3



EMD Millipore Corporation, 80 Ashby Road, Bedford, MA 01730, USA









*



Correspondence: peixoto@ibet.pt; Tel.:+351-2144-69457







Received: 4 December 2019 / Accepted: 3 January 2020 / Published: 8 January 2020



Abstract

:

Biopharmaceuticals are currently becoming one of the fastest growing segments of the global pharmaceutical industry, being used in practically all branches of medicine from disease treatment to prevention. Virus-like particles (VLP) hold tremendous potential as a vaccine candidate due to their anticipated immunogenicity and safety profile when compared to inactivated or live attenuated viral vaccines. Nevertheless, there are several challenges yet to be solved in the development and manufacturing of these products, which ultimately can increase time to market. Suchlike virus-based products, the development of a platform approach is often hindered due to diversity and inherent variability of physicochemical properties of the product. In the present work, a flow-through chromatographic purification strategy for hepatitis C VLP expressed using the baculovirus-insect cell expression system was developed. The impact of operational parameters, such as residence time and ionic strength were studied using scaled-down models and their influence on the purification performance was described. The flow-through strategy herein reported made use of radial-flow chromatography columns packed with an anion exchanger and was compared with a bind and elute approach using the same chromatography media. Overall, by selecting the optimal operational setpoints, we were able to achieve higher VLP recoveries in the flow-through process (66% versus 37%) with higher removal of DNA, baculovirus and host-cell protein (92%, 99% and 50% respectively).
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1. Introduction


Hepatitis C virus (HCV) is a global health issue that leads to approximately 200 million people infected worldwide. This virus causes an estimated 476,000 deaths per year due to the high rate of chronic infection, which can progress eventually to liver cirrhosis and hepatocellular carcinoma [1,2]. The treatments for chronic hepatitis C infection are based on antiviral therapies that are expensive, limiting their access in the low and middle-income countries. Furthermore, reinfection even after successful treatments has been reported [1]. Thus, the need for developing a vaccine is still very high. There are different types of vaccine platforms varying from live attenuated, inactivated, DNA vaccines, subunit vaccines and recombinant viral vectors [3]. Virus-like particles (VLP) appear as an appealing model of subunit vaccines due to their efficacy and safety profiles. Their self-assembled capsids or envelopes display a conformation similar to native viruses, being capable of triggering both humoral and cell-mediated immune responses [4]. Furthermore, due to their lack of viral genome, VLP are non-infectious thus avoiding the drawbacks seen with live attenuated viral vaccines.



Production of VLP can be performed using different production systems, although, for more complex VLPs, the baculovirus-insect cells system is preferable since it can induce more post-translational modifications and express multiple-component VLP [4]. Immunogenicity of HCV-VLP was already evaluated in animal models with encouraging results for an HCV vaccine design [2,5,6]. Besides the production system, one of the most critical parts in vaccine developments is the purification process, as downstream processing of biopharmaceuticals, such as VLP, can count for up to 80% of manufacturing costs [7]. Thus, efficient, robust and fast processes are needed.



Conventional purification methods for this type of biologics still make use of sucrose or caesium chloride gradient ultracentrifugation. Although this technique often results in concentrated and pure samples [8], the associated recovery yields are rather low. Furthermore, ultracentrifugation techniques are labor intensive processes with high cost of goods related to equipment and maintenance and are often associated with limited scalability [9,10,11]. More recently, and due to the stringent purity guidelines, several examples of VLP purification making use of a combination of different unit operations are found in the literature [12,13]. These strategies commonly rely on the combination of filtration [14,15] and chromatography operations [16,17]. Chromatography is often used at two distinct steps: intermediate purification, aiming at bulk impurity removal and polishing, targeted to the removal of residual impurities. Ion exchange chromatography (IEC) in the bind-and-elute mode is one of the most common methods employed for intermediate purification [18]. The latest developments in chromatographic materials have been providing improved capacities and scalability from laboratory to commercial scale. Nonetheless, unique characteristics of virions, including their biophysical properties, stability and variability must be considered alongside the choice of the purification strategy for maximum efficiency. For IEC one important parameter to be considered upon process development is the VLP charge. Konz and coworkers [19] reported a serotype dependence on chromatographic retention for adenovirus. A similar behavior was illustrated for enveloped viruses such as influenza by Michen and coworkers [20], where a strain dependence of the virus isoelectric points was reported, suggesting that retention in ion exchange adsorbers will also vary with different virus strains. In addition to this, although there is a wide diversity of adsorptive surfaces and chemistries, the relatively large dimensions of viruses or VLP, between 100 and 200 nm, makes adsorption of these species restricted to the bead surface [21]. For positive chromatographic purification, where the product of interest is adsorbed in the chromatographic matrix, this might represent a capacity limitation. On the contrary, impurities such as host cell DNA and protein will access the porous surface area within the beads. Negative chromatographic purification, also known as flow-through (FT) chromatography, rather aims at adsorbing product impurities, overcoming the previous product capacity limitations.



