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Abstract 

With the recent progress in gene and cell-based regenerative therapies, the challenge of 

producing pure and concentrated stocks of complex biologicals, in particular, gene therapy vectors 

and functional cells, has gained significant importance. As various gene and cell therapy-based 

treatments progress from pre-clinical to clinical and finally to the commercialization phase, the 

high demand for these new biologics necessitates developing robust, fast, and scalable downstream 

purification techniques that will guarantee optimum product yield, purity and viability. With this 

in mind, chromatographic purification process was developed for lentiviral and adeno-associated 

viral vectors, which are the two major vectors currently used in gene therapy-based clinical trials. 

Later, a novel separation process was also designed for the isolation of cells for cell therapy 

applications.  

Lentiviral vectors are mainly used as gene therapy agents in cancer immunotherapy and for 

the treatment of neurodegenerative diseases. However, the purification process suffers from low 

yield mainly due to the poor stability of lentiviral vectors and low product titer in the feed material, 

resulting in limited scalability and high manufacturing cost. To address this, we first performed a 

detailed study to assess the stability of LVV under different fluid phase conditions and identified 

optimal conditions for vector stability. While the vector was observed to be stable at pH 6.5-7.5, 

high salt concentration (> 500 mM NaCl) was found to be detrimental to vector stability. The 

selection of buffer species also impacted vector stability, with LVV exhibiting increased stability 

in phosphate buffer in the pH range of 6.5-7.5. The stability study helped set the operating 

condition boundaries of pH and salt for the subsequent evaluation of chromatographic resins. The 

first phase of process development involved the high-throughput batch screening of 
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chromatographic resins in bind-and-elute mode in a 96-well slurry plate format to identify the best 

performing candidates. These candidates were then used in the second phase of a high throughput 

process development screen to determine wash and elution conditions by varying pH and salt 

concentration within the acceptable operating ranges based on LVV stability. The best-performing 

adsorbents were further tested in a miniature column format and ranked based on LVV yield and 

impurity clearance. Product and impurity retention maps obtained from linear gradient 

experiments were then used to define a bind-and-elute step process for top anion-exchange resins, 

including Amino Sepharose FF, Poros 50D, and Capto Q ImpRes. The bind-and-elute step process 

with these resin candidates resulted in LVV yields greater than 70% while also achieving greater 

than 90% residual protein clearance and more than 50% hcDNA clearance. A second downstream 

purification step was also developed using Capto Core 700, a resin with combines size exclusion 

and multimodal adsorptive properties, in the flow through mode. A preliminary two-column 

purification of LVV was performed by combining the flow-through Capto Core 700 step with the 

AEX bind and elute step, resulting in greater than 70% overall LVV yield, with nearly 99.9% host 

cell protein removal.  

Work was also carried out on the affinity capture of adeno-associated viral vectors.  Since 

AAV mediated gene therapy treatments are delivered in vivo, the downstream purification of these 

vectors needs to meet higher purity standards. As a result, affinity chromatography was selected 

as the capture step over other modes of chromatography. A set of three variants of an AAV9 

serotype with varying capsid ratios was evaluated using pH gradient experiments on AAV9 

specific affinity resins (Poros Capture Select AAV9 and AviPure AAV9) and a more “universal” 

AAV affinity resin (Poros Capture Select AAVX). Comparable elution recoveries of 60-70% were 

obtained under all conditions examined. In addition, it was also observed that the elution pH was 



xvi 
 

higher for the AAVX resin (pH 4.2) as compared to the AAV9 specific resins (pH 3). In order to 

improve resin lifetime, the efficacy of several cleaning in place (CIP) protocols were evaluated for 

these resins. The results indicated that a strategy using two guanidine hydrochloride sanitization 

steps per cycle was successful in extending the resin lifetime.  

The final phase of the thesis involved the identification of affinity peptides for cell 

separations and their evaluation in affinity cell capture was evaluated using magnetic beads. Phage 

display was used to screen and identify affinity peptides that target and bind to either dermal 

fibroblasts or endothelial cells (HUVECs) with high affinity and specificity. A cell-based binding 

assay was developed and used to determine the binding strengths and specificities of the affinity 

peptides to the two cell types.  Two peptide candidates, B8 and F12 (out of 120 tested), showed 

high specific binding to HUVECs and fibroblasts, respectively. Parallel flow cytometry 

experiments were also performed to confirm the binding strength and specificity of the two lead 

peptide candidates.  A proof of concept cell capture study was then carried out. The results 

indicated that both the B8 and F12 functionalized Dynabeads® were indeed successful in capturing 

the fibroblast and endothelial cells, respectively. This workflow for the identification and 

screening of affinity peptides for cell separations can be readily extended to other therapeutically 

relevant cells of clinical importance. The work presented in this thesis will help advance the state 

of the art of downstream bioprocessing for these important new classes of gene and cell therapy 

based biological products.  
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1. Introduction 

The field of gene therapy has come a long way in the last two decades. In recent years, many 

gene therapy treatments like Kymriah (Novartis), Luxturna (Spark Therapeutics), Yescarta 

(Gilead), Glybera (UniQure) Zolgensma (Avexix/Novartis) have been approved by the US FDA 

(Food and Drug Administration) and EMA (European Medical Agency). Most of these gene 

therapy treatments use viral vectors as gene delivery vehicles. Kymriah is a lentivirus-mediated 

gene therapy treatment, whereas Luxturna and Zolgensma are AAV-based gene therapy 

treatments.  

However, these approved gene therapy treatments come with a hefty price tag. The treatment 

costs of Luxturna and Glybera is around 850,000 $ (Hebben, 2018). In fact, Novartis’ Zolgensma, 

which recently got approved for spinal muscular atrophy in May 2019, costs a whopping 2.125 

million $ and is the most expensive drug as of now. Such high cost makes it near impossible to 

extend these treatments to the general public.  

The main reason for such a high price is the inherent complexity associated with the 

production and the bottlenecks related to the purification process of these vectors. Any subtle 

changes to process conditions during the biomanufacturing process, be it upstream or downstream, 

may have a pronounced effect on the vector yield and quality. Since material generation and 

purification of a biotherapeutic often constitute 70-80% of the total manufacturing costs 

(Ramakrishnan & Sadana, 2000; Yang, Qadan, & Ierapetritou, 2019), any uncertainty arising from 

slight variability in the process results in driving up the cost of goods.  

The increased use of gene therapy vectors to support clinical trials and commercial 

applications has led to increased demand for pure and concentrated vector stock. But the 
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production of high titer vector stock followed by subsequent purification to get high yield remains 

a significant challenge due to the lack of an established purification process to handle large 

volumes of culture supernatant. Hence, the need of the hour is to develop a robust, scalable, and 

economical purification process that will guarantee high capacity, throughput, significant impurity 

clearance while at the same time maintaining the infectivity of the vector and minimizing product 

losses at each unit operation step (Rodrigues, Carrondo, Alves, & Cruz, 2007). 

To that end, the work performed in this thesis tries to address some of these concerns while 

developing chromatographic processes for gene therapy vectors. Chapters 2 through 4 contain 

aspects related to the optimization of a chromatographic purification process for lentiviral gene 

therapy vectors followed by bench-scale process development. The stability aspect of lentiviral 

vector is addressed in chapter 2, while chapter 3 focuses on developing a chromatographic capture 

step for LVV. A two-column purification approach for lentiviral vector is explored in chapter 4 

with the eventual aim of operating it in an integrated manner in the near future. Preliminary work 

has also been performed to evaluate the affinity capture of AAV using commercial affinity resins 

in chapter 5. Finally, a novel purification method was developed for capturing cells using affinity 

peptide conjugated dynabeads (magnetic beads).  
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2. Investigating the Stability of Lentiviral Vectors in Various 

Mobile Phase Conditions1 

2.1 Introduction 

Lentiviral vectors, which are a subclass of retrovirus, are used as gene delivery vehicles in many 

gene therapy-based treatments mainly due to their ability to deliver a sizeable genetic payload and 

provide long term transgene expression. However, the limited stability of the viral vector makes 

the manufacturing process extremely cumbersome. Low stability of vector leads to low overall 

process yield, which ultimately increases the biomanufacturing cost.  

The extreme labile nature of the viral vector can be attributed to the fact that LVV is an 

enveloped virus. In general, due to the inherent fragility of the outside envelope layer, enveloped 

viruses like lentivirus, retrovirus, adenovirus, herpes simplex virus type 1 (HSV1), human 

coronavirus, etc. are more sensitive and affected to a greater extent due to change in ambient 

conditions (temperature, pH etc.) compared to non-enveloped viruses like adeno-associated viral 

vector, rotavirus, coxsackievirus.  

The exact mechanism behind the loss of stability of the lentiviral vector, when exposed to 

harsh conditions, is still not adequately understood. However, for the lentiviral vector to infect the 

target cells, the following four components of the lentiviral vector should be viable at all times.  

These components consists of the outside envelope protein which impacts viral entry inside the 

target cells; functional transgene and gene of interest, reverse transcriptase enzyme and integrase, 

 
Portions of this chapter are to appear as: Ghosh, R., Koley, S., Gopal, S., Dordick, J.S., Cramer,S.M. (2021). 
Development of downstream purification process for lentiviral gene therapy vectors. Biotechnology and 
Bioengineering. 
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which is responsible for expressing the gene of interest; and nucleocapsid, which provides 

structural support to the virus (Ruscic, Perry, Mukhopadhyay, Takeuchi, & Bracewell, 2019). 

Damage to any of these components will hamper the transduction activity of the vector. 

As will be mentioned in the background section, the stability of the lentiviral vectors is 

influenced by pH, ionic strength, media composition, to name a few. However, these factors 

affecting the stability of LVV has not been investigated in detail. This limited information about 

the stability of vectors in different process conditions forms the motivation of this chapter  

The first part of the chapter provides a comprehensive summary of published literature on 

LVV stability, with a particular emphasis on factors that decrease LVV stability over time. Then 

the stability of the lentiviral vector was investigated in different mobile phase conditions spanning 

a range of pH, salt concentration, buffer species to identify the best conditions for the screening of 

chromatographic adsorbent media. The results from the stability screening studies will be applied 

to the next chapter for designing an optimal purification process for LVV. 

2.2 Background 

2.2.1 LVV Structure 

Lentiviral vectors (LVV) are derived from the virus family of retroviridae. LVV are spherical in 

shape with a diameter between 100-120 nm (M. de las M. Segura, Kamen, & Garnier, 2006), have 

an average mass of 250 MDa, with a density of 1.16g/mL based on sucrose density gradient 

experiments (Vogt & Simon, 1999). LVV are RNA viruses with the genomic content enclosed 

inside a conical capsid composed of p24 proteins. The p24 capsid contain the RNA genome and 

three specific enzymes (reverse transcriptase, integrase, and protease) which are primarily 

responsible for viral replication. The p24 capsid is surrounded by a matrix composed of p17 
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proteins which provides structural integrity to the viral vector. LVV are enveloped virus with the 

main function of the envelope layer is to recognize the target cell surface receptor for viral 

integration. According to Andreadis at al. (1999), the overall structural composition of retroviral 

particles can be divided into 60-70% proteins, 30-40% lipid, 2-4% carbohydrate, and 1-2% RNA. 

Schematic of LVV structure is represented in Figure 2.1 (Patel & Cassidy, 2018). 

 

2.2.2 Stability of LVV 

Various factors and conditions affect the stability of lentiviral vector like temperature, pH, 

salt (osmolarity conditions), freeze-thaw effects, presence of excipients, and the pseudotyped 

envelope protein. The activity of LVV or retroviral vector is affected by the change in temperature. 

The viral vector was observed to be stable at 4°C with a typical half-life over 8 days (Higashikawa 

& Chang, 2001). The transduction activity of the viral vector drastically reduced at 37°C, which 

is the standard growth conditions for LVV production. At 37°C, the half-lives of the virus were 

observed to be between 5 and 10 hours (S. Andreadis, Brott, Fuller, & Palsson, 1997; McTaggart 

Figure 2.1: Schematic of lentiviral vector. Reprinted with permission from Patel & Cassidy (2018). Copyright 
2018 Elsevier 
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& Al-Rubeai, 2002; M. D. L. M. Segura, Kamen, Trudel, & Garnier, 2005). Proper handling and 

storage conditions of LVV also impact its stability. LVV are sensitive during freeze-thaw cycles, 

with the functional titer of the viral vector dropping to less than 50% after 2 to 4 freeze-and-thaw 

cycles (Bowles, Eisensmith, Mohuiddin, Pyron, & Woo, 1996; Burns, Friedmann, Driever, 

Burrascano, & Yee, 1993; Higashikawa & Chang, 2001).  

Typical chromatographic buffer conditions like pH and salt concentration also affect the 

thermostability of LVV. Studies have been conducted to evaluate the impact of pH on LVV activity 

by incubating the virus in different pH conditions ranging from pH 5 to 9. LVV exhibits higher 

stability at neutral pH condition. The half-life of LVV was 60 mins at pH 7, at 37°C, and the half-

lives dropped to less than 10 mins when the virus was incubated in pH 6 and pH 8 conditions at 

37°C (Higashikawa & Chang, 2001). Ye et al. , (2003) showed that exposing retrovirus to low pH 

conditions led to irreversible morphological changes of viral particles. The study also showed that 

low pH led to disassociation of the lipid bilayer of the virus.   

LVV also exhibits a salt concentration-dependent stability. Segura et al., (2005) 

demonstrated that the functional activity of LVV decreased with an increase in salt concentration. 

Figure 2.2: Effect of pH on LVV stability. Reprinted with permission from Higashikawa et al., (2001). 
Copyright 2001 Elsevier 
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The work showed that exposing the VSV-G pseudotyped retrovirus to 1M NaCl concentration for 

1 hour resulted in more than 50% loss of the functional titer. TEM results exhibited morphological 

changes to viral structure when the virus was exposed to high salt concentration. The loss of 

stability at high salt concentration could be attributed to osmotic shock to the virus and possible 

membrane damage. The addition of certain excipients like sucrose, trehalose also had a 

pronounced effect in preserving the functional activity of viral vectors. Buffering species like 

HEPES and histidine have been specifically used as formulating agents to store LVV in -80°C 

conditions over a long time due to these buffer species' ability to resist pH drift due to change in 

temperature (FAN, Jiang, & Zhou, 2017). The impact of multiple excipients on viral stability was 

studied in extensive detail by Kumru et al., (2018). The study demonstrated that certain amino 

acids like proline and lysine and sugars like mannose and lactose helped prevent vector 

inactivation when incubated in a glass overnight at 37°C. The outside envelope protein, which is 

used to pseudotype the LVV also impacts its stability. JC et al., (1993) showed that retroviral 

vectors pseudotyped with the monomeric G glycoprotein of vesicular stomatitis virus (VSV-G) 

were more stable than pseudotyped ones with other dimeric amphotropic envelope proteins.  

Figure 2.3: Effect of salt concentration on LVV Stability. Reprinted with permission from Segura et al. 
(2005). Copyright 2005 John Wiley and Sons 
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2.3 Materials and Methods 

2.3.1 Materials 

Clarified and benzonase treated lentivirus harvest supernatant was provided by our 

collaborators at Mass Biologics. Various salts for making the buffers were purchased from Sigma-

Aldrich. DMEM (Dulbecco’s Modified Eagle Media) and FBS (Fetal Bovine Serum) were 

purchased from Thermo Fisher.  

2.3.2 Cell Culture 

HEK 293T cells were cultured in DMEM media with 10% FBS and kept at 37°C and 5% 

CO2. The cells were passaged every 2 days. For the LVV stability experiments, the HEK 293 T 

cells were seeded in a 96 well plate a day prior to the experiment and the seeding density was kept 

constant at 5000 cells per well. 

2.3.3 Stability Studies of LVV 

To study the effect of salt concentration and pH on lentivirus stability, PEG concentrated 

lentiviral samples were incubated in various mobile phase buffers at pH 6, 6.5, 7, 7.5, and 8 

containing either 0 or 1M NaCl for 3 hours at room temperature. Following the incubation step, 

the viral vector in the buffer was diluted 10x into DMEM media. The lentivirus construct has the 

GFP reporter gene, which allows the HEK 293T cells to express the GFP protein when transduced 

by infective viral particles. Following the buffer incubation step, the viral particles diluted in 

DMEM media was used to transduce HEK 293T cells seeded in a 96 well plate. The HEK 293T 

cells were cultured in DMEM media with 10% FBS and were seeded in a 96 well plate at a seeding 

density of 5000 cells per well a day before the experiment.  After the transduction step, the cells 

were maintained at 37°C and 5% CO2 atmosphere for 72 hours. Following the 72-hour incubation 
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step, the % GFP positive cells were determined by High-content Cellomics ArrayScan VT 

(Thermo Scientific). All experiments were performed in triplicates. For the control experiment, 

the viral particles were incubated in different salt concentrations and were used to transduce HEK 

293T cells immediately without the 3-hour incubation step. The schematic of the LVV stability 

screening experiments is shown in Figure 2.4. 

 

2.4 Results and Discussion 

2.4.1 Control Experiment: Effect of Salt on GFP Expression and HEK 293T Growth  

Before evaluating the stability of lentiviral vectors in different buffers, it was deemed 

necessary to evaluate the impact of salt on the growth of HEK cells. In the stability screening 

protocol, the incubation of LVV in various buffer conditions is followed by the dilution of the 

LVV prep 10x in DMEM media. Dilution with DMEM media is performed to make sure that the 

diluted LVV prep is similar to  DMEM growth media and buffer components in the LVV prep do 

not impact the growth condition of HEK cells.  

Figure 2.4: Schematic of stability screening protocol. 
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For this very reason, a control experiment was performed in which viral vectors were 

incubated in different salt concentrations, diluted 10x times in DMEM media and immediately 

used to transduce HEK 293T cells without the 3-hour incubation step, and the percentage GFP 

positive cells were analyzed using fluorescence microscopy. The results of this control experiment 

is shown in Figure 2.5. It was observed that the percentage GFP positive cells were constant for 

all salt concentration indicating that salt in the 10x diluted media did not impact the expression of 

GFP or growth of HEK cells.  

2.4.2 LVV Stability Screen 

Lentiviral vectors (LVV) are extremely sensitive to temperature, pH, ionic strength or shear 

forces, and in a slight change to any of these conditions will reduce the infectivity of the lentiviral 

vector. To ensure high recoveries of infective and functional lentiviral vector during AEX capture 

process of LVV, it is crucial to study the stability of the viral vectors in a range of different process 

conditions and identify specific fluid phase conditions in which the stability of LVV is maintained.   