The present work reports the development of a flow-through chromatographic strategy aimed at the purification of Hepatitis C VLP produced using insect cell-based expression with recombinant baculovirus. A negative chromatographic strategy using an anion exchange resin was selected for its simplicity of operation and design. The proposed strategy aims to deliver product with sufficient purity and quantity for preclinical studies. Optimization of operational parameters such as residence time and buffer ionic strength and their impact on the separation performance was performed. Additionally, the use of radial-flow chromatography was evaluated due to its potential to overcome pressure-related limitations in conventional axial-bed columns [22,23], with proven benefits in scale-up, performance [24], and potential productivity increase.




2. Materials and Methods


2.1. Preparation of Hepatitis C VLP Feedstock


Production of hepatitis C VLP was carried out in a disposable stirred-tank bioreactor. Spodoptera frugiperda insect ovary cells (Sf9) in suspension culture (cat# 11496015, Thermo Fisher Scientific, MA, USA) were cultured in Sf-900TM II serum-free medium (cat# 10902179, Thermo Fisher Scientific, MA, USA) using a 2 L working volume disposable Mobius® 3 L Bioreactors (EMD Millipore, Billerica, MA, USA). Cultivations were carried out at 27 °C, dpO2 of 30% and an aeration rate of 0.01 vvm. Twenty-four hours after inoculation (1 × 106 cells mL−1) cells were co-infected at a multiplicity of infection of 1 for each recombinant baculovirus expressing Gag-MLV and HCV-E1/E2. Bioreactor bulk harvesting was performed at 96 hours post infection.



Upon harvesting, bulk clarification was performed using disposable Optiscale depth filtration devices with Polygard® CN membrane material (EMD Millipore, Bedford, MA, USA) The filtration flux was set to 98 L m−2 h−1 using a Tandem 1082 Pump (Sartorius Stedim Biotech, Gottingen, Germany). Clarified bulk concentration was carried out using UF cassettes (Pellicon® XL, EMD Millipore, Bedford, MA, USA) with a nominal pore size of 300 kDa, composed of composite regenerated cellulose. The concentration was performed until a volume reduction factor of 5 was achieved.




2.2. Anion Exchange Chromatography


Anion exchange (AEX) chromatographic media, Fractogel® TMAE (Merck Millipore, Darmstadt, Germany) was used for VLP purification. The resin was used either in slurry format for batch adsorption studies or packed in different chromatographic column formats.



2.2.1. Column Experiments


For packed bed formats column equilibration was performed with five column volumes (CV) of equilibration buffer (50 mM HEPES, 150 mM NaCl, pH = 7.4) and regenerated using 0.5 M of sodium hydroxide after each experiment. An Äkta Explorer 10s (GE Healthcare, Uppsala, Sweden) equipped with UV, conductivity, and pH detectors, and a fraction collector FRAC-950 (GE Healthcare, Uppsala, Sweden) was used for all column chromatography experiments. Sample injection was performed using a 50 mL superloop (GE Healthcare, Uppsala, Sweden).



Scouting experiments for bind and elute purification were carried out with a 1 mL pre-packed axial column (Merck Millipore, Darmstadt, Germany). After column equilibration, 10 CV of the VLP feedstock were injected. After sample application, the column was washed with five CV of the equilibration buffer and a linear gradient was performed by modulating NaCl concentration in the range of 150–2000 mM. A second set of experiments using step elution was also performed. Similarly, after column equilibration, 10 CVs of the VLP feedstock were injected, followed by a washing step of five CV with an equilibration buffer. Step elution was performed using 400, 550 and 700 mM of NaCl in 50 mM Hepes, pH = 7.4.



Radial-flow chromatographic experiments were carried out using a pre-packed 5 mL column (Procxys, Amsterdam, The Netherlands). After equilibration buffer injection (50 mM HEPES, 300 mM NaCl, pH = 7.4, five CV) sample injection was performed using a 50 mL superloop, followed by a wash step with the equilibration buffer and a final elution step using 50 mM HEPES, 1000 mM NaCl, pH = 7.4)




2.2.2. Static Adsorption Experiments


Small-scale batch adsorption studies were conducted using a fluid/solid ratio of 4. To different 250 μL aliquots of settled adsorbent previously equilibrated at different NaCl concentrations was added 1.0 mL of fluid with a determined and equal concentration of VLP. Concentration of NaCl in each tube was adjusted to 150, 300, 450 and 575 mM by using a concentrated NaCl buffered with 50 mM HEPES, pH = 7.4. The samples were incubated at 25 °C for 80 min under agitation. After incubation, the supernatant was recovered and analyzed for VLP, baculovirus, DNA and host-cell protein composition.




2.2.3. Batch Uptake Experiments


Adsorption of VLP and baculovirus (BV) was studied as a function of time in 15 mL flasks under agitation at room temperature (25 °C). Each flask contained 2 mL of settled resin previously equilibrated with 50 mM HEPES, 300 mM of NaCl, pH = 7.4. At time 0, 6 mL of VLP feedstock at different concentrations were added to each flask. Fixed volumes samples of 100 μL were withdrawn at different time points during an 80 min experiment. Samples were analyzed to obtain transient unabsorbed VLP and BV concentrations. A rate model based on the kinetic form of the Langmuir adsorption isotherm was used to simultaneously fit the transient data and estimate the adsorption isotherm parameters.





2.3. Analytical Methods


2.3.1. DNA Quantification


Total double-stranded DNA of process samples was measured using the fluorescent-based Quant-iTTM PicoGreen® dsDNA Assay kit (Life Technologies, Carlsbad, CA, USA) according to manufacturer’s instructions. The assay was performed in black 96-well microplates, flat transparent (Corning, NY, USA) and the fluorescence was measured on Infinite® 200 PRO NanoQuant (Tecan, Männedorf, Switzerland).




2.3.2. Host Cell Protein


The concentration of host cell proteins (HCP) from SF9 insect cells was determined using a two-site immunoenzymetric assay (Cygnus Technologies, Inc., Southport, NC, USA) without changes to the manufacturer’s protocol. The absorbance was measured at 450 nm with a reference at 650 nm using an Infinite® 200 PRO NanoQuant (Tecan, Männedorf, Switzerland).




2.3.3. VLP Quantification


VLP were quantified following Gag p30 protein content in process samples using a commercially available QuickTiter MuLV core antigen ELISA kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer’s instructions. The absorbance was measured at 450 nm with a reference at 620 nm using an Infinite® 200 PRO NanoQuant (Tecan, Männedorf, Switzerland).




2.3.4. Baculovirus Particle Quantification


Quantification of genome-containing particles of process samples was performed under a two-step procedure. Firstly, the viral DNA was extracted and purified with the High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Mannheim, Germany) as described in the manufacturer’s instructions. All samples were previously diluted 10 times, before genome extraction, with D-PBS (Thermo Fisher Scientific, MA, USA). Secondly, the number of viral DNA copies was determined by real-time PCR using the LightCycler system (Roche Diagnostics, Rotkreuz, Switzerland). Purified recombinant baculovirus viral DNA stocks previously quantified by another validated qPCR method [25] were used as external standards.




2.3.5. Nanoparticles Tracking Analysis


Presence and size distribution of virus-like particles and other remaining bulk particles was measured using a NanoSight NS500 (Malvern Instruments Ltd., Malvern, UK). In order to be in the range of 108–109 particles mL−1, the instrument’s linear range, the process samples were diluted in D-PBS (Thermo Fisher Scientific, MA, USA). The processing of video frames was done with Nanoparticle Tracking Analysis (NTA) 3.2 Analytical software. The camera level and the screen gain were set to 16 and 1 respectively. For each sample 60 s videos were acquired and particles between 70 and 150 nm were considered.