For this reason, we carried out a stability screen under a range of conditions (pH, ionic 

strength, and buffer species) to identify appropriate mobile phase conditions for the next phase of 

Figure 2.5: Control experiment to evaluate the impact of salt concentration on GFP expression. 
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the chromatographic screens. As described in the methods section, the viral titer following the 

stability screening was determined using a titration-based transduction assay. Figure 2.6 presents 

the infective titer of LVV when it was incubated with several buffers with pH ranging from 6.5 – 

8 containing either 0 or 1 M NaCl for a period of 3 hours. Appropriate positive controls comprising 

of LVV in DMEM growth media were also included in the study. For the first positive control, 

LVV was added in DMEM media and was used to transduce HEK cells immediately without any 

time incubation step. The percentage infective titer of this LVV prep was denoted as 100% 

infective titer, with all stability values in different buffer conditions being calculated by 

considering this LVV prep as the reference standard. Additional control was also performed in 

which the LVV was incubated in DMEM media for 3 hours. Interestingly, incubation of the LVV 

in the DMEM media for 3 hours resulted in more than 20 % loss of infective titer, which was even 

more than the loss observed with some of the buffer conditions in the screen. On further evaluation, 

it was seen that LVV in phosphate buffer at pH 6.5, 7 and 7.5 and LVV in PIPES buffer at pH 6.5 

exhibited higher infective titer than DMEM control after the 3-hour incubation suggesting that 

phosphate buffer (at pH 6.5, 7, and 7.5) and PIPES at pH 6.5 provides enhanced stability compared 

to the DMEM growth media itself. 

The stability screening data in Figure 2.6 showed that LVV exhibited higher stability in the 

pH 6.5-7.5 range as compared to pH 6 and 8. Similar pH trends have been reported by Higashikawa 

et al., (2001), who found that the half-life of LVV significantly reduced at pH 6 and pH 8 as 

compared to pH 7 in a single buffer system at 37°C. The impact of salt concentration on lentiviral 

vector stability was determined by incubating LVV in various buffer conditions with 1M NaCl 

concentration. As can be seen in the figure, LVV stability decreased in the presence of 1M NaCl.  
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Figure 2.6: Stability of lentiviral vector in mobile phase conditions. Purple and green bar graph represents the stability of LVV in buffer with no salt 
and in the presence of 1M NaCl respectively. 
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With the exception of phosphate buffer at pH 7, the infective titer dropped below 50% when 

incubated with 1M NaCl for 3 hours. Similar studies conducted by Segura et al., (2005) showed 

that high salt concentration led to the inactivation of LVV particles. It is hypothesized that the loss 

of stability/infectivity at high salt concentration could be due to increased osmotic pressure, which 

damages the outer viral membrane. Clearly, establishing the impact of salt concentration on LLV 

stability has important implications for the chromatographic purification of LVV in anion 

exchange systems.  

The data in figure 2.6 also indicates that the selection of appropriate buffer species is vital 

for vector stability, with LVV exhibiting increased stability in Bis-Tris propane, PIPES and 

phosphate buffers in the pH 6.5-7.5 range.  At no salt, LVV retained more than 80% of infective 

titer when incubated in PIPES and phosphate buffer at pH 6.5, with bis-tris propane buffer 

exhibiting an infective titer of 63%. Further, at pH 7, LVV exhibited an infective titer of 90% in 

phosphate, 72% in Bis-Tris propane, and 60% in PIPES. Finally, the infective titer was observed 

to be 80% in phosphate, 70% in Bis-Tris propane, and 65% in PIPES buffer at pH 7.5. Thus, 

overall, all three buffer species comprising of phosphate, PIPES and Bis-Tris propane had a 

stabilizing effect on LVV in the pH range of 6.5-7.5.  

2.4.3 Stability of LVV in Phosphate, PIPES, and Bis-Tris Propane Buffers 

In the initial broad mobile phase buffer screen, the stability of the lentivirus was investigated 

in various buffer system for two different ionic strength: no salt and 1 NaCl concentration. Previous 

results exhibited that salt had a detrimental effect on LVV stability; therefore, it is crucial to 

understand the stability of lentiviral vectors at a range of salt concentrations between 0-1M NaCl.  
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For this reason, a second stability screening assay was performed to evaluate the stability of 

lentivirus at intermediate NaCl concentrations of 0.25, 0.5, and 0.75M for the three stable buffer 

system comprising of phosphate buffer, PIPES buffer, bis-tris propane buffer across the pH range 

of 6.5-7.5. The second screen also included no salt and 1M NaCl data points to minimize inter-

assay variability.  

As can be seen in Fig 2.7, the stability of LVV is salt concentration dependent. While the 

infective titer of LVV decreased with an increase in salt concentration, there were many buffer 

conditions that retained greater than 50% LVV infective titer. It was seen that phosphate buffer in 

particular maintained more than 50% infective titer of LVV at all pH conditions at 0.5M NaCl 

concentration or below.  

The phosphate buffer system resulted in both the highest stabilities as well as the least pH 

sensitivity of the three buffer systems. While LVV stability in the PIPES buffer at pH 6.5 was 

quite good, the stability was seen to decrease at the higher pH for all salt concentrations. 

 On the other hand, while stability in the Bis-Tris propane buffer did not exhibit much 

variation with pH, the stability was in general lower than that observed in phosphate. Based on 

these stability sscreening results, we selected phosphate buffer for the next round of the 

chromatographic experiments since it would offer flexibility with respect to pH and salt conditions 

examined in the elution screen.  
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Figure 2.7: Stability of lentiviral vector at salt concentrations of 0, 0.25, 0.5, 0.75, and 1M NaCl in top three 
stable buffer system. A: stability of LVV in phosphate buffer, B: stability of LVV in PIPES buffer, and C: 

stability of LVV in Bis-Tris propane buffer. 
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2.5 Conclusions 

Lentiviral vectors are extremely fragile and affected by subtle changes in process conditions. 

It has been known from few published literature reports that LVV is stable across a narrow pH 

range, and high ionic concentration has an adverse impact on viral stability. However, very limited 

information is available regarding the stability of the vector in different fluid phase conditions. To 

that end, we performed a detailed study in which the stability of LVV was investigated in different 

mobile phase buffer conditions between pH 6 to 8 containing either 0 or 1 M NaCl. The objective 

of this study was to find out optimal mobile phase conditions for screening of chromatographic 

adsorptive media. The results showed that LVV exhibited higher stability between pH 6.5 - 7.5, 

while 1M NaCl caused approximately 50% loss of LVV infective titer. In addition, phosphate, 

Bis-tris propane, and PIPES buffer species imparted additional stability to the LVV in the pH range 

of 6.5 - 7.5. The results from this broad stability screening study helped set the stage for a more 

focused stability study to obtain more granularity in the stability data. In the second stability 

screen, the stability of LVV was assessed in phosphate, Bis-tris popane and PIPES buffer across 

pH 6.5 to 7.5 and at a range of salt concentration between 0 – 1M NaCl. The stability of LVV 

exhibited an inverse trend to the increase in salt concentration from 0 – 1M, signifying the 

detrimental impact of high NaCl concentration on vector stability.  Among the three buffer system, 

LVV exhibited high stability in phosphate buffer at all pH conditions, whereas high stability was 

observed in PIPES buffer only at pH 6.5.  However, LVV stability in phosphate buffer displayed 

the least variability with respect to pH. Hence phosphate buffer was selected as the optimal mobile 

phase buffer for screening of chromatographic adsorptive media since it would provide additional 

flexibility in terms of pH and salt conditions while optimizing LVV elution.  
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3. Screening of Anion-Exchange Resins for the Purification of 

Lentiviral Vectors1 

3.1 Introduction 

While chapter 2 focused on optimizing the mobile phase conditions for LVV purification, 

this chapter will delve into developing a chromatographic purification process for lentiviral gene 

therapy vectors by screening chromatographic adsorptive media. 

Lentiviral vectors are promising gene delivery vehicles and are currently being explored in 

many gene therapy trials to treat various autoimmune diseases. There is a unique advantage of 

using lentiviral vector over other vectors due to its ability to transduce both dividing and non-

dividing cells and provide long term and stable transgene expression by permanently integrating 

with the target cell genome (Naldini et al., 1996).  

However, low upstream LVV titers lead to extensive processing of culture harvest 

supernatant during the purification stage to produce a sufficient amount of pure and concentrated 

LVV product for gene therapy applications. Limited stability and lack of an established 

purification platform process result in poor LVV yield. Hence, the need of the hour is to devise a 

robust, scalable chromatographic purification process for LVV, which results in high LVV yield 

along with significant impurity clearance, which forms the motivation of this chapter.  

Most viral vectors are negatively charged at neutral pH (Michen & Graule, 2010); hence, 

anion-exchange chromatography is the method of choice for all scalable lentivirus purification 

 
Portions of this chapter are to appear as: Ghosh, R., Koley, S., Gopal, S., Dordick, J.S., Cramer,S.M. (2021). 
Development of downstream purification process for lentiviral gene therapy vectors. Biotechnology and 
Bioengineering. 
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processes. Membranes and monolith based purification methods have shown promising results 

with LVV recoveries between 60-80% (Bandeira et al., 2012; Kutner, Puthli, Marino, & Reiser, 

2009; McNally, Darling, Farzaneh, Levison, & Slater, 2014; Zimmermann et al., 2011). However, 

there are limited published reports on using anion-exchange resins for lentivirus purification. To 

date, there is only three published literature where anion-exchange resins have been evaluated for 

lentivirus purification (Boudeffa et al., 2019; Scherr et al., 2002; Yamada, McCarty, Madden, & 

Walsh, 2003).  In fact, the recent work by Boudeffa et al. (2019) shows the purification of GaLV-

TR pseudotyped lentiviral vector using Poros 50D resulted in almost 100% infective recovery. 

Hence to broaden the research horizon and explore alternative LVV purification strategies 

through the use of chromatographic resins, we performed a high throughput batch screening of a 

large set of chromatographic resins (26 resins) to evaluate their purification potential. The focus 

of this screen was to screen out resins which resulted in high LVV elution recoveries. Based on 

the results of this broad screening, 11 top anion exchange resins were selected for the next stage 

of process development. Another high throughput batch experiment was performed to study the 

elution behaviour of LVV and protein contaminants as a function of pH and salt concentration. 

Finally, top processes were scaled up from batch to column format, and linear gradient experiments 

were performed with the top 11 resin candidates. Based on the results of the linear gradient 

experiments, step elution process was optimized for Amino Sepharose FF, Macro Prep High Q, 

Poros 50D, and Capto Q ImpRes, and impurity clearance was mapped relative to LVV yield. All 

the processes gave good LVV yield and significant impurity clearance. For example, the optimized 

step elution process for Capto Q ImpRes resulted in 99% of LVV recovery, more than 90% 

clearance of protein impurities, and greater than 50% clearance of DNA impurities. The train of 

experiments will be described in more detail in the results and discussion section.  
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3.2 Background 

3.2.1 Downstream Processing of Lentiviral Vectors (LVV) 

Donwstream processing of LVV is mainly performed to remove process impurities and 

contaminants that are inhibitory to vector transduction (O.-W. Merten, Schweizer, Chahal, & 

Kamen, 2014; Schweizer & Merten, 2010), effective concentration and purification of the vector 

for gene therapy application and finally, to improve product safety and potency (M. de las M. 

Segura et al., 2006). Downstream processing of lentivirus is a challenging task mainly due to poor 

stability of the lentiviral vector, low upstream titer, complex structure of the virus, range of 

pseudotyped envelope proteins and the impurities that are present in the upstream harvest 

supernatant. The selection of appropriate unit operation steps also has an impact on overall process 

yields and it can infact vary between 1-30% according to values reported in literature (Bandeira et 

al., 2012; O. Merten et al., 2011).  

It is imperative to have a good knowledge of the impurities and contaminants to design the 

appropriate downstream technique. Table 3.1 provides an overview of the impurity profile of 

lentivirus harvest supernatant. The product-related impurities are the molecular variants and 

comprise inactive viral particles, viral aggregates, free envelope proteins, broken and disassembled 

particles (M. M. Segura, Mangion, Gaillet, & Garnier, 2013) making these types of contaminants 

particularly difficult to remove due to their similar physicochemical properties like lentiviral 

particles. The process-related impurities are mainly derived from culture media, the producer cell 

line and the production or purification process itself (M. M. Segura et al., 2013). A few 

contaminants like proteoglycans, microvesicles and exosomes have almost similar size, charge or 

same outside envelope protein-like lentivirus, which makes separating them particularly 

challenging.  
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Small scale purification of LV vectors for lab and research purposes typically involves 

several ultracentrifugation steps in order to first concentrate the vector. LV particles are 

concentrated at about 70,000 g by ultracentrifugation and subsequently purified at 50,000 g 

through a sucrose cushion ultracentrifugation (Tiscornia, Singer, & Verma, 2006). However, the 

major drawbacks of the centrifugation purification method include the lack of scalability, long 

process timeline and low purity of the final vector preparation due to the presence of residual cell 

culture medium/process derived contaminants. 

Current downstream strategies for large scale manufacturing of lentiviral vectors are based 

on a combination of chromatographic and membrane based separation methods. The integration 

Table 3.1: Process and product-related impurities associated with lentivirus purification process [Adapted 
from M. M. Segura et al.,( 2013)]. 
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of membrane and chromatographic processes significantly improves vector efficacy, is scalable 

and can be used on an industrial scale to purify LV vectors.  

Among various techniques, tangential flow filtration (ultrafiltration)/diafiltration is one of 

the most common techniques used in both the initial bulk purification stage (clarification) and the 

downstream polishing step with pore sizes varying between 0.001-0.1 µm. For large scale 

purification, hollow fiber or membrane cartridges are often used to concentrate the supernatant.  

LV vectors can be purified by chromatographic methods, including heparin affinity, size 

exclusion, and anion-exchange (AEX) methods. All industrial LV vectors are pseudotyped with 

the envelope of the vesicular stomatitis virus glycoprotein (VSV-g) (O. W. Merten, Hebben, & 

Bovolenta, 2016). The affinity of heparin toward VSV-g enables the use of heparin affinity 

chromatography as a generalizable capture step in LV purification. In one such case, heparin 

affinity chromatography was successful in removing up to 94% of protein impurities and 56% 

residual DNA while simultaneously achieving  53% LV vector recovery (M. Segura, Garnier, 

Durocher, Coelho, & Kamen, 2007). 

Anion exchange chromatography has also been used to purify VSV-g pseudotyped LV 

vectors (O. W. Merten et al., 2011; Slepushkin et al., 2003; Yamada et al., 2003). Lesch et al., 

(2011) operated a monolithic DEAE (diethylaminoethyl) column in bind-elute mode to purify LV 

particles from baculoviruses in a baculovirus-driven expression system. Anion-exchange based 

purification is relatively simple and results in high purity and good recovery of LV vectors. 

However, the elution conditions of anion exchange chromatography lead to diminished vector 

infectivity most likely due to an increase in osmotic pressure which damages the viral membrane 

(Zimmermann et al., 2011). 



22 
 

Finally, size exclusion chromatography (SEC) has also been employed to remove trace 

contaminants (Transfiguracion, Jaalouk, Ghani, Galipeau, & Kamen, 2003). Generally 750kDa 

(50nm) is the largest pore size which is used to prevent potential retention of any vector particles 

(size: 80-120 nm), while trapping smaller impurities within the pores. However, this step leads to 

at least a three-fold dilution of the vector; thus, SEC is performed in the final stage of polishing in 

large scale purification methods. 

Most processes incorporate Benzonase (DNAse), which is used to degrade nucleic acid 

based impurities to facilitate effective DNA removal. The Benzonase step has been used at 

different stages across different industrial processes, depending on the application (O. W. Merten 

et al., 2016; Sastry, Xu, Cooper, Pollok, & Cornetta, 2004).  

Sterile filtration at 0.2 um is typically performed as a final purification step mainly to 

mitigate the risk of microbial contamination in the final product. This step often leads to vector 

infectivity losses and product recovery loss. The implementation of a semi-closed system that will 

allow to perform all purification steps in a sterile environment would render this sterile filtration 

step redundant and lead to an improvement in overall LV yield. 

With the rapid growth of gene and cell based therapies, each step of the therapeutic process 

requires optimization in time, throughput and ease of implementation. Production of functional 

lentiviral particles forms a major crux of the transduction of the target cells with the gene of 

interest. While from an upstream perspective, several advances in viral packaging and transfection 

methods have been instrumental toward the efficient production of LV vectors, there still remains 

an unmet need in terms of scalability of downstream processes. Not only is it crucial to 

manufacture high yield, high purity lentiviruses, but it is also imperative to factor in scalability 



23 
 

and translatability to industrial scale processes. Since LVV also lack long-term stability, it is 

important for the developed process to be relatively quick, while also maintaining viral infectivity. 

An increased number of downstream steps leads to a decrease in the overall recovery of the LV 

vectors. Clearly, it is important to carefully choose and arrange process steps in the most 

appropriate order to achieve the highest possible recovery and well-maintained post-purification 

infectivity.  

3.2.2 Chromatographic Purification of LVV 

Most viral particles are negatively charged around physiological pH (Michen & Graule, 

2010), and LVV being stable around that pH range (Higashikawa & Chang, 2001) makes anion-

exchange chromatography a logical choice for LVV purification.  

A summary of published reports on LVV purification using anion-exchange chromatography 

is presented in Table 3.2. Various chromatographic adsorptive media, including membranes, 

monoliths, and particle-based resins, have been evaluated for LVV purification. As shown in Table 

3.2, membrane and monolith-based adsorptive media is a preferred approach for LVV purification. 

In fact, there are only three published reports where particle-based resins have been explored for 

LVV purification (Boudeffa et al., 2019; Scherr et al., 2002; Yamada et al., 2003).  

Membrane-based purification has been performed with Mustang Q and Sartobind D, 

yielding 28-80% recoveries (Bandeira et al., 2012; Lesch et al., 2011; M. P. Marino et al., 2015; 

Michael P. Marino, Luce, & Reiser, 2003; Zimmermann et al., 2011). In recent years, monoliths 

have also become quite popular for LVV purification, with CIM DEAE being the most commonly 

used monolith. A novel stationary phase media based on nanofiber was recently used to purify 

LVV and achieved up to 90% of functional LVV yield (Ruscic et al., 2019). 
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The LVV yield from resin-based purification processes has also been encouraging. In a 

recently published report by (Boudeffa et al., 2019), the following adsorptive media, including 

Poros 50D (resin), CIM DEAE (monolith), CIM-QA (monolith), and Toyopearl 650C DEAE, were 

considered for lentivirus purification. Among these candidates, Poros 50D exhibited the highest 

LVV infective yield of 100% (approximately). The choice of ligands also plays a definite role in 

LVV yields. Weak AEX ligands (DEAE) exhibit higher elution recovery compared to strong AEX 

ligands (Q).  

One potential disadvantage of AEX based LVV purification processes is the high salt 

concentration required to elute the LVV. High salt is detrimental to vector stability and results in 

lower infective titer during the purification process. However, Bandeira et al. ( 2012) and Ruscic 

et al. (2019) showed that immediate dilution of LVV eluate pool by 5-10x times results in 

increasing the infective recovery from 25% to more than 80%. Another approach to improving the 

infective yield is to reduce the elution buffer pH to reduce the salt concentration needed to elute 

low pH conditions also lead to the vector losing its stability. Boudeffa et al.( 2019) showed that on 

Table 3.2: Summary of AEX purification of lentiviral vectors. 
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a Poros 50D resin, reducing pH from 7 to 6 and further to 5.5 resulted in an increase in infective 

vector yield from 32% to 80%, finally to 100% respectively.  

3.3 Materials and Methods 

3.3.1 Batch Screening of Chromatographic Resins 

A set of 26 anion exchange resins with varying physico-chemical properties were evaluated 

for lentiviral vector purification in a bind-elute mode (Table 3.3). High-throughput screening 

(HTS) strategy was opted to evaluate these resins by employing a parallel batch elution method 

using the AcroPrepTM Advance 96-well, 0.45 µm PES membrane bottom plate. For the batch 

screening study, resin slurries (50% v/v) was distributed into the filterplate; each row of twelve 

wells containing four different resin. For each screening stage, 500 µL of solution was contacted 

with 100 µL of resin, resulting in a phase volume ratio of 5:1. The filterplate was vacuum filtered 

at ~700 mbar gauge pressure to separate the supernatant solution from the resin. The filtrate was 

captured in a 2 mL flat bottom collection plate which was stacked beneath the filterplate. All 

experiments were performed at room temperature. 

The series of steps involved equilibration, sample loading, washing, elution and regeneration 

as described in Figure 3.1. Equilibration was performed with 50 mM Tris-HCl, pH 7.5 buffer for 

3 cycles with an incubation time of 20 mins for each cycle. In the load cycle, clarified and 

benzonase treated lentivirus harvest supernatant with a load challenge of 7×107 vp/mL-resin 

(approx.) was added into the wells. The virus was incubated with the resin for 1 hour in an orbital 

shaker at 700 rpm. After the 1-hour incubation step, the flow-through was collected, and the resin 

was washed twice with the equilibration buffer for 20 minutes. The bound virus particles were 

eluted from each resin parallelly with a salt elution concentration of 0.5M, 1M and 1.5M at pH 
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7.5. Finally, the resin was regenerated using 2M NaCl at pH 7.5. All experiments were performed 

in duplicates. The virus titer in the eluate fractions were analyzed using RT-qPCR to calculate % 

virus recovery.  

 

3.3.2 Batch Elution Optimization 

The batch elution optimization studies were performed according to the same protocol 

described above. Elution behavior of the protein contaminants and LVV product on each resin 

candidate were evaluated at four different NaCl concentration of 0.3, 0.7, 1, and 1.5M 

corresponding to three different pH conditions of pH 6.5, 7, and pH 7.5. The elution conditions 

are that were evaluated for each resin candidate is indicated in Table 3.3. 

Figure 3.1: Sequence of steps for batch screening of chromatographic resins. 
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3.3.3 Column Experiments 

The column chromatography runs were carried out using an ÄKTA Explorer 100 system 

(GE Healthcare) equipped with a Frac-950 fraction collector and a P-960 sample pump and 

controlled using Unicorn 5.1 software. Equilibration of the column was performed with 50 mM 

phosphate buffer at pH 7.5 over 10 CV. After column equilibration, clarified and benzonase treated 

lentivirus harvest supernatant with an ionic conductivity of 12ms/cm and pH 7.5 was loaded onto 

the 0.5mL anion exchange column. Following the load, the column was washed with equilibration 

buffer over 10CV. The bound lentivirus was then eluted by carrying out either a linear salt gradient 

elution or isocratic (step) elution. The gradient elution was performed using a linear NaCl salt 

gradient from 0-1.5M over 40 CV using 50 mM phosphate elution buffer at pH 6.5. For the step 

gradient runs, a low salt wash (as indicated in result and discussion section) was performed over 

10 CV to remove residual protein contaminants. After the wash step, LVV was eluted using 

another isocratic salt step over 10 CV (as indicated in results and discussion section). Following 

the elution, the column was regenerated with 2M NaCl (in case of linear gradient elution) and 

1.5M NaCl (in the case of step elution). All fractions comprising of flow-through, wash, elution 

and regeneration fractions were collected and stored at -80°C for further analysis. All 

chromatographic steps including load, wash, elution and subsequent regeneration was carried out 

Table 3.3: Elution conditions for optimization of wash and elution conditions. 
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at 1 CV/min.  The percentage protein content was analyzed by BCA and Bradford assay whereas 

the percentage viral content were determined by RT-qPCR.  

3.3.4 RT-qPCR for LVV Titer Determination 

Viral RNA was extracted from the samples using PureLink Viral RNA/DNA Extraction Kit 

according to the manufacturer’s instructions. Eluted RNA samples (50 µL) were then added to 

47.5 µL 2X DNase I Reaction Buffer (20 mM Tris-HCl, 5 mM MgCl2, 1 mM CaCl2, pH adjusted 

to 7.6) and 2.5 µL Teknova DNase I (2000 U/mL). The mixture was added to a 96-well PCR plate 

and incubated at 37 ºC for 30 min followed by 70 ºC for 5 min. The above samples were diluted 

1:100 in 10 mM Tris pH 8.0 and then 5 µL of diluted sample were added to 15 µL mixture 

containing Bio-Rad iTaq Universal Probes One-Step Kit (Bio-Rad, City, State) containing probe 

and primer mixtures. The RT-qPCR reactions were run according to the manufacturer’s 

instructions. The relevant primers are: 

EGFP Forward Primer: AGCAGAAGAACGGCATCAA 

EGFP Reverse Primer: GTGCTCAGGTAGTGGTTGTC 

Probe (FAM/Iowa black quencher IDT): CAAGATCCGCCACAACATCGAGGA 

3.3.5 P24 ELISA Method 

The p24 sandwich ELISA was performed using a commercially available DuoSet p24 

sandwich ELISA kit from R&D systems. The assay was carried out according to manufacturer 

instructions by coating the required number of wells with p24 capture antibody overnight at room 

temperature. The next day, the plates were washed 3 times with ELISA wash buffer - 0.05% Tween 

20 in Phosphate Buffered Saline (PBS) and blocked with 1 % BSA in PBS for 1 hour at room 
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temperature. The plates were washed 3 times using ELISA wash buffer and the lentiviral samples 

and p24 standards were added to the blocked plates for 2 hours. After 2 hours, the plate was washed 

again 3 times with ELISA wash buffer and incubated for 2 hours with the capture antibody. 

Following the incubation, the plates were washed 3 times with ELISA wash buffer and incubated 

in Streptavidin conjugated horseradish peroxidase (HRP) for 20 minutes. The plates were washed 

once again with ELISA wash buffer 3 times. The substrate consisting of a mixture of 1:1 hydrogen 

peroxide and tetramethylbenzidine was added and incubated for 20 minutes. The reaction was 

stopped with 2 N sulfuric acid. The optical density of the sample was then measured at 450 nm 

and subtracted from value obtained at 570 nm.  

3.3.6 Transduction Assay for Infective LVV Titer 

HEK 293 cells were seeded at 50,000 cells/well in a 12-well plate. After 24 h, lentivirus 

samples were diluted 5x into growth media (DMEM + 10% FBS + 1%) and added to the cells with 

8 µg/mL of polybrene. The cells were assayed for EGFP expression using High-content Cellomics 

ArrayScan VT (Thermo Scientific) fluorescence microscopy 72 h post-transduction. A threshold 

transduction efficiency was set at 30% to discard multiple infections and titer was calculated 

according to the formula below. 

𝐿𝑉𝑉 𝑇𝑖𝑡𝑒𝑟 =
% 𝐺𝐹𝑃 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠 𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑑 ∗ 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟

𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒
 

3.3.7 BCA and Bradford Assay 

Total protein quantification was performed with the Pierce BCA (bicinchoninic acid) Protein 

Assay Kit (Thermo Scientific), and Bradford Reagent Assay Kit (Biorad) according to the 

manufacturer’s instructions. To mimize the interference of phenol red in protein measurements, 
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all samples which had phenol red color were analyzed using the Bradford assay whereas LVV 

elutate samples which has no color component were analyzed using the BCA assay protocol. BSA 

was used for the calibration standards and all samples were analyzed in duplicates.  

3.3.8 qPCR for hcDNA Quantification 

hcDNA was extracted from the samples using the GenElute Mammalian Genomic DNA 

Miniprep Kit (Sigma Aldrich) according to the manufacturer’s instructions. Following the 

purification of hcDNA from the samples, the hcDNA content was determined using Femto Human 

DNA Quantification Kit (Zymo Research), according to the manufacturer’s instructions. Samples 

were analyzed in duplicates. 

3.4 Results and Discussion 

3.4.1 High Throughput Screening of Chromatographic Resins 

Lentiviral vector (LVV) particles are negatively charged at physiological pH and bind 

strongly to positively charged anion exchange ligand groups. For optimization of the 

chromatographic purification step, a high throughput screening methodology was designed to 

evaluate different anion exchange resins and establish appropriate conditions for lentiviral vector 

(LVV) recovery in batch mode. Table 3.4 presents a set of chromatographic resins that were 

employed in this screen. This screening experiment evaluated the capture of LVV for 26 different 

anion-exchange and multimodal anion exchange resins. The elution of bound lentiviral particles 

was studied at three different salt concentrations of 0.5M, 1M and 1.5M corresponding to 50mM 

Tris, pH 7.5 elution buffer. The percentage virus recovery corresponding to the three elution salt 

concentration for each resin was determined using the RT-qPCR analytical method. 
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Table 3.4: List of chromatographic resins that were evaluated during the batch resin screening. 
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        The initial batch screening of anion exchange resins was performed using sequential elution 

method where-in bound viral particles were eluted in a sequential manner with increasing elution 

salt concentration steps in a single well (data not shown). But this method of sequential elution led 

to product dilution in the eluate fractions, which significantly increased the chances of error of the 

viral titer determination assay using the RT-qPCR method.  

As a result, the batch method was modified, and the elution of bound lentivirus was performed 

using parallel elution method. For all batch experiments performed in parallel, the same amount 

of each resin type was taken in adjacent wells. The resins in the adjacent wells were treated with 

the same steps of equilibration, sample load and wash steps. During the product elution step, only 

a single salt elution step was performed in each well, with the adjacent wells incubated with a 

different salt concentration to obtain percentage viral elution recovery at each salt concentration 

(on each resin). Following the product elution, the resins in adjacent wells were regenerated using 

the regeneration buffer.  

The top-performing resins were selected based on LVV recovery obtained and salt eluent 

strength used. As can be seen in Figure 3.2, there was a range of recoveries observed with these 

resins. It can be observed that several anion exchange resins exhibited low LVV elution recoveries 

(DEAE Hyper F, Macro Prep DEAE, Poros PI, Cellufine DEAE A-500, Q Sepharose XL, Q 

Sepharose Big Beads, Nuvia HP Q, Nuvia Q, Poros 50 HQ, Q Sepharose FF, Toyopearl Gigacap 

Q-650M, Toyopearl Super Q-650S, Unosphere Q).  

Two multimodal resins, Capto Adhere and Nuvia A prime, also exhibited low elution 

recoveries.  A possible explanation could be that these ligands with a buried positively charged 

moiety and an exposed aromatic moiety bound rather strongly with VSV-G pseudotyped lentivirus. 
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Due to the hydrophobic nature of the VSV-G membrane glycoprotein together, combined with the 

inherent negative charge on lentivirus, multimodal anion exchange resins are not a good candidate 

for lentiviral purification. 

A threshold value of lentiviral elution recovery greater than 50% was defined, and resins 

exhibiting greater than the 50% elution recovery corresponding to either one of the elution salt 

concentrations of 0.5, 1, and  1.5M were selected for the next step of process development.  

Based on this screening methodology, it was observed that the following resins comprising 

of Capto Q Impres, Amino Sepharose FF, Fractogel EMD DEAE 650, Fractogel EMD TMAE 

650, DEAE Sepharose FF, Fractogel EMD TMAE Hicap M, Macro Prep High Q, Q Sepharose 

HP, TSKGEL Q-5PW, Poros D50 and Eshmuno Q exhibited lentiviral elution recovery greater 

than 50% (as shown in Figure 3.2). For these resins, it was observed that LVV particles eluted 

within a range of 0.5-1.5M NaCl concentration at pH 7.5.  

Further, it was also observed that several of the weak anion exchange resins (Amino 

Sepharose FF, Fractogel EMD DEAE, DEAE Sepharose FF and Poros D50) exhibited higher viral 

recoveries as compared to the strong anion exchange resins in this set (e.g. Macro Prep High Q, 

Fractogel EMD TMAE 650,  Fractogel TMAE HicapM, Q Sepharose HP, and Eshmuno Q). It can 

also be seen that while all of the weak AEX resins in this set exhibited greater than 50 % recoveries 

at 1 M NaCl, only the strong AEX resins  Capto Q Impress and TSKGEL-Q5PW exhibited 

reasonable recoveries at this intermediate salt.  

This behaviour of the Capto Q Impres is likely due to the lower ligand density on this resin, 

resulting in more facile elution. Similar results have been previously reported by Vicente et al., 

(2011), who studied the impact of ligand density on ion-exchange membranes for viral purification 
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and demonstrated that lowering the ligand density of DEAE (diethylamine) ligand on a prototype 

Sartobind D membrane resulted in improved elution recovery of baculovirus.  

Finally, it was worth noting that LVV elution recoveries for Fractogel EMD DEAE 650 and 

Poros 50D were observed to plateau at 1M and 1.5M NaCl concentration, indicating that most 

LVV particles elute within 1M salt concentration in these resins.  

In the initial broad resin screening, we explored the application of various anion exchange 

resin candidates as a bind and elute capture step for LVV purification. From the screening 

experiments, it was observed that AEX resins like Capto Q Impres, Fractogel EMD DEAE 650, 

TSKGEL Q-5PW, and Poros D50 provided the most promising results with LVV recovery > 85% 

at 1.5M elution concentration. Further, it was interesting to note that, particularly the resins 

Fractogel EMD DEAE 650, TSKGEL Q-5PW, and Poros D50 exhibited LVV elution recovery of 

> 60% at a lower salt concentration of 0.5M NaCl. High LVV recovery at low salt elution condition 

is highly beneficial to designing a bind and elute purification process for LVV as low elution salt 

concentration has a significant impact in alleviating vector inactivation.  
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Figure 3.2: Elution recovery of LVV from batch screening of chromatographic resins using parallel elution conditions. 
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3.4.2 High-throughput Optimization of Wash and Elution Conditions 

The second phase of HTPD involved evaluating top resin candidates identified from 

previous broad resin screening study to deduce optimum elution conditions of LVV conditions by 

varying pH and salt concentration within the permissible operating range. The resin candidates 

who exhibited greater than 50% LVV in the initial broad screen were included in this study. This 

high-throughput screening study mapped the elution behaviour of lentiviral product and residual 

protein clearance as a function of pH and salt concentration on different anion-exchange resin 

candidates. For elution optimization, strong anion exchange resin candidates (Fractogel EMD 

TMAE 650, Macro Prep High Q, Q Sepharose HP, Fractogel EMD TMAE HicapM, TSKGEL-

Q5PW, Capto Q ImpRes, Eshmuno Q) and weak anion exchange resin candidates (Amino 

Sepharose FF, Poros 50D) were screened in parallel, and the elution behaviour of the lentiviral 

product and the residual protein contaminants were studied at four different salt concentrations of 

0.3, 0.7, 1, and 1.5M corresponding to three different pH conditions of pH 6.5, 7, and 7.5.  

The results from this screening study are summarized in Figure 3.3. As can be seen in this 

figure, the %LVV recovery for Fractogel EMD DEAE 650, TSKGEL-Q5PW, and Poros 50D at 

the elution salt concentration of 1 and 1.5M does not change significantly and almost plateaus 

indicating that most of the LVV elute within the moderate NaCl concentration range of 0.7-1M. 

For all other resin candidates included in this study, the %LVV recovery is observed to increase 

with an increase in NaCl concentration, which signifies that elution of LVV is favoured at a much 

higher salt concentration range. This result has significant implication in developing a purification 

process for LVV, as the stability of LVV exhibits an inverse trend with respect to an increase in 

salt concentration.  
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For most resins, a decrease in elution pH resulted in an increase in LVV elution recovery. It was 

worth noting that this effect was more prominent for Macro Prep High Q and Fractogel EMD 

TMAE 650. The likely explanation behind this observed phenomena is that decreasing elution pH 

from 7.5 to 6.5 decreases the net negative charge of LVV, which further reduces the strength of 

binding to the resin, thus leading to an increase in elution recovery. For Macro Prep High Q and 

Fractogel EMD TMAE 650, the elution of LVV was driven by an increase in salt concentration 

and a corresponding decrease in pH of the elution buffer. For the rest of the resin candidates, the 

LVV elution recovery was observed to be a function of increasing NaCl concentration and 

decreasing the elution pH from 7.5 to 6.5 did not have a significant impact on LVV recovery. 

While we were able to draw certain conclusions about the LVV elution recovery from this 

study, the elution trend of residual proteins at different salt and pH conditions is equally interesting. 

According to the elution behaviour of residual protein contaminants in Figure 3.3, it can be 

observed that percentage of residual proteins co-eluting with the LVV on Poros 50D, Amino 

Sepharose FF, Fractogel EMD DEAE 650, and TSKGEL Q-5PW remained almost constant at all 

salt elution concentration of 0.3, 0.7, 1, and 1.5M. For these four particular resin candidates, the 

amount of protein elution was essentially independent of salt concentration and was also observed 

to not be very dependent on pH. The data in Figure 3.3 indicates that Amino Sepharose and 

POROS 50D not only had salt independent protein elution but also exhibited relatively low values, 

which is likely reflective of most of the protein eluting in the flow-through during these parallel 

batch experiments. This indicates a significant opportunity for process development in that 

conditions could be established where most of the protein impurities could either be removed in 

the flow-through or eluted with a low salt wash step, followed by the elution of the LVV at more 

moderate elution salt concentrations (0.7-1.0 M NaCl). 
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The elution datasets for both the LVV product and residual protein contaminants at different 

salt and pH conditions can also be used to design selective wash strategies to remove protein 

impurities and optimize LVV elution conditions that maximize impurity clearance and LVV yield 

for different resin candidates. It is worth noting that several resins exhibited differential elution 

behaviour of the LVV product and the residual protein contaminants, which may offer 

opportunities for selective bind elute processes. It is worth noting that for  Q Sepharose HP, 50% 

of residual protein contaminants are removed at 0.3M NaCl while only 5% LVV is eluted at this 

salt concentration at pH 7.5. Henceforth, a purification process can be designed for Q Sepharose 

HP, where a low salt wash is implemented at pH 7.5 to remove protein contaminants, while the 

LVV is eluted at a salt concentration between 1-1.5M at any pH conditions. For example, in the 

case of Capto Q Impress, the data indicates that a significant fraction of the protein impurities 

could potentially be washed from the column at a lower salt concentration, while the LVV could 

then be eluted at higher salt (e.g. >/= to 1 M NaCl). 