3. Results and Discussion


The objective of the present work was to develop a scalable purification process, based on flow-through chromatography, using radial-flow columns, for hepatitis C VLP that maximizes productivity and is capable of supply sufficient purity and quantity required for preclinical studies. There are no specific guidelines with regard to the purity of preclinical material. It is however expected an increase in the drug purity when moving from discovery, throughout preclinical and clinical stages [26]. Focus in the preclinical stage should not be on achieving maximum purity but rather on obtaining a drug substance with an impurity profile that ideally will be similar and consistent with that of the later clinical material [26,27]. During a preclinical scenario the drug’s toxic and pharmacological effects are evaluated through in vitro and in vivo laboratory animal testing. The quantity requirements for preclinical studies are several orders of magnitude above the drug discovery stage. Additionally, the production process should be, at this stage, stable or similar to the substance production process for clinical testing. This will enable consistent results and safety in later clinical testing [27]. In Figure 1 are proposed two different routes for VLP purification. The first approach was supported by chromatography while the second relied on density gradient centrifugation. Although this last approach is often used to prepare virus stocks and is capable of providing materials with high purity and concentration, it presents several drawbacks related to process recovery and scalability. Chromatography-based purification is widely used in the biopharmaceutical industry, providing not only scalability but also the possibility of exploiting the difference in properties between the product of interest and associated impurities. The inclusion of tangential filtration steps, in the purification workflow provides the process with the capability of conditioning the VLP sample with the appropriate buffer composition before chromatography and, later on, formulates the purified sample.



3.1. Bind and Elute Purification


Chromatographic purification of virus and VLP is usually performed with anion exchangers in a bind and elute mode [28,29]. In order to assess this route of purification 10 mL of a VLP sample obtained after concentration and buffer exchange were applied to a 1 mL column. Elution of the adsorbed VLP was then performed with a two-step linear gradient followed by a column stripping step and depicted in Figure 2. The flow-through and wash steps pools returned 39% of VLP recovery. In addition to this, the observed VLP recovery across the elution gradient was in the range of 3–10%. A step-wise elution with 400, 550 and 700 mM of NaCl followed by a column stripping step with 1 M of NaCl was also performed. The obtained VLP recovery in the elution step varied between 33% and 37%. The obtained recovery value was in line with the reported values in the literature for the used resin (35%) [18]. The column stripping with 1 M of NaCl yielded an additional recovery of 17–23%. Although VLP recovery was mildly affected by the composition of the elution buffer, the same behavior was not observed for the monitored impurities.



A possible explanation for the linear gradient elution results might be associated with different VLP adsorption mechanisms or to particle charge heterogeneity within the VLP population leading to different binding strengths. On the other hand, step elution allowed us to simultaneously displace the different variants of VLP, thus returning a single elution pool. Another constraint to the proposed strategy is related to the adsorption capacity of IEC resins. Previous studies evaluating virus and VLP purification using IEC resins suggest that due to the relative size of these species adsorption is carried mainly at the outer surface of the IEC beads [9]. A targeted capture of VLP was compromised due to the limitation of adsorption capacity.




3.2. Flow-Through Purification


Flow-through chromatography is perhaps one of the most common used tools to polish monoclonal antibodies. Operating close to neutral pH and at low conductivity, many viruses and trace impurities such as DNA, endotoxin and a large percentage of host cell proteins display a negative charge, thus binding to the AEX matrix, whereas the typically basic antibody species will not [30]. This type of operation can circumvent the aforementioned capacity limitation for VLP purification by selecting operating conditions that promote the adsorption of impurities while the VLP product flows through. On top of that, this type of operation also avoids elution steps with high salts concentrations that can compromise the immunogenic effect of the VLP [31]. Optimal depletion of impurities and VLP recovery is dependent upon certain process parameters. Residence time and ionic strength of the loaded sample are the most common parameters used to modulate product binding [9,19]. The route chosen to select the optimal operation points is described next.



3.2.1. Ionic Strength Optimization


The results of the experiment reported in Figure 3 found clear support for the dependence of VLP binding on ionic strength. The graph shows that for higher NaCl concentration the recovery of VLP in the supernatant gradually increases. An opposite behavior can be found for DNA, host cell protein and baculovirus. The decrease observed in HCP, DNA and BV removal, limits the range of NaCl concentrations that can be used for a flow-through purification of VLP. Concentrations bellow 200 mM enable a higher impurity clearance, however, VLP recovery will be negatively affected. Salt concentration above 200 mM of NaCl allow higher VLP recovery but at the expense of lower purity.



The insect cell-baculovirus system (IC-BEVS) is broadly used for the production of recombinant viral proteins for vaccine applications, and particularly appropriate for the production of virus-like particles that often require the simultaneous expression of several recombinant proteins. Nevertheless, alongside with VLP, baculovirus are also expressed. This species can be expressed in different proportions in comparison to VLP, depending on the cell line used and bioreaction parameters [32]. In addition to this, due to the similar size and charge of baculovirus, VLP might compete for the adsorber binding sites, leading to a reduced adsorption capacity for baculovirus. Batch uptake studies are frequently performed to determine adsorption conditions as part of method development for packed bed applications. The transient and equilibrium data gathered could be correlated with theoretical or empirical equations that allow us to further characterize the adsorptive system. Batch uptake studies were performed for different initial concentration of VLP and BV. The resulting transient adsorption kinetics from the batch adsorption experiments are plotted in Figure 4.