The batch elution experiments demonstrate that an increase in salt concentration and a 

lowering of elution pH (in some cases) had a major role in improving LVV recovery. The unique 

selectivity trends observed between the LVV product and protein contaminants will aid in 

designing a step elution purification process. 
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Figure 3.3: Batch elution data of LVV and protein impurities for Fractogel EMD TMAE 650, Macro Prep HighQ, Q Sepharose HP, Fractogel EMD 
TMAE Hicap M, TSKGEL-Q5PW, Capto Q ImpRes, Eshmuno Q, Amino Sepharose FF, Poros 50D, Fractogel EMD DEE 650, DEAE Sepharose FF. 
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3.4.3 Linear Gradient Screens 

The performance of top resin candidates from the previous elution optimization study was 

assessed in column format by performing linear salt gradient experiments using 0.5mL Repligen 

mini columns. It was decided that clarified and benzonase treated lentivirus harvest supernatant 

will be used as the feed for all column purification processes without the necessary buffer exchange 

of lentiviral vectors into the equilibration buffer. The omission of the buffer exchange step will 

preserve the functional titer of the viral vector and decrease the overall processing steps and time. 

For the purpose of this study, 22mL of clarified and benzonase treated lentivirus harvest 

supernatant with a load challenge of 2×108 vp/mL-resin (approximately) was loaded onto the 

column. The elution of LVV was carried out using a linear NaCl salt gradient from 0-1.5M over 

40CV using pH 6.5 phosphate elution buffer. There is a clear advantage of using pH 6.5 phosphate 

buffer as the elution buffer of choice as it will help in eluting the LVV using lower salt 

concentration which will impact the product stability. Also, from previous stability and elution 

optimization studies, it was seen that pH 6.5 phosphate buffer resulted in higher stability and also 

impacted LVV elution recovery. The linear gradient results are represented in a histogram format 

with each fraction showing the percentage recovery of lentiviral particles and residual protein that 

eluted in that particular fraction as a function of total viral particles and residual protein present in 

the initial load.  

As can be seen from Figure 3.4, TSKGEL Q-5PW and Fractogel EMD TMAE Hicap M, Q 

Sepharose HP resins exhibited elution recovery of 70% approx., while resins like Amino 

Sepharose FF, Capto Q Impres demonstrated viral recoveries between 85-90%; and complete 

100% recovery of viral product was achieved by Macro Prep High Q, Poros D50, and Fractogrel 

EMD TMAE 650. Unlike other resins, Fractogel EMD DEAE 650, DEAE Sepharose FF, and 
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Eshmuno exhibited low elution recovery between 37%-50%. The reason for such low recoveries 

could be the low binding capacities of these resins to lentiviral vector. Also, the load challenge 

used for the column purification process was one order of magnitude higher compared to the load 

challenge used for previous batch experiments, which could explain the discrepancy in elution 

recovery results for batch and column experiments for these resins. 

It was seen that maximum amount of LVV eluted at moderate salt concentration range of 

0.09-0.52M for Amino Sepharose 6FF and Capto Q Impres with 48% of LVV eluting in fraction 

E2 for Amino Sepharose FF, and 52% of LVV eluting in E2 for Capto Q Impres.  The lentiviral 

vector was more strongly retained on TSKGEL Q-5PW, Q Sepharose HP, Fractogel TMAE Hicap 

M, Fractogel TMAE 650, Macro Prep High Q, and Poros D50 which explains the high 

concentration of salt needed to elute the bound lentiviral vector. Due to strong retention of the 

lentiviral vector on these resins, lentiviral vector eluted much later in the gradient and more viral 

titer was observed in E3 compared to E2 fractions.  

Fractogel TMAE 650, Macro Prep High Q, and Poros 50d displayed interesting selectivity 

behavior between the lentiviral product and residual proteins, with most of the contaminating 

proteins eluting in earlier fractions (E1 and E2), while a major amount of lentiviral vector eluting 

in fraction E3 with high purity. From Figure 3.4 it was observed that 61%, 84%, and 77% of LVV 

was recovered in fraction E3 for Fractogel TMAE 650, Macro Prep High Q, and Poros 50D 

respectively. 

The linear gradient results for Amino Sepharose FF indicate that there is good correlation 

between the batch and column results. As can be seen in Figure 3.4, only 6% of proteins co-eluted 

with LVV signifying that almost all residual proteins were removed in the flow-through and wash  
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Figure 3.4: LVV elution recovery and protein clearance for linear gradient experiments with Fractogel EMD TMAE 650, Macro Prep HighQ, Q 
Sepharose HP, Fractogel EMD TMAE Hicap M, TSKGEL-Q5PW,  Capto Q ImpRes, Eshmuno Q,  Amino Sepharose FF,  Poros 50D,  Fractogel EMD 

DEE 650, DEAE Sepharose FF. 
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fractions. The Amino Sepharose FF was one of the resin candidate where good resolution between 

the protein contaminants and LVV product was achieved. While many of the resin candidates 

exhibited good LVV recovery, the following four resins including Amino Sepharose FF, Macro 

Prep High Q, Poros 50D, and Capto Q ImpRes were evaluated further for step elution optimization. 

The decision to evaluate the above mentioned four resin candidates was based on selectivity 

difference between the protein contaminants and LVV product and the moderate salt concentration 

needed to elute the bound LVV. 

3.4.4 Optimization of Step Elution Process 

Following the linear gradient screen of top chromatographic adsorbents, the resin candidates 

comprising of Amino Sepharose FF, Macro Prep 50Q, Poros D50 and Capto Q Impres were further 

evaluated to design an efficient step gradient/elution purification process. Based on the elution 

profile of the linear gradient experiments, salt steps were designed to remove residual protein 

contaminants and to elute bound LVV particles into a fraction pool of higher concentration and 

purity. The column wash was performed with the highest salt concentration that removed the 

maximum amount of impurities without significant LVV loss in the wash fraction. In contrast, the 

elution was performed with the lowest salt concentration that guaranteed maximum recovery of 

LVV particles. Incorporating an efficient step elution process will reduce the downstream 

purification time, thereby contributing to an increased infective titer of LV particles.  

3.4.4.1 Amino Sepharose 6 FF Step Gradient 

The linear gradient elution experiment with Amino Sepharose FF exhibited that 

approximately 64% of LVV particles eluted within a salt concentration range of 0.09-0.92M with 

effective protein clearance greater than 90%. The step gradient elution process of LVV involved 
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removing protein contaminants with a low salt wash step of 100 mM NaCl at pH 6.5, followed by 

elution of LV particles with 800 mM NaCl concentration over 10CV fraction volume. The majority 

of protein contaminants came in flow-through and did not bind to the AEX resin. This could be 

explained by weak anion exchange ligand characteristics of the Amino Sepharose FF ligand and,  

the presence of 150 mM salt concentration in the load would have effectively reduced the binding 

capacity of the contaminant proteins to the resin.  

As shown in Figure 3.5, the implementation of the wash step and subsequent elution with 

800mM NaCl led to an overall 98% protein clearance and LVV recovery of 70% according to the 

RT-qPCR analytical method.  

 

Figure 3.5: Step elution of LVV using Amino Sepharose FF. 
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3.4.4.2 Macro Prep High Q Step Gradient  

The Macro Prep High Q is a strong anion exchange resin with a quaternary amine functional 

group and binds strongly with both lentiviral particles and protein contaminants. The linear 

gradient run with Macro Prep resin exhibited a remarkable selectivity difference between lentiviral 

particles and residual protein, with protein contaminants eluting much earlier in the gradient 

compared to the viral product. Based on the linear gradient elution profile, a salt wash step was 

implemented at 400 mM NaCl to separate protein contaminants; the bound viral particles were 

eluted with a 1000 mM NaCl step, and the column further regenerated with a 1500 mM NaCl step 

to remove strongly bound impurities.  

As can be seen from Figure 3.6, the purification of LVV with this step gradient process 

achieved a high LVV recovery of 77% and an effective reduction of  protein impurities.The 

analysis of total protein content confirmed that the optimized step gradient process was successful 

in achieving 85% protein clearance. 

Figure 3.6: Step elution of LVV using Macro Prep HighQ. 
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3.4.4.3 Poros 50D Step Gradient  

The Poros 50D resin exhibited good resolution of the protein contaminants and LVV 

product. Based on the batch elution study, it could be seen that a low amount of residual proteins 

bound to the resin possibly due to the weak anion exchange characteristics of the DEAE ligand. 

Due to this excellent selectivity behaviour, a step elution process was optimized. A low salt wash 

with 200 mM NaCl removed the majority of proteins bound to the resin, and the LVV was eluted 

with a moderate NaCl concentration of 800 mM. The results of this step elution experiment is 

shown in Figure 3.7. The elution trend of the residual proteins is similar to the Amino Sepharose 

FF, with a significant portion of the protein contaminants removed in the flow-through fraction. It 

was also observed that the elution salt concentration and the LVV recovery were similar for both 

of these resin candidates. Overall, the step elution process for Poros 50D gave an excellent LVV 

yield of 85% while also achieving an equally significant protein clearance of 95%.  

Figure 3.7: Step elution of LVV using Poros 50D. 
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3.4.4.4 Capto Q ImpRes Step Gradient 

The Capto Q Impres was another resin candidate which exhibited high LVV recovery  as 

shown in the previous batch and linear gradient screens. Even though the selectivity between the 

protein contaminants and LVV product was not as good as the other three resins, most of the LVV 

eluted within a moderate salt concentration range during linear gradient experiments. For Capto Q 

Impres resin, it was seen that 45% of residual proteins were removed during the 250 mM NaCl 

wash step, and 99% of LVV was recovered when elution was performed with 750 mM NaCl. In 

spite of being a strong AEX resin-like Macro Prep High Q, it was possible to elute the LVV at 750 

mM NaCl concentration, most likely due to the lower density of Q ligands in the Capto Q ImpRes 

resin. As seen in Figure 3.8, the step elution process for Capto Q ImpRes led to a high LVV 

recovery of 99% while at the same time achieving a protein clearance of 90%.  

 

Figure 3.8: Step elution of LVV using Capto Q ImpRes. 
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So far, all bind and elute process for LVV purification was optimized based on maximum 

residual protein clearance. It was assumed that benzonase treatment of the LVV harvest 

supernatant would reduce the size of DNA impurities to below 5bp, and all the cleaved DNA 

impurities will not bind strongly to the positively charged ligands and will subsequently be 

removed in the flow-through or low salt wash step. Keeping this assumption in mind, the hcDNA 

clearance for the step elution purification process with Amino Sepharose FF, Macro Prep High Q, 

Poros 50D, and Capto Q ImpRes were  analyzed. Table 3.5 summarizes the overall results of the 

step elution experiments, highlighting the LVV recovery, protein and DNA clearance for all four 

step elution experiments. While greater than 50% DNA clearance was observed for Amino 

Sepharose FF, Poros 50D, and Capto Q ImpRes, the DNA clearance was relatively poor for 

MacroPrep High Q mainly because of its  strong AEX characteristics. It is likely that the poor 

DNA clearance could be a result of suboptimal benzonase treatment of the harvest feed prior to 

the AEX capture step. To address the issue of poor DNA clearance, a flow-through purification 

process was optimized with Capto Core 700, as discussed in the next section. Overall, the primary 

objective is to club the flow-through purification step with the optimized bind and elute step to 

achieve significant HCP and DNA clearance and high LVV yield. The design of a two-column 

purification process is further explored in the later section of this chapter. 

 

Table 3.5: Overall results of the optimized step elution process indicating the LVV recovery, protein and 
DNA clearance achieved with Amino Sepharose FF, Macro Prep High Q, Poros 50D, and Capto Q ImpRes. 
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3.5 Conclusions 

Lentiviral vectors are negatively charged around physiological pH; hence anion-exchange 

chromatography has been used to develop chromatographic purification process for lentiviral gene 

therapy vectors. To develop purification strategies, we screened a broad range of resins for 

lentivirus purification. A high throughput batch screening of resins was performed using the 

parallel elution method. From this initial screen, resins including Capto Q Impres, Amino 

Sepharose FF, Fractogel EMD DEAE 650, Fractogel EMD TMAE 650, DEAE Sepharose FF, 

Fractogel EMD TMAE Hicap M, Macro Prep High Q, Q Sepharose HP, TSKGEL Q-5PW, Poros 

D50 and Eshmuno Q were selected as they exhibited LVV elution recoveries greater than 50%. 

Few promising candidates like Capto Q ImpRes, Fractogel EMD DEAE 650, TSKGEL Q-5PW, 

and Poros 50D showed greater than 85% elution recovery.  

Another parallel batch elution screening experiment was performed to examine the clearance 

of protein impurities and obtain more granularity in the LVV elution behavior as a function of pH 

and salt concentration. The batch elution screened helped classify the resin candidates into two 

distinct categories. Category A included resins like Capto Q ImpRes, Macro Prep High Q, Q 

Sepharose HP, DEAE Sepharose FF, Fractogel EMD TMAE Hicap M, Fractogel EMD TMAE 

650, and Eshmuno Q , for whom both LVV and protein elution recovery increased with increase 

in salt concentration. On the other hand, category B resins include Amino Sepharose FF, Poros 

50D, TSKGEL Q-5PW, and Fractogel EMD DEAE 650, which exhibited orthogonal separation 

behavior.  A majority of the protein contaminants were removed in the flow-through and wash 

fractions, and the bound LVV was recovered with increasing salt concentration. For these resin 

candidates in Category B, the elution behavior of protein impurities was basically independent of 

pH and salt concentration.  
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The linear gradient experiments confirmed the good separation behavior of Amino 

Sepharose FF and Poros 50D where majority of protein contaminants eluted in the flow-through 

step. An interesting selectivity difference between protein contaminant and LVV product was 

observed for Macro Prep High Q and Capto Q ImpRes. Finally, based on the retention behavior of 

protein impurities and LVV product during the linear gradient screen, step elution process was 

optimized for Amino Sepharose FF, Macro Prep High Q, Poros 50D, and Capto Q ImpRes. The 

protein clearance was observed to be the highest for the Poros 50D and Amino Sepharose FF step 

elution processes with an effective protein clearance of 95% and 98%, respectively. The step 

elution process with Capto Q ImpRes resulted in the highest LVV elution recovery of 99% while 

achieving a significant protein clearance of 90%. There is further room for improvement in DNA 

clearance with Amino Sepharose FF, Poros 50D, and Capto Q ImpRes exhibiting DNA clearance 

greater than 50%. To effectively reduce DNA impurities, the bind-and-elute capture process of 

LVV will be combined with a flow-through polishing step, and this line of work will be further 

explored in the next chapter. All the LVV elution recoveries have been quantified using the RT-

qPCR method, which provides limited information about the actual functional recovery of the 

lentiviral vector. In the future, functional recovery of LVV particles will be determined using an 

infectivity/transduction assay, and final scale-up studies will be performed with the resin candidate 

who exhibits the highest recovery of functional LVV particles.  

The results obtained from this chapter can also be used to rationally design a purification 

process for gene therapy vectors in the future. From the initial broad resin screening experiments, 

it was observed that weak anion exchange resins tend to exhibit higher LVV elution recoveries 

compared to strong anion exchange resins. This behavior can be explained by the weaker binding 

of LVV to the weak anion exchange ligands which ultimately results in high elution recovery. 
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Also, in the case of weak AEX resins, moderate salt concentration is needed to elute the bound 

LVV, which will ultimately have a pronounced impact in preserving the vector’s stability. It is 

also possible that weaker binding of impurities with the weak anion exchange resin candidates will 

likely result in enhanced selectivity between the LVV product and process-related impurities. This 

is evident from the elution behaviour of protein impurities and LVV product for Amino Sepharose 

FF and Poros 50D, where a significant fraction of protein impurities were removed in the flow-

through fraction, and the bound LVV product was recovered in the eluate pool with high purity 

using moderate elution salt concentration.  

 In addition to this, the effect of ligand density on an anion exchange bind and elute 

chromatographic purification process for lentivirus has not been evaluated to date. However, we 

have some exciting results where good selectivity was observed between protein contaminants and 

LVV product on Capto Q ImpRes resin which has a lower density of Q ligands. Also, high LVV 

recovery was observed at moderate elution salt concentration. This behavior is most likely due to 

a decrease in avidity effects as a result of the low ligand density of the Capto Q ImpRes resin. 

Overall the low ligand density of Capto Q ImpRes resulted in improving the elution efficiency and 

purity. In the future, process development will center around evaluating resins with variable ligand 

densities and weak anion exchange resin candidates in order to take advantage of the above 

mentioned observations while developing a chromatographic purification process for viral vectors.  
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4. Design of a Flow-through and Two-Column Purification 

Process for Lentiviral Vectors1 

4.1 Introduction 

The results from the previous study showed that an additional polishing step is needed to 

reduce the amount of DNA content in the product pool. Even though the IEX bind and elute step 

resulted in high LVV elution recovery and excellent protein clearance, but there was significant 

room for improvement in terms of DNA clearance. The work described in this chapter discusses 

the flow-through purification of lentiviral vector using a new class of chromatographic media 

called Capto Core 700. This flow-through purification results in almost 100% recovery of LVV 

and high clearance of both protein and DNA impurities. Later, this flow-through purification step 

is combined with a bind-and-elute step to explore opportunities for developing an integrated two-

column purification process for LVV.  

4.2 Materials and Methods 

4.2.1 Flow-through Purification using Capto Core 700 

The flow-through experiments were performed with an ÄKTA Explorer 100 system (GE 

Healthcare) equipped with a Frac-950 fraction collector and a P-960 sample pump and controlled 

using Unicorn 5.1 software. The Capto Core 700 resin was packed into a Tricorn 5/50 column 

(Cytiva) with a final column volume of 1 mL. Before sample loading, the column was equilibrated 

with 50 mM phosphate buffer at pH 7.5. About 20CV (20 mL) of clarified and benzonase treated 

LVV harvest supernatant was loaded onto a 1 mL column at a load challenge of 1×109 vp/mL-

 
Portions of this chapter are to appear as: Ghosh, R., Cramer, S.M. (2022). Development of a two-column purification 
process for lentiviral gene therapy vectors. Journal of Chromatography A. 
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resin. After sample loading, column wash was performed over 15 CV using pH 7.5, phosphate 

buffer. The column was then regenerated using 0.5M NaOH over 15CV. Column loading was 

performed at 0.5 CV/min whereas the wash and strip steps were carried out at 1 CV/min. Finally, 

the flow-through  and wash fractions were analyzed for LVV and residual protein content and 

hcDNA content.  

4.2.2 Bind-and-Elute Purification Process 

The bind-and-elute step was performed using an ÄKTA Explorer 100 system (GE 

Healthcare). Before loading, the 0.5mL Macro Prep HighQ column was equilibrated with 50 mM  

phosphate buffer at pH 6.5. The product effluent from the Capto-Core flow-through purification 

step was then loaded onto the 0.5mL Macro Prep HighQ anion exchange column. Following the 

load, the column was washed with 10 CV of 50 mM phosphate buffer at pH 6.5. A salt wash was 

performed with 400 mM NaCl to remove protein impurities. Following the wash, the bound LVV 

was eluted with 1200 mM NaCl. Following the elution, the column was regenerated with 1.5M 

NaCl. All fractions comprising of flow-through, wash, elution and regeneration fractions were 

collected and stored at -80°C for further analysis. All chromatographic steps including load, wash, 

elution and subsequent regeneration was carried out at 1 CV/min.  The percentage protein content 

was analyzed by BCA and Bradford assay whereas the percentage viral content were determined 

by RT-qPCR.  

4.2.3 Analytics 

The viral titer, protein content, DNA content was determined by RT-qPCR, BCA/Bradford 

Assay and by qPCR method respectively. The protocols for these methods are described in detail 

in the previous chapter. 
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4.3 Results and Discussions 

4.3.1 Flow-through Purification of LVV using Capto Core 700 

Capto Core 700 resin is a new class of chromatographic media which combines size 

exclusion with a multimodal ligand containing both hydrophobic and anion exchange properties. 

The resin has a porous inactive outer shell and an octylamine ligand-activated core and is operated 

in the flow-through mode. Since Capto Core 700 has a molecular weight cutoff of 750 kDa, LVV 

with a molecular weight of 250 MDa are expected to be excluded from the pores enabling their 

collection in the flow-through using this negative chromatographic mode. Impurities like HCPs 

and DNA being smaller in size are expected to easily access the pores and to then potentially bind 

to the octylamine ligand, resulting in their removal in this flow through operation.  

Figure 4.1: Flow-through purification of LVV using Capto Core 700 (star denote the regeneration fraction 
which could not be analyzed). 
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To optimize a flow-through purification process for LVV, the Capto Core 700 resin was 

evaluated, and downstream process attributes like virus recovery, HCP & DNA clearance were 

determined. Due to the robust performance of the resin in different pH and salt conditions, as 

highlighted in the product manual, LVV harvest supernatant was loaded directly onto the column 

without any buffer exchange or dilution step. The result from the flow-through purification of LVV 

using the Capto Core resin is shown in Figure 4.1 with the LVV and protein contents represented 

as the percentage of the total virus and protein present in the initial load. As seen in Fig 4.1, the 

flow-through purification step led to almost complete recovery (92%) of LVV, with the virus yield 

being maximum in the second flow-through fraction. Some viral titer was also detected in the first 

wash fraction and accordingly, the product pool was obtained from the first 3 fractions. The 

analysis of the protein content in the product pool  confirmed that the flow-through purification 

process not only resulted in high LVV yield but also achieved significant residual protein clearance 

with only 18 % remaining.  

Two additional runs were performed with two different harvest material to evaluate the 

impact of variable feed stream compositions on process robustness. Table 4.1 describes the LVV 

titer, protein content, and DNA concentration in the two different load materials. As can be seen 

from Table 4.1, load B had higher concentrations of the feed components as compared to load A, 

with a 5, 4 and 10 fold increase of viral titer, residual protein and DNA content, respectively. The 

result from this load variability experiment is represented in Figure 4.2. As expected, changing the 

load challenge in terms of the viral titer did not impact LVV recovery with total recovery of LVV 

in the product pool for both runs. This results confirms that LVV was not able to access the pores 

due to size exclusion and eluted in the flow-through and wash fractions. The protein clearance for 

these two load solutions was also observed to be similar, with protein clearances of 83 and 71 % 
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for loads A and B, respectively. This significant amount of residual protein clearance indicates that 

a large fraction of the HCPs interacted strongly with the octylamine ligand resulting in their 

effective removal from the product pool. It was interesting to find that the DNA clearance 

drastically dropped from 85% to 35% across the two runs. 

 

Figure 4.2: Capto Core flow-through purification runs with variable load ccomposition (Load A and Load B); 
star denote the regeneration fraction which could not be analyzed. 
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One possible explanation behind the poor depletion of DNA with Load B could be due to 

the presence of large DNA size as a result of suboptimal benzonase treatment of Load B. It is quite 

likely that a high concentration of DNA in Load B was causing it to aggregate, and the resulting 

size of the DNA aggregate was excluded from the pores of the resin, causing it to breakthrough in 

the product fraction. It is also possible that a fraction of hcDNA got encapsidated within product 

related impurities like exosomes and extracellular vesicles. The size of the exosomes and 

extracellular vesicles are similar to that of LVV, hence these product-related impurities would 

have been resolved in the flow-through fraction like LVV resulting in poor DNA clearance. 

However, this hypothesis will have to be further proved before arriving at a definite conclusion. 

Overall, this work aimed to design a straightforward flow-through purification process for 

LVV. The flow-through purification process using Capto Core 700 resulted in almost 100% of 

LVV recovery, and protein and DNA contaminants were depleted by more than 80%. It was also 

seen that changing load variables did not impact LVV recovery and protein clearance. However, 

the DNA clearance was affected by the increase in DNA concentration in the load and needed 

further process improvements. Based on the purity standards, the Capto Core 700 can be operated 

as a standalone flow-through purification step or for higher purity requirements; it can also be used 

as a polishing step after a bind and elute step.  

Table 4.1: Comparison of viral titer, protein content, and DNA content in Load A and Load B. 
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4.3.2 Development of a Two-column Purification Process for LVV 

A preliminary two-column purification process was performed by combining the flow-

through purification step using Capto Core 700 with a bind and elute step using Macro Prep High 

Q. There are two different ways of performing the two-column purification process, and they are 

denoted as Process A and B.  Process A involves performing the flow-through chromatography 

step followed by the bind and elute step. The sequence of steps is precisely oppositive for Process 

B, which includes performing the bind-and-elute step first, followed by the flow-through 

purification step. Both these methods have their own set of pros and cons, which will be discussed 

later in more detail. 

For ease of operation, we performed the two-column purification process using the first 

approach. Lentivirus harvest supernatant was loaded onto a Capto Core column, and the product 

fraction was collected. The product effluent from the Capto Core flow-through step was then used 

as the load for the Macro Prep High Q bind-and-elute step. After loading the product effluent onto 

Macro Prep High Q, an intermediate wash was performed to remove protein impurities. Then the 

bound LVV product was eluted with a high salt concentration. The results of the two runs are 

shown in Figure 4.3. As indicated in Figure 4.3, the first flow-through purification step using Capto 

Core resulted in an almost complete recovery of LVV particles (96%). The analysis of protein 

content in the product pool revealed significant protein clearance in the first step, with only 27% 

remaining. The second bind-and-elute step was even more effective in removing the residual 

protein contaminants. As can be seen from Fig 4.3, the wash with 0.4M NaCl removed a majority 

of the protein contaminants. Thus, the bind and elute step using Macro Prep High Q exhibited an 

LVV step yield of 72% and greater than 99% protein clearance. As shown in Table 4.2, the two-
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column purification process resulted in an overall 70% LVV process yield concomitant with the 

removal of more than 99.8% of protein impurities.  

 

 

This mode of purification can be further extended to developing an integrated two-column 

purification process for LVV. Process A makes it possible to design a simple integrated two-

column purification process. The flow-through purification process can be combined with the 

bind-and-elute step, and both the purification process can be operated in a truly continuous manner. 

However, this is easier said than done. Developing a truly integrated process will require further 

process optimization and PAT to monitor critical quality attributes (CQA) round the clock.  

Figure 4.3: Two column purification process of LVV by combining the flow-through purification step using 
Capto Core 700 with a bind-and-elute step using Macro Prep High Q. 

Table 4.2: LVV recovery and protein clearance results from the two-column purification process of LVV. 
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There are other advantages associated with Process A. Since the first step is a flow-through 

step, the LVV is present in a  stable media and buffer composition throughout the purification 

process, and the vector does not see salt high salt until the start of the elution process during the 

second purification step. Thus, Process A facilitates less contact time of salt and LVV, which will 

help preserve the viral vector's stability. Also, the eluted LVV can be collected in a fraction 

collector already pre-filled with stabilizing buffer with no salt, thus guaranteeing immediate 

dilution and stabilization of the eluted LVV product. However, Process A is more prone to fouling 

of the Capto Core column since the incoming harvest supernatant has a higher concentration of 

impurities. Hence, there is a tradeoff between product recovery and the cost of resin material. 

However, it is important to consider that functional LVV has a much bigger contribution to the 

overall COG (cost of goods) in a gene therapy process compared to the resin material. 

On the other hand, Process B can also be operated in an integrated manner if the eluted LVV 

product from the bind-and-elute step is directly loaded onto the Capto Core without any buffer 

exchange or buffer dilution step. However, the elution fraction from the first bind-and-elute step 

will contain salt and will adversely impact LVV stability. It is also possible that the presence of 

high salt concentration will impact the selectivity of protein contaminants and LVV product during 

the second flow-through purification step resulting in poor impurity clearance. However, the Capto 

Core 700 is said to be amenable to salt to a certain extent and provides good impurity clearance 

even at an intermediate salt concentration of 750 mM NaCl. Also, Process B offers another 

significant advantage in terms of low processing time for LVV purification. The bind-and-elute 

step concentrates the LVV product to a significant extent when processing large feed volumes. 

The high concentration factor achieved during the first bind-and-elute step thus reduces the overall 
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processing time and extends LVV stability. All these factors mentioned above will have to be 

considered while developing a two-column purification process for LVV. 

4.4 Conclusions 

The first part of the work was focused on developing a flow-through purification process of 

LVV using Capto Core. Capto Core is a new class of multi-modal chromatographic media that 

combines size exclusion with binding chromatography. It is based on a core bead technology that 

has been developed for the negative mode of chromatographic purification of larger biomolecules 

while at the same time retaining smaller size contaminants. The flow-through purification using 

Capto Core results in complete recovery of LVV product and greater than 80% clearance of protein 

and DNA impurities.  

In the second part, we have described a process for purification of LVV using two orthogonal 

chromatographic separation methods: flow-through using Capto Core followed by a bind-and-

elute step using Macro Prep High Q. The first flow-through step using Capto Core was developed 

to maximize LVV recovery and provide some amount of HCP clearance. The second step 

involving Macro Prep High Q was designed to remove the maximum amount of protein 

contaminants while at the same time recovering LVV in a pure and concentrated product pool. 

Thus, the combination of a flow-through purification process with a bind and elute step is a feasible 

and scalable purification strategy for lentiviral vectors, which results in high impurity clearance 

and guarantees excellent LVV process yield. 

 

 



65 
 

5. Affinity Capture Resins for Adeno-Associated Viral Vectors: 

Impact of Capsid Ratio, Elution pH, and CIP Protocols 

5.1 Introduction 

The work in chapters 2, 3, and 4 focused on developing a bind-and-elute and flow-through 

purification process for lentiviral vectors. In this particular chapter, the downstream purification 

of gene therapy vectors was further extended to adeno-associated viral (AAV) vectors.  

Adeno-associated viral (AAV) vector is a   ̴ 25 nm, non-enveloped viral vector, currently 

being used in over 120 active clinical trials worldwide. The emergence of AAV mediated gene 

therapy trials results from its non-pathogenicity, high transduction efficiency, broad tissue 

specificity and long-term transgene expression (Gu et al., 2018; Samulski & Muzyczka, 2014).  

This growing demand necessitates the development of a robust, scalable purification process for 

AAV. In this regard, both ion-exchange and affinity chromatography have been explored as the 

primary capture step; however, the latter holds a particular advantage. Since affinity interactions 

are highly specific, affinity chromatography results in appreciable AAV yield while at the same 

time achieving a high purification factor. Infact, the purity achieved by a single affinity 

chromatography step is similar to a two or three-step ion-exchange purification process.  

Another major challenge in the AAV biomanufacturing process is the generation of empty 

AAV capsids. Both empty and full AAV capsids have a subtle difference in surface charge 

properties due to the presence of DNA in full capsids. Hence, anion-exchange chromatography is 

the preferred method for separating empty capsids from full AAV capsids. 

This work aims to develop a scalable purification process for AAV and perform bench-scale 

process development. In this study, the affinity purification of AAV9 variants with varying capsid 
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ratios was evaluated with three commercial affinity resins. The commercial resins include two 

AAV9 specific resins (Poros Capture Select AAV9 and AviPure AAV9), and Poros Capture Select 

AAVX resin which has broad specificity to many different AAV serotypes. pH gradient 

experiments were performed to assess the elution pH and the process recovery. The results from 

the pH gradient experiments were used to understand how the varying ratio of the vp3 subunit 

impacts the interaction of the AAV9 serotype with the affinity ligands. In addition, the elution pH 

of the AAV9 variants on the affinity systems provided critical information about the strength of 

interaction of the AAV9 with affinity ligands. During the course of the experiments, the AAV 

elution recovery was observed to decreases over a series of runs. Hence, a CIP method was 

perfected to solve the problem of column fouling and extend the resin lifetime of one of the affinity 

resin candidates. Finally, the effect of the harsh CIP conditions on process robustness was 

evaluated. 

This is an ongoing project being performed in collaboration with Harshal Soni (graduate 

student in Cramer lab). The proposed future work discussed in the last chapter will take a deeper 

dive in understanding more fundamental aspects of the project like AAV adsorption behaviour, 

column fouling mechanism, binding epitope on the AAV capsid, etc. Further, a comprehensive 

work plan has also been laid out for the process development of empty and full capsids separation 

and understanding how different process conditions impact the separation of these capsids.  
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5.2 Background 

5.2.1 AAV Structure 

Adeno-associated virus (AAV) is a non-enveloped virus from the virus family of 

parvoviridae. The AAV virus is icosahedron (T=1) in shape with a diameter of approximately 25 

nm (Samulski & Muzyczka, 2014; Xie et al., 2002). The AAV capsids enclose a single stranded 

DNA of approximately 4.7 kb long. AAV has 3 capsid proteins vp1, vp2, and vp3 which together 

constitute 60 capsid monomers present in a ratio  of 1:1:10 (vp1:vp2:vp3). Out of the 60 capsids, 

VP3 consists of 50 of the 60 capsid monomers, while there are 5 copies each of VP1 and VP2. 

VP3 capsid protein with a molecular weight 62 kDa (approx..) is the major capsid protein and 

consists of almost 85% of the AAV capsid’s protein content and the structure of vp3 is repeated in 

VP2 and VP1. VP1 with a molecular weight of 87 kDa is the largest capsid protein and comprises 

of the entire VP2 sequence in addition to a unique 137 amino acid residues sequence denoted as 

VP1u. Similarly, VP2 contains the entire VP3 sequence along with the 65 amino acid residue 

sequence common to both VP1 and VP2 which is denoted as  VP1/2 common region 

(Venkatakrishnan et al., 2013) . 

Figure 5.1: Comparison of vp1, vp2, vp3 capsid subunits of the adeno-associated virus (AAV). 



68 
 

5.2.2 Downstream Processing of AAV 

With the increasing number of AAV mediated gene therapy trials, the downstream 

processing of Adeno-associated virus (AAV) has become very significant. The overall 

downstream purification process for AAV is typically a 5 step process: clarification, capture 

chromatography, polishing, TFF concentration, and sterile filtration.  

In the upstream part, AAV is produced using four different expression systems: HEK 293 

expression system using transient transfection, SF9/baculovirus expression system (BEVS), 

herpes simplex virus  (HSV1) expression system using BHK21 or HEK 293 cells, and adenovirus-

induced stable cell line based expression system. Even though most process-related impurities like 

host cell DNA, host cell proteins (HCPs), etc., are similar across different expression systems, 

HSV-1, baculovirus, and adenovirus-based expression systems carry the risk of generation of 

adventitious virus in the cell culture feed. Hence, the purification process will have to be catered 

to according to different expression systems. At a research scale, purification of AAV is usually 

performed CsCl (caesium chloride) isopycnic or iodixanol density gradient centrifugation (Strobel, 

Miller, Rist, & Lamla, 2015; Zolotukhin et al., 1999). However, these methods of purification of 

AAV is quite laborious and requires precise training and operation, and the overall 

ultracentrifugation based purification process cannot be adopted at an industrial scale. Figure 5.2 

provides a schematic of a downstream process flow chart of AAV purification for large scale 

manufacturing.  

When AAV is produced via transient transfection of HEK cells, the vector particles are 

released into the harvest supernatant, usually 72 hours post-transfection. However, for all the other 

three expression system, AAV is produced intracellularly, so cells are typically lysed to release 
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the AAV particles. Cell disruption and lysis are usually performed with a repeated freeze-thaw 

process. At an industrial scale, detergents like Triton X-100 (0.1-0.5%) is used for cell disruption 

and for efficient release of AAV particles. After the cell disruption step, a large amount of DNA 

from the host cell and/or from the helper virus are released into the feedstream, and there is a 

tendency for the DNA to aggregate as well as form complex with viral capsids. So, a DNA 

reduction step using benzonase is performed. Benzonase decreases the DNA impurity challenge 

significantly and reduces the risk of oncogenic sequences carrying over to the next step. To remove 

cell debris and other large impurities, clarification is performed with membrane filters of variable 

porosities or with depth filters with a pore size between 0.45-0.8 µm.  

The capture step of AAV has been performed with both ion-exchange chromatography and 

affinity chromatography. Ion-exchange is a straightforward method of purification and is based on 

Figure 5.2: Downstream processing flow chart for AAV purification at industrial. 
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the difference in the surface charge properties of the AAV and other impurities at a specific pH and 

ionic concentration. Both cation-exchange and anion exchange-based methods have been 

evaluated as the primary capture step. Poros HQ (anion-exchange), SP Sepharose (cation-

exchange), Poros HE (cation-exchange) have been used to purify AAV from bulk cell culture 

supernatant (Anderson, Macdonald, Corbett, Whiteway, & Prentice, 2000; Brument et al., 2002; 

Kaludov, Handelman, & Chiorini, 2002; Qu et al., 2007). There might be a subtle advantage of 

using cation-exchange over anion-exchange as the primary capture step. Since hcDNA and a 

majority of HCPs are acidic in nature, these impurities will be resolved in the flow-through and 

wash fractions during cation-exchange purification step, thus providing significant impurity 

clearance.  

On another note, affinity chromatography has been the method of choice for purifying AAV 

on an industrial scale due to highly specific interactions between the affinity ligand and AAV 

capsids. The affinity purification method yields highly purified AAV particles and achieves 

impurity clearance similar to two or three-step ion-exchange chromatography steps. AVB 

Sepharose from Cytiva and Poros Capture Select AAVX from Thermo Fisher are two 

commercially available affinity resins with broad specificity to many AAV serotypes. Other 

serotype-specific affinity ligands have also been commercialized, and they are described in more 

detail in the next section.  

As mentioned above, other adventitious viruses like baculovirus, rhabdovirus, adenovirus, 

and herpes simplex virus can also be generated alongside AAV when a helper virus dependent 

expression system is used. Viral inactivation is usually done by heat incubation to 56°C for 15 min. 

Additionally, uniQure nanofilters with a size cutoff of 50 nm is used to achieve a high level of viral 

clearance (Hermens & Smith, 2018).  
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One of the most challenging aspects of the entire AAV purification train is the efficient 

removal of empty AAV capsids. Empty AAV capsids are devoid of any genetic material but 

otherwise similar to genome containing capsids in physicochemical aspects. The genome 

containing capsids have a lower pI due to the presence of DNA in the capsids, and this difference 

is made use of by separating them using anion-exchange chromatography. Shallow linear gradients 

are performed at high pH conditions using kosmostropic salts to achieve good resolution between 

empty and full particles.  Even then, the separation is not fully efficient and requires a lot of process 

optimization. To remove trace amount of DNA and protein impurities, size-exclusion 

chromatography is performed with Superdex 200, which has an MWCO of 130 kDa. In recent 

days, the applicability of Capto Core 400 and Capto Core 700 is also being explored as a possible 

polishing step. The Capto Core is a core-shell resin with an inactive outer layer and octylamine 

ligand-activated core and provides both size exclusion and a combination of anion-exchange and 

hydrophobic binding characteristics.  