The equilibrium concentration of the considered species, VLP and baculovirus were estimated by simultaneously fitting the transient experimental data of the four experiments to a kinetic form of a Langmuir adsorption isotherm as described elsewhere [33]. This figure illustrates that there is a rapid drop in liquid phase concentration within the first 20 min, leading to a local minimum in the concentration of VLP and baculovirus in the liquid phase in each batch sorption system, which remained constant for the rest of the equilibration period. A closer analysis of this figure reveals that the equilibrium liquid phase concentration of VLP was strongly dependent on the initial loading concentration. On the other hand, independently of the concentration of the initial sample the baculovirus liquid phase equilibrium concentration fell abruptly to less than 10% of the initial concentration in the four experiments. This fact suggests that at the selected NaCl concentration (300 mM) there was a highly favorable adsorption of baculovirus contrarily to what was observed for the VLP. The analysis of the adsorption isotherms in Figure 5 revealed two favorable adsorption equilibrium isotherms. The nearly rectangular shape of the BV isotherm indicates that the adsorption of these species to the chromatography media was nearly independent of the bulk concentration and would probably be adsorbed more preferentially with comparison to VLP.




3.2.2. Throughput and Residence Time Optimization in Radial-Flow Columns


In a flow-through process, impurities are retained in the stationary phase while the product of interest is collected in the flow-through pool [34]. Product recovery and impurity clearance are therefore dependent on the amount of feed processed. Figure 6a reports the throughput scouting experiments carried out. From the analysis of this figure, it is possible to see that VLP recovery was low for smaller injected volumes, improving with the amount of feed processed through the column. Conversely, impurity clearance reached the highest level for smaller injected volumes and decreased with an increase in throughput.



Residence time of a chromatographic column is directly linked to volumetric flow rate. Shorter residence times can lead to higher productivities. On the other hand, lowering residence time can also lead to lower capacity utilization of the chromatographic resin. Figure 6b reports the dependence of VLP recovery and impurity clearance on the volumetric flow rate. With the exception of host-cell protein removal, the other species analyzed did not show a strong dependence on residence time. The dependence observed of host-cell protein removal with residence time was not expected and the data suggests that we must be in the presence of some competition for the adsorption sites. In addition, the particle size distribution of the FT purified samples reported in Figure 6b was also evaluated by nanoparticle tracking analysis. Total particle recovery of VLP with a size between 70 and 200 nm was in the range of 55–82%.



The developed FT strategy provided a VLP recovery yield in the range of 60–66%. This purification strategy enabled a removal of baculovirus and DNA of more than 80% and 92% respectively in a single step. Although the flow-velocities and observed recoveries were higher when comparing to the bind and elute chromatography (33–37%) described in Section 3.1 the chromatography media used for the flow-through purification was 2.5 times higher for the same processed volume of VLP feedstock. The developed approach should be seen as a first step in developing a purification process for the proposed hepatitis C vaccine candidate. Although the proposed method offered the possibility to avoid traditional CsCl gradients, providing products with a very low risk of toxicity, further improvements to final purity could be envisioned. One of these improvements could be the implementation of an endonuclease treatment step, especially if DNA clearance is not adequate [35,36]. However, the use of endonuclease could increase the cost of manufacturing.



Early-stage clinical studies are often associated with a high degree of uncertainty, therefore there is great benefit in producing material for phases-1 and -2 clinical trials using a standardized process and procedures. Virus serotype or differences in the epitopes displayed in a VLP in a classic bind-and-elute process can often result in different elution profiles, thus requiring a fine-tuning of the process. Approaches based on negative-mode purification such as the one herein reported are therefore particularly suited for a platform concept since the target product is not adsorbed. Flow-through chromatography is also often associated with high volumetric flow-rates. The range of available flow rates in a packed bed with an axial flow is limited by pressure drop constraints. Radial-flow chromatography can be used as an alternative to the axial flow chromatography. Due to the radial-flow of the mobile phase, a larger flow area is available with shorter path length, allowing higher volumetric flow rates with lower pressure.