The concentration of the AAV vector to the desired titer value and buffer exchange into the 

formulation buffer is performed with tangential flow filtration (TFF) using filter cassettes or 

hollow fiber membrane. Typical concentration factor of 125 fold to 250 fold is achieved while 

using membranes with 100-300 kDa MWCO (Doria, Ferrara, & Auricchio, 2013; Martin Lock, 

Alvira, et al., 2010). There is a risk of viral aggregation during the concentration step. To mitigate 

the aggregation of AAV, high ionic concentration is often used in the formulation buffer. Finally, 

the sterility of the AAV drug substance is maintained with a 0.2µm microfiltration step.  
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5.2.3 Affinity Chromatography of AAV 

Capture chromatography is the first step of the chromatographic purification process and 

involves binding  the product biomolecule to a chromatographic matrix and selectively elute the 

bound product in a product fool of high concentration and purity. Several modes of 

chromatography including ion-exchange (both anion and cation), hydrophobic interaction 

chromatography have been evaluated as a capture step for adeno-associated viral (AAV) vectors. 

Similar to the mAb process development world, affinity chromatography based capture step is 

being adopted by the industry for AAV purification. 

 Although AAV process yields from the ion-exchange capture step is impressive, but this 

mode of step is less selective compared to the affinity capture step for AAV. The ion-exchange 

purification leads to co-elution of other process related impurities which possess a similar charge 

characteristics or iso-electric point close to AAV vectors. On the other hand, affinity 

chromatography is highly selective and is based on specific interactions between the AAV and 

affinity ligand and achieves a significant level of impurity clearance with good process yields.  As 

a result, ion-exchange capture process for AAV is often followed by additional chromatography 

steps to achieve the same level of purity like a single affinity capture step.  Infact, Terova et al., 

(2018) showed that the purity profile of AAV9 after a single affinity capture step was comparable 

to the purity of AAV9  obtained after a three step ion-exchange (IEX) process using a SDS-PAGE 

method.  

The earliest affinity purification of AAV was performed using A20 antibody which had an 

inherent affinity and specificity to AAV2 serotype (Grimm, Kern, Rittner, & Kleinschmidt, 1998). 

Heparin affinity based column (Poros HE) have also been successfully used to purify AAV2 vector 
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(Anderson et al., 2000). Summerford et al., (1998) and Qiu et al., (2000) showed that heparin 

sulfate is a natural host cell receptor for AAV2 serotype, which explains it's inherent affinity to 

heparin-based resins. It was also seen that a sialic acid based protein called mucin displayed 

affinity towards AAV5 capsid proteins (Auricchio, O’Connor, Hildinger, & Wilson, 2001). As a 

result of this specific affinity between mucin and AAV5 serotype, mucin was conjugated to a 

Sepharose based affinity column and was used to purify AAV5. However, heparin and mucin are 

derived from animal-based components which further prevents the use of heparin and mucin 

affinity based chromatography methods for cGMP purification of AAV vectors.  

Table 5.1 lists all commercial affinity resins which are available for the purification of 

different AAV serotypes. AVB Sepharose from Cytiva was the first camelid nanobody based 

ligand which was commercialized for AAV purification. Nass et al., (2018) evaluated AVB 

Sepharose for the purification of multiple AAV serotypes, including  AAV1, AAV2, AAV5, 

AAV6, and AAVrh10 and showed AAV vector yields ranging between 50-92%. According to the 

product manual from Cytiva, the AVB ligand exhibits high affinity towards AAV1, 2, 3, and 5. It 

has been shown that the AVB ligand interacts with the AAV serotypes through the surface exposed 

SPAFKA epitope (Q. Wang et al., 2015). Based on this work, it was seen that substitution of the 

epitope in AAV8, and AAV9 (low binding AAV serotypes) with SPAFKA epitope greatly 

increased the affinity of these serotypes to the AVB ligand.  

The Poros Capture Select ligands are also based on a single domain heavy chain (VHH) 

fragment of a camelid antibody. As the name suggests the Poros Capture Select AAV8 resin and 

Poros Capture Select AAV9 resin from Thermo Fisher have specific affinity towards the AAV8 

and AAV9 serotype respectively and were developed to purify these serotypes in a single capture 

step. The Poros Capture Select AAVX was developed based on a highly conserved epitoped on 
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multiple AAV serotypes and is classified as the first universal affinity ligand for AAV serotypes. 

In a recent study by Terova et al., (2018) and Toueille et al., (2016); the Poros AAVX resin 

demonstrated very high binding capacity and extreme broad selectivity to a wide variety of AAV 

serotypes (AAV1, AAV2, AAV2_HSPG, AAV4, AAV5, AAV6, AAV6.2, AAV7, AAV8, AAV9, 

AAVrh10, AAVrh32.33, AAV9PHPB, AAV7m8). According to a comparative study performed 

by Toueille et al., (2016), it was shown that Poros AAVX exhibited superior performance 

compared to AVB Sepharose, with the AAVX resin showing greater than 80% binding efficiency 

for many natural and synthetic AAV serotypes. The Poros resins provide high binding capacity of 

AAV greater than 1014 vg/mL-resin because of high ligand density and large pore structure. 

Recently, Avitide commercialized the AviPure AAV9 resin for the purification of AAV9 

serotype. The AviPure AAV9 resin is based on a synthetic peptide linker specific to AAV9. 

Though this resin has not been evaluated according to published literature, but it has been claimed 

to offer improved HCP clearance and much milder elution conditions for AAV9 (pH > 3) (Adams, 

Bak, & Tustian, 2020).  

The binding of the AAV to the affinity ligands is typically performed at neutral conditions 

(pH 7). at low ionic strength. The high avidity effect allows for stringent wash conditions to be 

incorporated to remove non-specifically bound impurities like HCPs and DNA. However, the 

binding of the AAV to the affinity ligand is extremely strong, so elution is performed using low 

pH elution buffers like citrate or glycine-HCl. Table 5.2 shows a summary of published affinity 

purification process for AAV detailing the binding, wash, and elution conditions that are typically 

employed during the purification process.  
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Resin Manufacturer Ligand Particle  
size Base Matrix Binding capacity AAV Serotype 

Specificity 
Operating 

pH 

PorosTM 
CaptureSelectTM 

AAVX 
Thermo 
Fisher 

Scientific 

Camelid 
single 

domain 
antibody 
fragment 

50 µm 

Cross-linked 
poly (styrene-
divinylbenzen

e) 

>1014  vector 
genome/mL-r 

AAV1, AAV2, AAV3, 
AAV4, AAV5, AAV6, 
AAV7, AAV8, AAV9, 

recombinant and 
chimeric versions 

pH 1-10 PorosTM 
CaptureSelectTM 

AAV9 

>1014  vector 
genome/mL-r AAV9 

PorosTM 
CaptureSelectTM 

AAV8 

>1013  vector 
genome/mL-r AAV8 

AVIPure® - 
AAV9 Avitide Synthetic 

peptide 90 µm 
Hardened 
Agarose 
Support 

5×1013 - 5×1014 
vector genome/mL-

r 
AAV9  

AVB 
SepharoseTM  

High 
Performance 

Cytiva 

Camelid 
single 

domain 
antibody 
fragment 

34 µm 
6% cross-

linked 
agarose 

>1012  vector 
genome/mL-r 

AAV1, AAV2, AAV3, 
AAV5 pH 3-10 

CaptoTM  AVB 50 µm 

Highly cross-
linked 

agarose, 
spherical 

Table 5.1: Commerical affinity resins for AAV purification. 
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Resin AAV Equilibrati
on/ 
Binding 

Wash Elution Neutraliz
ation 

Referenc
es 

Poros 
Capture 
Select 
AAVX, 
AAV9, 
and AAV8 
resin 

AAV in 
neutral 
conditiona
l 

pH 6-8, 
0.1-0.2M 
NaCl/KCl 

High salt 
wash 1M 
NaCl, pH 
variation, 
0.05% 
Tween-
20, 0.2M 
MgCl2 

Low pH 
2-3 
elution, 
Additives: 
50% 
ethylene 
glycol, 
MgCl2 
(2M) 

 
Thermo-
Fisher 
product 
manual 

AVB 
Sepharose 

AAV load 
conditione
d with 
0.5M 

50mM Tris, 
0.5M NaCl, 
0.001% 
Pluronic F-
68 Acid, 
pH 8 

Same as 
EQB 
buffer 

50mM 
Sodium 
Citrate, 
200mM 
NaCl, 
0.001% 
Pluronic 
F-68, pH 
3.5 

220mM 
HEPES,44
0mM Bis-
Tris 
Propane, 
200mM 
NaCl, 
0.001% 
Pluronic 
F-68,pH 9 

(Gu et 
al., 2018) 

AVB 
Sepharose 

Nuclease 
treated 
AAV 

1X PBS pH 
7.4 

1X PBS 
pH 7.4 

50mM 
Glycine-
HCl, pH 
2.7 

Tris-HCL, 
pH 8, 1M 

(R. H. 
Smith, 
Levy, & 
Kotin, 
2009) 

Poros 
Capture 
Select 
AAV9 

Nuclease 
treated 
AAV9 

20mM 
Tris-HCl, 
pH 7, 
400-
650mM 
NaCl 

High salt; 
800-
1200mM 
NaCl, 
20mM 
Tris, pH 7 

20mM 
Citrate,  
pH 2.4-3,  
0.2-
0.6mM 
NaCl 

 
(M Lock 
& Alvira, 
2016) 

Poros 
Capture 
Select 
AAV9 

AAV9 
conditione
d to 0.1M 
NaCl 

1X PBS, 
pH 7.4 

1X PBS, 
pH 7.4 

50mM 
Citrate, 
pH 3 

1M Tris, 
pH 9 

(Blessing
, Déglon, 
& 
Schneide
r, 2018) 

Table 5.2: Summary of affinity chromatography of AAV using commercially available affinity resins. 
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5.2.4 Empty AAV Capsids and Separation Using Anion-Exchange Chromatography 

AAV vectors are used in-vivo for gene therapy applications, which makes the impurity 

clearance during the downstream purification process extremely vital. There are mainly two types 

of impurities that need to be separated during the purification process: process and product-related 

impurities. Table 5.3 illustrates the impurities that are typically present in the feedstream during 

the AAV biomanufacturing process. 

One of the product-related impurities that are generated during the AAV production process 

is empty capsids, which are devoid of any genetic material. The amount of empty AAV capsids 

produced in the upstream process is variable and depends on various factors such as expression 

system, transfection efficiency, transgene length and the AAV serotype (Grieger, Soltys, & 

Samulski, 2016; O.-W. Merten, 2016). The empty particles are often present in 20 to 30 fold excess 

of the genome containing capsids in the final feedstream (Martin Lock, McGorray, et al., 2010). 

The exact effect of empty capsids on AAV mediated gene therapy treatments is still not properly 

Table 5.3: Process and product-related impurities associated with AAV biomanufacturing [adapted from 
Wright (2014)]. 
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understood. There are two schools of thought regarding the presence of empty capsids in the final 

clinical product. It has been reported that the presence of empty capsids elicits an unwanted 

immune response (Manno et al., 2006; Mingozzi et al., 2007). Also, the presence of a large number 

of empty capsids reduces the transduction efficiency of the target cells by competing for vector 

binding sites, which leads to an increase in the dosing requirements (Wright, 2014). However, it 

has also been reported that the presence of empty capsids proved beneficial in specific scenarios. 

According to Mingozzi et al. (2013), empty capsids reduced the neutralization of genome 

containing AAV vectors by pre-existing antibodies present in the body by serving as effective 

decoy targets.  

Also, the FDA and EMA guidelines for gene therapy products do not provide any 

quantitative estimate about the amount of empty capsids that should be separated during the 

purification process (FDA, 2020). In fact, the acceptable amount of empty capsids in the final dose 

are often decided on a case-by-case basis and by manufacturers based on risk assessment studies 

(Hebben, 2018). All these factors contribute to the increasing complexity of separating the empty 

capsids from the genome containing ones.  

Even though the affinity purification process for AAV reduces the impurity load in the 

feedstream to a significant extent, but AAV empty capsids are co-purified along with AAV 

particles containing the gene of interest (GOI). Differential separation of the capsids is not 

achieved during the affinity capture step due to the similar structure of the empty and full capsids. 

The empty and full capsids differ from each other in terms of density, so density gradient 

centrifugation using CsCl or iodixanol has been the method of choice to separate these particles 

(Ayuso et al., 2010; Crosson, Dib, Smith, & Zolotukhin, 2018; Hermens et al., 1999; Strobel et al., 

2015). However, ultracentrifugation is not scalable for large scale purification of AAV vectors. 
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The other alternative for separating this product related variant is by employing anion exchange 

chromatography, which is used to separate biomolecules that display different surface charge 

properties at specific pH and ionic strength.  

Since full capsids contain genomic DNA, they are slightly more negatively charged 

compared to empty capsids. In fact, pI of the empty and genome filled AAV capsids were estimated 

to be 6.3 and 5.9, respectively (Venkatakrishnan et al., 2013). This slight difference in pI of the 

AAV capsids is used to design an anion-exchange polishing step to separate empty and full capsids. 

Table 5.4 presents a summary of published reports of empty and full AAV capsids separation by 

anion-exchange chromatography. 

Serotype Stationary Phase Elution condition Yield Purity Ref 

AAV 8 
 0.34mL CIM Q 
analytical 

 Linear gradient: 80-115 mM NaCl, 
20CV, Buffer: 20mM  pH 9 Bis-
Tris Propane buffer 

  Lock et al., 
(2012) 

AAV  
 0.1mL CIM AAV 
full/empty                
analytical 

 Linear gradient from 0-200mM 
NaCl over 16CV in 20mM BTP pH 
10 buffer 

  Fu et al., 
(2019) 

AAV8  1mL CIM Q 
 Linear gradient: 0-200mM NaCl, 
60CV , Buffer: 20mM BTP, pH 9 

80%  
(BIA 
Separations, 
2015) 

AAV 6.2 
 CIMac AAV 
full/empty analytical 

Linear gradient: 0-250mM Tetra 
methyl ammonium chloride, 
Buffer: 70mM BTP, pH 9, 2mM 
MgCl2 

  Wang et al., 
(2019) 

AAV1  POROS HQ 

Linear gradient: 10-125mM 
[(CH3)4N]2SO4 , 38mL , Buffer: 
25mM MDEA 
(methyldiethanolamine), pH 8.4 

50% 95% 
Urabe et al., 
(2006) 

AAV1, 
AAV8 

 0.18mL Mustang S, 
0.18mL        Mustang 
Q Flow through from 
Mustang S loaded 
onto Mustang Q 

Linear gradient: 0-2M NaCl, 50CV, 
Buffer: 10mM MHA buffer (3mm 
MES, 3mM HEPES, 3mM NaAc), 
pH 8 

86% 99% 
Okada et al., 
2009) 

 

Table 5.4: Summary of empty and full capsids separation by anion-exchange chromatography. 
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Various anion-exchange resins like Q Sepharose XL and Poros HQ have been evaluated for 

the separation of the capsids. Qu et al. (2007) used Q Sepharose Xl to develop a scalable anion-

exchange based purification method for removing empty capsids from genome containing AAV2 

capsids. In this work, full particles were eluted with 180mM NH4Ac at pH 8.5 to achieve a 74% 

virus yield and 86-fold reduction of empty capsids. The Poros HQ50 resin has also been used 

effectively for the ion-exchange polishing of full and empty capsids because of the high-resolution 

effects and bimodal pore distribution. Urabe et al. (2006) devised a two-column purification step 

using Poros HQ to remove 95% of empty AAV1 particles with a final vector yield of 50%.  

Membranes and monoliths, based on convective flow properties, have also been evaluated 

to separate empty capsids. The separation of empty and full capsids on CIM-Q monolith was 

performed at pH 9 conditions, and selective wash strategies employed led to the enrichmentment 

of full AAV particles significantly (Dickerson, Argento, Pieracci, & Bakhshayeshi, 2021).The 

final product enriched pool contained 93% full AAV capsids with a 100% vector yield. Okada et 

al. (2009) devised a method of dual ion-exchange membrane chromatography to separate the 

capsids from each other. The combination of flow-through purification using Mustang S followed 

by a bind and elute process using Mustang Q resulted in a highly enriched AAV1 product pool 

with less than 0.8% empty particles. 

Due to similar surface charge properties of empty and full capsids, the differential separation 

of the capsids is achieved by employing an extremely shallow linear gradient process. However, a 

shallow linear gradient process is not suitable for designing a cGMP purification process. It is 

incredibly challenging to maintain batch to batch consistency of AAV vector products when a 

shallow gradient process is employed. Any slight change in the gradient slope will affect the 

overall separation efficiency. To solve this issue, Dickerson et al. (2021) devised a novel method 
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of isocratic wash to remove empty particles, and full particles were then removed using another 

isocratic elution step. The concentration of MgCl2 was systematically altered in the wash and 

elution buffer to achieve greater than 75% enrichment in a single step.  

It has also been shown in the published literature that separation of empty and full capsids 

is favoured at high pH elution condition of pH 9. Wang et al. (2019)  and Urabe et al. (2006) 

evaluated the separation of empty and full capsids by performing a shallow linear gradient in the 

elution pH range from pH 7.5 to 9 and found that the best resolution between the capsids was 

achieved at pH 9 elution condition. Further, it was demonstrated by Dickerson et al. (2021) that 

separation of empty and full capsids was optimum at pH 9 and the resolution was relatively poor 

at pH 8.7 and pH 10, suggesting a very narrow pH range for the effective separation of empty and 

full AAV capsids. It was hypothesized that at pH 8.7, the charge difference between the capsids is 

not significant enough for complete resolution, whereas increasing the elution pH above 9 led to 

an increase in the net charge of both the full and empty capsids and thereby decreased the 

electrostatic charge difference between the two species.  

The selection of salt ions also has an impact on the resolution of empty and full capsids on 

anion-exchange systems. In fact, anti-chaotropic salt ions, such as, such as NH4
+, (CH3)4N+, PO4

3-

, and SO4
2- are more effective in the separation of empty and full capsids compared to NaCl (Urabe 

et al., 2006). In this work, it was shown that the resolution of empty and full capsids improved 

significantly when [(CH3)4N]2SO4 (tetramethyl ammonium sulfate) was used instead of sodium 

chloride (NaCl) during linear gradient elution of AAV1 capsids. Further, Wang et al. (2019) 

studied the effect of quaternary alkyl ammonium salts with different alkyl chains, including 

methyl, ethyl, propyl and butyl, on empty and full separation. It was seen in this study that 

quaterany alkyl ammonium salts achieved better separation of empty and full capsids than NaCl, 
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and the separation improved with an increase in length of the alkyl chains. It can be summarized 

that there is a lack of mechanistic understanding behind the empty and full capsids separation. The 

separation is affected by various factors like resin type, salt ions, pH condition. Also, the surface 

charge properties of the AAV capsid is serotype dependent and is also influenced by the transgene 

length. Based on all this, it can be concluded that it will be extremely difficult to design a platform 

process, rather the purification process will have to cater specifically to each AAV serotype to 

ensure a high degree of separation of the empty capsids and optimum AAV vector yield. 

5.3 Materials and Methods 

5.3.1 Materials 

AAV9 DS (Drug substance) with three different product variants were provided by the 

project collaborator Voyager Therapeutics. The commercial affinity resins PorosTM 

CaptureSelectTM AAVX, PorosTM CaptureSelectTM AAV9, AVIPure® - AAV9 were also provided 

by Voyager Therapeutics.  

5.3.2 Column pH Gradient Experiment 

Chromatographic affinity resin was packed into a 5 mm × 25 mm column and all column 

chromatography experiments were carried out using an ÄKTA Explorer 100 system (Amersham 

Biosciences, Uppsala, Sweden) equipped with a Frac-950 fraction collector and a P-960 sample 

pump and controlled using Unicorn 5.31 software. Equilibration buffer used: 20 mM Phosphate, 

pH 7.2, 200 mM NaCl. Elution buffers used for the pH gradient experiments are as follows: 50 

mM Citrate + 50mM Glycine, 200 mM NaCl at pH 5.5 and pH 2.2. The column was equilibrated 

with 10 CV of equilibration buffer. Following column equilibration, AAV9 DS (in 20 mM 

Phosphate, pH 7.2, 200 mM NaCl) was loaded onto the 0.5 mL affinity column at a load challenge 
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of 1×1013 vg/mL-resin. The bound AAV viral particles were eluted using a pH gradient from pH 

5.5-2.2 over 40CV using 50mM Glycine + 50mM Citrate buffer containing 200 mM NaCl. The 

column was stripped using 100mM Phosphoric acid at pH 2. Following the strip, a CIP was 

performed (further described in the result and discussion section). The eluate and strip fractions 

were immediately neutralized using 1M Tris-HCl, pH 8. All fractions comprising of flow-through, 

wash, elution, strip and CIP fractions were collected and stored at 4°C for AAV titer determination. 

The elution pH of AAV viral particles was determined by measuring the pH of the eluate fractions 

using an offline pH detector.  

5.3.3 Analytics 

The titer of the AAV9 drug substance was determined by measuring the UV absorbance both 

at 260 and 280 nm using a NanoDrop UV Spectrophotometer (Harlow Scientific). The AAV 

samples' titer was then calculated by a UV Absorbance-based method developed by Voyager 

Therapeutics.  

5.4 Results and Discussions 

5.4.1 AAV9 Drug Substance 

The AAV9 variants were supplied as AAV9-C prep, AAV9-P prep, and AAV9-M prep by 

Voyager Therapeutics. The three AAV9 variants have varying capsid ratios of the vp1:vp2:vp3 

capsids proteins. Typically, the WT (wild type) AAV9 has the vp1:vp2:vp3 capsid ratio of 1:1:10 

but the three AAV9 variants that we are evaluating have capsid ratios of 1:1:5 (AAV9-C), 1:1:8 

(AAV9M), 1:1:15 (AAV9-P) respectively.  

The purified AAV9 drug substance was generated by a series of steps comprising of 

benzonase treatment of clarified cell lysate to reduce the size of DNA impurities, followed by pre-
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treatment of the benzonase treated cell lysate using Sartobind STIC-PA to reduce the amount of 

DNA contaminants and other residual proteins, and this was followed by affinity purification of 

AAV9 and an anion exchange polishing step. Finally, the AAV9 DS was buffer exchanged into 

the formulation buffer of 20 mM Phosphate, pH 7.2 containing 200 mM NaCl. 

5.4.2 Determination of Elution pH of AAV9 Variants 

To design an efficient capture step of AAV, three commercial resins comprising of PorosTM 

CaptureSelectTM AAVX, PorosTM CaptureSelectTM AAV9, AVIPure® - AAV9 were evaluated for 

AAV9 purification. The elution pH of the AAV9 variants (drug substance) on the commercial 

resins was determined by performing pH gradient runs from pH 5.5 – 2.2 in 50 mM Glycine-

Citrate buffer. Table 5.5 lists the elution pH range and the elution recovery during pH gradient 

runs performed with the commercial AAV9 affinity resins with the AAV9-C, AAV9-P, AAV9-M 

drug substance.  

 

 

The elution pH of the three AAV9 variants was similar on the three commercial resins. These 

results indicate that different/varying ratios of the vp3 capsid protein on the AAV9 variants did 

not affect the elution pH of the three AAV9 variants on these affinity resins. This observation 

AAV9 
Variant 

Poros CaptureSelect
TM

 AAV9 Poros CaptureSelect
TM

 
AAVX 

AVIPure® - AAV9 

Elution pH Elution 
Recovery 

Elution pH Elution  
Recovery 

Elution pH Elution 
Recovery 

AAV9-M 3.5 - 3.2 63% 4.2 - 3.8 73% 3.5 - 3.2 57% 

AAV9-C 3.3 - 3 61% 4.2 - 3.8 65% 3.5 - 3.2 59% 

AAV9-P 3.2 - 2.9 62% 4.2 - 3.8 63% 3.5 - 3.2 60% 

Table 5.5: Elution pH and elution recovery of AAV-M, AAV9-C, and AAV9-P DS on Poros CaptureSelectTM 
AAV9, Poros CaptureSelectTM AAVX, and AVIPure® - AAV9. 
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could be explained if it is assumed that the binding epitope of the affinity ligands is present in the 

vp3 capsid region. 

As mentioned in the background section, both vp1 and vp2 capsid share sequence similarity 

with vp3 capsid from residue position 203 to 736. Even if the ratio of individual vp3 capsid protein 

is changed, the vp3 sequence will be repeated uniformly in vp1 capsid, vp2 capsid, and vp3 capsid. 

In other words, the entire vp3 sequence from residue position 203 to 736 will be present in each 

of the 60 capsid monomers that make up the AAV superstructure. If the affinity ligand binding 

with the AAV takes place in the vp3 capsid location, it would explain why changing the overall 

capsid ratio had no effect on the strength of binding and did not affect the elution pH of the three 

variants on the affinity resin systems. However, further biophysical studies will need to be 

performed to prove this hypothesis. 

From Table 5.5, it can be seen that AAV9 variants elute between the elution pH range of 3.8 

to 4.2 on Poros AAVX, while the elution pH was observed to be lower for Poros AAV9 and 

AviPure AAV9. The difference in elution pH for AAV9 specific resin (Poros AAV9 and AviPure 

AAV9) and Poros AAVX resin reflect the strength of binding AAV9 variants with the ligand, 

respectively. Poros AAVX being a universal ligand, has broad specificity to many AAV serotypes 

and binds weakly to the AAV9 variants compared to the other two resins which have been 

specifically designed to bind only with the AAV9 serotype.  

It is also worth noting that the elution pH of the AAV9 variants was similar on Poros AAV9 

and AviPure AAV9 resin despite different affinity ligand characteristics. Poros AAV9 is a 

nanobody based ligand, whereas AviPure AAV9 is a synthetic peptide based affinity ligand. 

Identical elution pH on these two systems indicates similar strength of binding of the AAV with 
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both these ligands; however additional biophysical studies will need to be performed to support 

this hypothesis. The biophysical experiments to evaluate the binding affinity and find out the 

location of the binding epitope of the affinity ligand on the AAV capsid is described in more detail 

in the future section of this thesis.  

The elution recovery of the pH gradient runs was observed to be approximately 60% or 

greater than 60% in some cases. For AviPure AAV9 media, some AAV9 viral titer could be 

detected in the flow-through fraction even with a 4 min residence time load condition. No trace of 

AAV was found in the flow-through and wash fractions for the Poros resins (Poros AAVX and 

Poros AAV9). It is possible that slow pore diffusion of the virus resulted in a breakthrough in the 

flow-through fraction for AviPure media. On the other hand, the Poros media has a bimodal pore 

distribution with an average pore size between 100 – 500 nm, which explains the fast adsorption 

kinetics of the virus on Poros media.  

It is also worth mentioning that a small virus peak was detected when the column was 

stripped with 100 mM phosphoric acid at pH 2, but the virus amount in the strip fraction was too 

dilute to be appropriately quantified. It was difficult to close the mass balance for the AAV content 

during the pH gradient runs, and it was hypothesized that some AAV was strongly bound to the 

resin and could not be recovered during the elution and strip steps. Proper understanding of the 

binding mechanism of the AAV9 to the affinity ligand can shed some light on the observed 

phenomena. 

5.4.3 CIP Steps to Improve Resin Lifetime 

While evaluating the Poros affinity resins for the capture of AAV, it was observed that the 

elution recovery gradually decreased during repeat pH gradient experiments with the AAV9 
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variants on the same resin. In one scenario, the elution recovery of AAV9 decreased from 80% to 

25% during repeat runs performed with Poros AAVX affinity resin (data not shown). A similar 

reduction in elution recovery numbers was also observed while performing repeat runs with Poros 

AAV9 resin. A likely explanation behind the decrease in elution recovery is column fouling. 

However, it was interesting to note that column fouling did not affect the binding capacity of the 

resin. Instead, column fouling resulted in a decrease in elution recoveries over time.   

As mentioned in the previous section, it was hypothesized that AAV was still bound to the 

resin after the chromatographic purification step. Hence, it was decided to incorporate a cleaning-

in-place (CIP) step after every run to sanitize and remove substances stuck to the column and 

extend the column lifetime. It was also deemed necessary to devise a robust CIP method due to 

the high cost of the AAV specific affinity resins. Low concentration of NaOH combined with anti-

chaotropic salts like NaCl or Na2S04 are commonly used as CIP reagents for chromatographic 

resins. However, the nanobody based Capture Select AAVX, and AAV9 affinity ligand has limited 

stability to caustic reagents, so the use of NaOH was avoided. During initial pH gradient runs, the 

CIP (cleaning-in-place) was performed with 3M guanidine hydrochloride at the end of the 

chromatographic purification process. The purpose of using guanidine hydrochloride was to 

denature the proteins stuck to the column and remove them effectively during the CIP step. 

However, the 3M guanidine hydrochloride CIP step was unable to solve the column fouling 

behavior as discussed earlier in this section.  

A new CIP method was suggested by project collaborators at Voyager Therapeutics during 

the optimization of the CIP step. This new CIP method involved implementing a 6M guanidine 

hydrochloride cleaning step at a residence time of 8 mins over 5CV, both pre and post use of the 

column. The efficacy of the proposed CIP method was evaluated by conducting a resin life cycle 
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study. The life cycle study involved performing repeat bind and elute runs with purified AAV9 

drug substance while incorporating the CIP step for each run, and the AAV elution recovery was 

monitored for all runs. The AAV recovery plots from the resin life cycle study with the double 

guanidine hydrochloride CIP step are shown in Figure 5.3. For the Poros AAV9 resin, the elution 

recovery remained consistently greater than 60% during 6 cycle runs. Further, the elution recovery 

stabilized around 70% after 3 cycle runs. Experiments performed by project collaborators 

exhibited that the double guanidine hydrochloride CIP method maintained consistent virus yield 

up to 20 cycles for the Poros AAV9 resin. Additional process attributes like HCP clearance, and 

DNA clearance were also determined by our project collaborators and indicated that the impurity 

clearance remained consistent over 20 life cycles for Poros AAV9 system. 

However, it was interesting to note that this CIP method did not work for Poros AAVX resin 

even though both the stationary phase have the same base matrix and bead morphologies and differ 

only in the structure of the nanobody based affinity ligand. From figure 3X, it can be seen that the 

elution recovery decreased from 73% at cycle 1 to 37% at cycle 5. Further optimization is needed 

to guarantee consistent virus yield over different life cycles for Poros AAVX system. The effect of 

this CIP method on AAV elution recovery is still ongoing for AviPure AAV9 resin, but so far, 

consistent recoveries have been reported till cycle 5. As mentioned earlier, column fouling 

typically leads to a decrease in the binding capacity of the resin over time. Surprisingly during the 

life cycle study with Poros resins, no trace amount of virus was detected in the flow-through 

fraction, thus confirming that the fouling did not reduce the resin capacity for the virus. However, 

the exact mechanism behind the recovery issues associated with the column fouling is still not 

properly understood. In future, life cycle study of the affinity resin will be conducted with clarified 

AAV9 feedstock and elution pH, virus yield, and impurity clearance will be determined for each 
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cycle. The effect of 1 hour of static hold of 6M guanidine hydrochloride on column's performance 

is also of particular interest and will be evaluated in future.  

In hindsight, the resin life cycle study with Poros AAV9 demonstrated that the new CIP 

method encompassing both pre and post use step resulted in consistent AAV product recoveries 

over 20 cycles while achieving good purity standards. Further, a schematic of an experiment plan 

is discussed in the future work section to understand the column fouling mechanism using confocal 

laser scanning microscopy.  

Figure 5.3: Virus yield during life cycle study of Poros CaptureSelectTM AAV9, Poros CaptureSelectTM 
AAVX, and AVIPure® - AAV9 using double guanidine hydrochloride CIP method. 
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5.4.4 Effect of GdHCL CIP on Process Robustness 

The effect of 6M double guanidine hydrochloride on the camelid nanobody based affinity 

ligand (Poros media) is particularly harsh. Increased contact time between the affinity ligand and 

guanidine hydrochloride may affect the structure of camelid nanobody and alter the specific AAV 

binding epitopes on the ligand. The change in the native structure of the affinity ligand may affect 

the binding strength of the ligand to the AAV virus and can cause a difference in the elution pH of 

the virus. For process robustness, the elution recovery in different eluate fractions and the elution 

pH range of AAV9 variants over 5-6 life cycles were compared for Poros AAV9 resin. The life 

cycle study results for Poros AAV9 resin with AAV9-M, AAV9-C, and AAV9-P prep are 

presented in Figure 5.4. From the Poros AAV9 life cycle results with AAV9-M prep, it can be 

seen that AAV9-M elutes within E15, E16, and E17 eluate fractions corresponding to an elution 

pH range of pH 3.5 – 2.95. The elution recovery in the three eluate fractions and the elution pH 

range remains consistent over 6 cyles indicating that the harsh CIP method did not affect the 

interaction of AAV with the affinity ligand till 6 life cycles. Similar observations were reported 

for life cycle studies conducted with AAV9-C and AAV9-P prep.  

The use of 6M guanidine hydrochloride CIP step could also lead to possible leaching of the 

affinity ligand in the product fractions, which will hamper the design of a cGMP process. 

Commercial ELISA kits are available to quantify the amount of leached affinity ligand in the 

product fraction and will be evaluated in future.  
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Figure 5.4: Process robustness study to evaluate the impact of double guanidine CIP method on elution pH 
during resin life cycle study of Poros Capture Select AAV9. 
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5.5 Conclusions  

In this work, three commercial affinity resins including PorosTM CaptureSelectTM AAVX, 

PorosTM CaptureSelectTM AAV9, AVIPure® - AAV9 were evaluated for the affinity purification 

of three AAV9 variants (AAV9-M prep, AAV9-C prep, and AAV9-P prep) with varying capsid 

ratios. pH gradient experiments were performed to determine elution pH and AAV elution 

recovery on these systems. The elution pH of the three AAV9 variants was similar on the affinity 

resin systems signifying that varying capsid ratios did not impact the strength of binding of the 

AAV variants with the affinity ligands. This result provides a crucial hypothesis about the location 

of the binding epitope of the affinity ligands in the vp3 capsid region. Further, it was also seen that 

the AAV9 eluted at a higher pH range on AAVX resin compared to the other AAV9 serotype-

specific ligands, signifying weaker binding with this broad serotype based affinity ligand. 

Additionally, the Poros Capture Select resins were observed to be prone to fouling after 4 or 5 

column runs, so the efficacy of the guanidine hydrochloride CIP (cleaning in place) step was 

evaluated. Performing a double guanidine hydrochloride sanitization, both pre and post-column 

run extended the column lifetime of Poros Capture Select AAV9 resin and gave consistent AAV 

yields and good impurity clearance. However, the double guanidine CIP step failed to extend the 

lifetime of Poros AAVX resin, signifying the need for further improvements. Future work in this 

space will include performing affinity purification of AAV from crude mixtures and designing 

confocal microscopy based experiments to understand the column fouling behaviour. Finally, a 

comprehensive experimental plan has also been proposed in the future work section of this thesis 

to optimize the polishing step for empty and full AAV capsids separation.  
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6. Exploring Cell Separation of HUVECs and Dermal Fibroblasts 

using Affinity Peptide Conjugated Dynabeads®1 

6.1 Introduction 

With the advent of cell-based therapies, it has become really important to develop an 

effective separation system for large scale cell separation. In the last few years, many separation 

methods have been used for the isolation and enrichment of specific cell population but with the 

development of new cell-based therapeutics such as CAR-T, there is a growing need to come up 

with novel separation technique which will improve purity as well as being cost-effective at the 

same time. This work is based on a proof of concept study to develop an affinity-based method for 

cell separation. We have selected a model system of two cell types: Fibroblasts and HUVEC 

(Human umbilical vein endothelial cells), and phage display has been used to screen out specific 

ligands to these cell types. 

Phage display is an affinity-based selection method that is used to identify and select ligands 

that bind to a target biomolecule with high affinity and specificity. In this display technique, a 

simple bacteriophage is engineered to display a biomolecule by genetically fusing the encoding 

DNA to a phage coat protein (G. Smith, 1985). Based on this approach, libraries have been 

generated to display peptides, cDNA, antibodies, scFvs on filamentous phage (M13), and other 

phage types such as T7 (Crameri, Achatz, Weichel, & Rhyner, 2002; Hoogenboom et al., 1998). 

The affinity ligand selected from the phage screening process has been used for various 

applications, including drug delivery, binding to hematopoietic stem cells, labeling of cell line (Lu 

 
Portions of this chapter are to appear as: Ghosh, R., Mullerpatan, A., Kamaldinov, T., Baltazar, T., Karande, P., 
Cramer, S.M. (2021). Developing affinity peptide-based cell separation using phage display. Scientific Reports 
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et al., 2010), discovering new membrane receptors (Daquinag, Zhang, Amaya-Manzanares, 

Simmons, & Kolonin, 2011), and identifying stem cell biomarkers among other applications (R 

Derda et al., 2010; Lu et al., 2010; Nowakowski et al., 2004). 