Finally, the use of unit operations such as filtration and chromatography throughout the purification process introduces the potential for a simple, robust and scalable downstream process.






4. Conclusions


A rational design and implementation of a flow-through purification process for hepatitis C VLP using AEX chromatography with radial-flow columns was presented. Initial evaluation of the impact of process operating parameters and materials was performed using scaled-down tools—scout 1 mL columns and shake flasks experiments. Knowledge acquired was translated to a radial-flow setup. The selected operational parameters, such as residence time and the ionic strength loading conditions were studied and their impact on the purification performance was described.



Experimentally, the developed flow-through strategy implemented used 2.5 times more resin for the same volume of feedstock. However, this purification strategy provided a higher recovery yield (66%) when comparing to the bind and elute approach (37%). Furthermore, the developed flow-through approach enabled a baculovirus removal between 80% and 99%, a DNA removal from 92% to 96% and host-cell protein in the range of 30–70% in a single step. Moreover, by using a flow-through strategy, the risks associated with bind and elute mode regarding envelope VLP degradation are reduced, thus providing a robust chromatography step that could be efficiently integrated into a manufacturing platform of this vaccine candidate.
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Figure 1. Possible processing routes for hepatitis C virus-like particles (VLP); clarification performed using a train of depth filters; concentration and buffer exchange using tangential flow filtration with membrane cassettes devices. 
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Figure 2. Bind and elute chromatography. Top—gradient elution profile obtained after loading a Fractogel® TMAE anion exchange 1 mL column with 10 mL of hepatitis C feedstock, recovered after concentration and buffer exchange. Loading was carried at a linear velocity of 200 cm h−1. Columns correspond to VLP recovery of each pool recovered. Elution performed using linear gradients from 0–25% and 25–50% of elution buffer, followed by a column stripping step gradient at 100% of elution buffer (2 M NaCl). Bottom—step elution at 400, 550 and 700 mM of NaCl (VLP recovery—black columns) followed by a column stripping step at 1 M of NaCl (VLP recovery—empty columns; n = 1). Removal of baculovirus (BV), DNA and host-cell protein (HCP) was also reported for each elution step. 
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Figure 3. Batch adsorption study using Fractogel® TMAE at different load conditions. Evaluation of the impact of different NaCl concentrations in VLP recovery and removal of DNA, BV and HCP. 
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Figure 4. Batch uptake experiments at different feedstock concentrations. (a) C0 = ¼ Cfeedstock; (b) C0 = ½ Cfeedstock; (c) C0 = ¾ Cfeedstock; (d) C0 = Cfeedstock. All experiments were carried at constant solid/fluid ratio. The concentration of NaCl is all samples is 300 mM.    C  f e e d s t o c k   V L P     = 51.5 ng mL−1;    C  f e e d s t o c k   B V     = 2.3 × 1010 copies mL−1. 
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Figure 5. Equilibrium adsorption isotherm of VLP (a) and baculovirus (b) obtained with the estimated parameters in Table 1. A Langmuir adsorption isotherm (   q *  =    q  s a t    C *     K d  +  C *     ) was considered. The equilibrium adsorbed concentration in the stationary phase is denoted by    q *   , whereas    c *    depicts the associated liquid phase equilibrium concentration. 
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Figure 6. Throughput and residence time optimization in radial-flow columns. (a) Effect of different loaded sample volumes (2.5, 5, 12.5 and 20 mL) in radial-flow columns (n = 1) and (b) impact of residence time in VLP recovery and impurity clearance in the radial-flow setup used. 






Figure 6. Throughput and residence time optimization in radial-flow columns. (a) Effect of different loaded sample volumes (2.5, 5, 12.5 and 20 mL) in radial-flow columns (n = 1) and (b) impact of residence time in VLP recovery and impurity clearance in the radial-flow setup used.



[image: Processes 08 00085 g006]







[image: Table] 





Table 1. Best-fit values of the kinetic form of the Langmuir adsorption isotherm. The saturation capacity of the anion-exchanger is denoted by qsat (P30 ng mL−1 or copies mL−1), where Kd and k1 are the dissociation constant (ng mL−1 or copies mL−1) and the forward interaction rate constant (mL ng−1 min−1 or mL copies−1 min−1) of the adsorption model considered respectively.
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	qsat
	Kd
	k1





	VLP
	6.77
	12.73
	1.13 × 10−3



	BV
	6.20 × 1011
	16.10
	2.68 × 10−3
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