Phage bio-panning against complex targets such as extracellular proteins or cell surface 

receptors should be performed up to limited bio-panning rounds. There are more chances of 

amplification bias or selection of false-positive candidates due to non-specific phage binding with 

increasing bio-panning rounds. Prior studies have shown two main problems that are encountered 

during phage display based bio-panning method: (i) Loss of sequence diversity of phage pools 

during the amplification of phages in bacteria (Ratmir Derda et al., 2011; Thomas, Golomb, & 

Smith, 2010); (ii) Risk of losing actual phage clones which propagate slower than non-binding 

phages (’T Hoen et al., 2012).  

The general goal of this work is to design affinity ligands specific to a cell type using a 

combinatorial phage display library and evaluate downstream applications. The objective of the 

work presented in this chapter can be broadly divided into four main parts: 

1. Design of phage screening experiment to identify affinity ligand 

2. Evaluate the binding strength of fluorescence-labelled peptides with the target cell 

3. Investigate the specificity of lead peptide against the target cell using flow 

cytometry 

4. Explore downstream applications: Cell separation using peptide-functionalized 

Dynabeads® 
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6.2 Background 

6.2.1 Phage Bio-panning with Cells 

In traditional phage bio-panning methods, phage libraries are applied to antigen or target 

immobilized on a plate or other solid phases. This method is not applicable when ligand needs to 

be selected against cell surface receptors or when the target antigen is unknown. The ligand 

selected against a transmembrane protein/receptor, when immobilized on a solid support, may not 

bind to the protein expressed on a cell surface in its native form (Stark, Venet, & Schmid, 2017).  

To overcome this difficulty, phage bio-panning strategies have been designed to target 

antigens in their native conformation at the surface of cells (Even-Desrumeaux & Chames, 2012). 

Previous work has shown that it’s possible to directly select antibodies or peptides binding to cell 

surface receptors by incubating phage libraries with entire cells (Andersen et al., 1996; Barry, 

Dower, & Johnston, 1996; Cai & Garen, 1995). 

Figure 6.1 provides a general description of the steps involved in cell-based phage bio-

panning. The phage bio-panning procedure consists of challenging a large complex phage library 

of 109-1011 unique clones against the target cell, followed by removal of unbound phage particles 

and systematic wash conditions to remove non-specific bound phages and then elution of bound 

phages and subsequent amplification of the eluted phage clones by infection of host bacteria. These 

successive bio-panning rounds result in a highly enriched phage library which binds to the target 

with high affinity and specificity. Finally, each phage clone in the enriched library contains the 

specific genetic code of the displayed affinity ligand, which allows for the identification of the 

specific ligand by sequencing the DNA from the phage clone. 
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6.2.2 Fibroblasts and HUVECs 

Fibroblasts are one of the most common cells of the connective tissue. Their primary 

function includes the synthesis of collagen and extracellular matrix proteins (ECM). As immature 

cells, fibroblasts can differentiate into other connective tissue cells such as osteoblasts, 

chondroblasts. Examples of fibroblasts extracellular markers: CD10, CD29, CD47, CD81, CD91, 

CD121a. 

HUVECs (Human umbilical vein endothelial cells) are isolated from the endothelium of 

veins from the umbilical cord. This cell type has been extensively used as a model system to study 

the function of endothelial cells. Examples of endothelial cell extracellular markers: CD31, CD34, 

CD54, CD61, CD62E (E-Selectin), CD105 (Endoglin), CD106 (VCAM-1), CD144 (VE-

Figure 6.1: Schematic of phage bio-panning with cells. 
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Cadherin), CD146 (MUC18, Mel-CAM), CD201 (EPCR), CD202b (Tie2/Tek), CD309 

(VEGFR2-Flk-1), Podoplanin, VEGFR3. 

6.2.3 Cell Separation 

During the past decade, separation of stem cells and immune cells such as T cells have gained 

significance due to their use in diagnostic and clinical applications. However, there are many 

challenges in the development of effective methods for large scale cell separations. An effective 

separation technique should guarantee high purity and yield while at the same time maintaining 

cell viability. Cell separation methods can be broadly divided to two methods: (i) physicochemical 

based and (ii) affinity based. Table 6.1 illustrates the two main methods of cell separation. 

 

Physicochemical Based Affinity based 
Separation based on physicochemical 
properties 

 Size and density (centrifugal 
elutriation and density gradient 
centrifugation) 

 Light scattering properties (cell sorter) 
 Membrane potential, electrical 

impedance and charge (aqueous two 
phase system, free flow 
electrophoresis) 

 

Separation based on affinity interactions 
 Cell separation on affinity matrices  
 Flow cytometry 
 Magnetic bead based separation 
 Magnetic activated cell sorting 

 
The mechanism of these methods are explained in a brief and concise manner: 

Physicochemical based separation methods: 

 Density gradient centrifugation : target cells accumulate at a position where density of 

medium matches to that of cell 

Table 6.1: Broad overview of cell separation technology. 
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 Field flow fractionation (FFF) : Cells separated based on size & morphology when exposed 

to inertial / non inertial forces 

 Dielectrophoresis (DEP) : sorts cells based on intrinsic electro-physical properties of cells 

 Static adhesion separation / Pre-plating : Stem cells tend to adhere to culture plates or 

dishes 

Affinity based methods:  

 FACS (Fluorescence activated cell sorting) 

o achieves high purity (95% or higher) cell population 

o expensive equipment 

o limited throughput ( 107 cells/hr) 

 MACS (Magnetic activated cell sorting) 

o Separation using antibody-coated magnetic beads 

o achieves faster separation ( 1011 cells/hr) 

o Cell separation purity is a concern (75%) 

Other emerging methods include: 

 SELEX (Systematic evolution of ligands by exponential enrichment): uses RNA, ssDNA 

or modified nucleic acids as aptamers to selectively capture target cells 

 pNIPAAm (poly N-isopropylacrylamide) in ATPS : temperature sensitive polymer with 

conjugated antibodies binds to target cells 

 Microfluidics Platform : miniaturization of devices/processes aimed towards cell isolation, 

consumes less sample and reagent 
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6.3 Materials and Methods 

6.3.1 Cell Lines and Cell Culture 

The HUVEC cell line was cultured in EGM-2 media from Lonza. The cells were grown at 

37°C with 5% CO2. The growth media was changed every 48 hours and the cells were passaged 

once a week. Fibroblast cells were cultured in DMEM containing 10%FBS. The cells were grown 

at 37°C with 5% CO2. The growth media for the fibroblast was changed every 48 hours and the 

cells were passaged once every 4 days. 

6.3.2 Phage Screening Experiment 

6.3.2.1 Screening of Fibroblast Specific Phages 

This screening was conducted to select for phage clones that bind to fibroblast cells and not 

to HUVECs. Two screening strategies were conducted. Screening strategy I involved one negative 

selection against HUVECs followed by the positive selection against fibroblasts whereas 

Screening strategy II involved three negative successive negative selection against HUVECs 

followed by one positive selection against the fibroblasts. The experiment method is outlined in 

more detail below: 

For the phage bio-panning experiments using screening strategy I, 1×105 cells/well were 

seeded in 12 well plate and grown to confluency over 48 hours. A commercial Ph.D-12 phage 

display library was used for the bio-panning process. The commercial library consists of a 

combinatorial library of random 12 mer peptide fused to the N-terminus of the minor coat protein 

(pIII). Each bio-panning round consisted of a negative selection step, followed by a positive 

selection step. Prior to phage incubation, the growth media was removed, and the cells were 

blocked for 1 hour using the blocking buffer (3% BSA in DMEM). After blocking, 10ul of phage 
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library containing 1.5×1011 phages were suspended in 1mL of PBS (1%BSA with Ca2+, Mg2+) and 

added to the HUVECs (negative selection) and incubated at room temperature for 30 mins with 

mild agitation. The supernatant (consisting of phages that did not bind to the HUVECs) was 

transferred to a well containing fibroblast cells (first positive selection) and incubated at room 

temperature for 1 hour with mild agitation. Three wash steps of 5 minutes each were performed 

on the fibroblasts using PBS (with 1% BSA and Ca2+, Mg2+). Phages bound to the fibroblasts were 

then eluted by adding 1mL of the elution buffer (0.1M glycine-HCl, 0.1%BSA, pH 2.2). The eluted 

phages were then neutralized with the neutralization buffer (0.1M Tris-HCl, pH 9.1). The 

neutralized phage eluate was subjected to titering and and amplified using the E.coli strain 

ER2738. This bio-panning procedure consisting of one negative selection step against HUVECs 

followed by positive selection step against fibroblast was performed for three rounds.  

Using the screening strategy II, the phage bio-panning scheme was modified to include a 

more stringent selection technique. Each bio-panning round included a series of three negative 

selection steps followed by one positive selection step. About 1.5×1011 phages from the eluate pool 

of the third bio-panning round were taken and challenged against HUVECs for 30 mins (first 

negative selection). The phages that didn’t bind to HUVECs were recovered and tested against 

HUVECs (second negative selection) for 30 mins. The non-bound phages from the second 

negative selection step were taken and challenged against HUVECs for another 30 mins (third 

negative selection). Finally, the phages that didn’t bind to HUVECs in all the three successive 

negative selection steps were recovered and incubated with the fibroblast cells for 90 mins 

(positive selection). The fibroblast cells were washed three times to remove low-affinity or non-

specifically bound phages, and the bound phages were eluted and titered. This entire cycle of three 

successive negative selection followed by one positive selection was repeated for five cycles. 
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6.3.2.2 Screening of HUVEC Specific Phages 

The screening procedure was similar to the fibroblasts phage screen. The overall objective 

was to select phages that bind to HUVECs and do not bind to fibroblasts. Similar to the fibroblast 

screen described above, the screening strategy I for HUVECs consisted of one negative selection 

step against fibroblast cells, followed by the positive selection step against HUVECs and the bio-

panning rounds were performed three times. The phage screening strategy II for HUVECs was 

designed similar to the fibroblast screen. Each bio-panning cycle included three successive 

negative selection against fibroblast cells followed by one positive selection against HUVECs, and 

the entire bio-panning cycle was conducted for five rounds. 

6.3.3 Phage Enrichment Experiments 

An immunofluorescence assay was  used to determine the phage enrichment over different 

eluate pools. The cells were first seeded in 96 well plate (104 cells/well) and were grown to 

confluency over 48 hours and fixed with 4% paraformaldehyde for 15 min at room temperature. 

The cells were then washed twice with PBS for 5 min each. The cells were then blocked with 3% 

BSA (in PBS) for 2 hours at room temperature. After the blocking step, the cells were washed 

three times with PBS for 5 min each. The amplified phage clones (1×1012) from different eluate 

pools were suspended in 200uL of PBS and were added to each well, and the plate was incubated 

at room temperature for 2 hours with mild agitation. After three washes, the cells were incubated 

with mouse anti M13 phage antibody (diluted 1:1000 in PBS) at RT for 2 hours. After 3 repeated 

washes, the cells were incubated with Alexa 488 anti-mouse secondary antibody (diluted 1:1000 

in PBS) at RT for 2 hours. After the secondary antibody incubation, the cells were washed three 

times with PBS for 5 min each, and the fluorescent signal was read on a microplate reader (Tecan 

M100 pro). 
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6.3.4 Synthesis of Labelled Peptides 

The phage sequencing results were used to synthesize labelled peptides. The peptides were 

synthesized with a C-terminal 5(6)-Carboxyfluorescein labelled lysine, by solid-phase peptide 

synthesis on the Intavis AG Multipep RS. The synthesis method was based on Fmoc 

(Fluorenylmethoxycarbonyl) chemistry. The peptide purity was determined using a Waters BEH 

C18 reverse phase chromatography column on a Waters ultra-performance liquid chromatography 

(UPLC) system. Peptides for the dynabeads immobilization step were purified using the Waters 

BEH C18 reverse phase chromatography column on a Shimadzu HPLC system. 

6.3.5 Binding of Cell-Specific Peptides 

For cell-binding experiments, cells were seeded in 96 well plate (104 cells/well). The cells 

were grown to confluency over 48 hours and fixed with 4% paraformaldehyde for 15 min at room 

temperature. The cells were then washed twice with PBS for 5 min each. The cells were then 

blocked with 3% BSA (in PBS) for 2 hours at room temperature. After the blocking step, the cells 

were washed three times with PBS for 5 min each. A standard 10uM concentration was prepared 

for all peptides and added to each well, and the plate was incubated at room temperature for 2 

hours with mild agitation. After the peptide incubation, the cells were washed three times with 

PBS for 5 min each, and the fluorescent signal was read on a microplate reader (Tecan Infinite 

M1000 pro). Each experiment was performed in triplicate. 

6.3.6 Flow Cytometry of Fibroblast and HUVEC Specific Peptides 

For flow cytometry studies, adherent cells were first trypsinized from T-175 culture flask 

using TrypLE for 5 min at 37°C. The cells were washed with PBS containing 1%BSA. After the 

wash step,  ̴ 2 x 106 cells/mL were incubated with 10uM labeled peptide for 30 mins at room 
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temperature. The cells were washed twice with the wash buffer (PBS, 1%BSA), suspended in 1 

mL of PBS and then analyzed using the BD LSR II (BD Biosciences) flow cytometer. All the data 

were processed and analyzed using FlowJo 7.2.2 (Treestar Inc, Ashland). The control experiments 

were performed by incubating the cells with 10uM low-affinity control peptide. To test for 

specificity, the peptide was also incubated with the negative selection cell type. 

6.3.7 Cell Separation using Dynabeads 

The peptides were coupled with M-450 Epoxy Dynabeads via primary amine as described 

in the Invitrogen protocol. The peptide coupled dynabeads were washed and incubated with the 

2×106 cells suspended in growth media for 30 min at 4°C with gentle tilting and rotation. After the 

incubation step, the dynabeads were separated using a magnet, and the supernatant was collected. 

The cells in the supernatant were counted using a hemacytometer. 

6.4 Results and Discussion 

6.4.1 Phage Screening  

For the identification of affinity peptides selective to fibroblasts, the phage screening 

protocol was designed to screen out phage clones that bind to fibroblasts but not to HUVECs. To 

this end, three successive phage bio-panning rounds were performed, and each round involved a 

negative selection against HUVECs followed by a positive selection against fibroblasts. Figure 6.2 

shows a schematic of this protocol. As indicated in Figure 6.3, a second phage screening protocol 

was performed over 5 bio-panning rounds, which involved an even more stringent selection and 

wash technique to select for phage clones that bind to the fibroblasts with high affinity and 
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specificity. The expected outcome from the phage screening protocol was to identify an affinity 

peptide that shows high binding and specificity to the target cell.  

 

Along with the phage screening protocol described above for fibroblasts, a parallel phage 

screening was carried out to identify affinity peptides that displayed strong affinity and specificity 

to HUVECs. This screening protocol was performed similar to the fibroblast phage screening 

strategy except that in this case, fibroblasts were treated as the negative target while selecting for 

phage clones against HUVECs. The first phage screening protocol for HUVECs involved negative 

selection against fibroblasts followed by targeting the unbound phage with the HUVECs, and this 

bio-panning was repeated over 3 rounds. In the second phage screening strategy, the phages were 

Figure 6.2: Phage display schematic to select for fibroblast specific phages (Screen I). 
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challenged against the fibroblasts three successive times, and the final selection was performed 

with the HUVECs, and this approach was further repeated over 5 bio-panning rounds. 

48 phage plaques were randomly selected from each eluate pool of the third bio-panning 

rounds of the fibroblast and HUVEC screens and sequenced. From the second phage screening 

strategy, 12 phage plaques from the sixth bio-panning round and 24 phage clones from the eighth 

bio-panning round were randomly selected from the eluate pool corresponding to each fibroblast 

and HUVECs phage screen. Based on the results, the peptide sequences from both screens were 

identified and synthesized with a C-terminal fluorescent dye.  

 

Figure 6.3: Second phage screening schematic to select for fibroblast specific phages (Screen II). 
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6.4.2 Phage Enrichment 

After the three bio-panning rounds, the phage eluate from all three rounds was used to 

determine the phage enrichment. To compare the binding affinities of phage pool from different 

bio-panning rounds, 1012 phage particles from each eluate pool was challenged against both the 

fibroblast and endothelial cells and their binding strength determined by immunofluorescence 

assay.  As seen in Figure 6.4, the red and blue bars represent the binding strength of the phage 

eluates from different rounds to fibroblasts and HUVECs, respectively. It was observed that with 

increasing rounds, the binding of the phage eluate to the fibroblast increased. On the other hand, 

the binding of phage to endothelial cells decreased with increasing rounds. 

As seen in Figure 6.5, the phage enrichment for HUVEC screen shows a similar trend like 

the fibroblast screen. With increasing bio-panning rounds, the eluate pool got enriched and bound 

strongly with the endothelial cells which is the positive target. The binding strength of the eluate 

pool to fibroblasts decreased with more bio-panning rounds. This increase after three rounds of 

Figure 6.4: Phage enrichment for fibroblast screen. 
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screening indicated that designing correct bio-panning schemes facilitated the identification of 

phages that bound to the target cells. 

 

 

6.4.3 Binding of Cell-Specific Peptides 

The peptide sequencing results were used to synthesize peptides with a C-terminal 

fluorescent dye. The label was placed at the C-terminus since the peptide was displayed at the N 

terminal end of the pIII protein of the phage particle. A fluorescent spectroscopy assay  was 

designed to evaluate the binding strength of the fluorescent labeled peptides against both cell types: 

HUVECs & Fibroblasts. As seen in Figure 6.6, the red and the blue bars represent the binding 

strength of peptides (peptides from fibroblast phage screen I) to fibroblasts and HUVECs 

respectively. It was observed  that the peptides from the fibroblast phage screen I showed high 

binding to fibroblasts compared to HUVECs but none of the peptides showed specific binding to 

fibroblasts. The peptides E1, H2, G7, G8 showed high binding strength to both the cell types.  

Figure 6.5: Phage enrichment for HUVEC screen. 
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To increase specific binding of the peptides to the target cell type, a second phage screen 

was performed to include more negative selection steps and stringent washing conditions. The 

binding behavior of peptides from the second fibroblast phage screen was determined against both 

cell types.  

Figure 6.7: Binding of peptides identified from fibroblast phage screen II. 

Figure 6.6: Binding of peptides identified from fibroblast phage screen I. 
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As seen in Figure 6.7, there was a improvement in the binding of peptides from the second 

fibroblast phage screen to fibroblast cells. It was observed that the peptides were more specific to 

fibroblasts compared to the endothelial cells. The F12 (SGWRIEWQETRP) peptide showed high 

specific binding to fibroblast cells, and this peptide was evaluated for flow cytometric experiments. 

The peptides from the first and second HUVEC phage screen were synthesized based on the 

sequencing results. The binding behavior of peptides from HUVEC phage screen I was evaluated 

against both cell types. From Figure 6.8, it was observed that all the peptides from HUVEC phage 

screen I bound strongly to endothelial cells compared to fibroblasts. There were a few peptides 

which showed poor binding to both cell types and H1, A3, F4, B8, F7, D7 peptides exhibited 

effective binding to endothelial cells. 

Figure 6.8: Binding of peptides identified from HUVEC phage screen I. 
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The binding behavior of peptides from the second HUVEC phage screen was assessed. As 

indicated in Figure 6.9, it was observed that peptides from this screen exhibited high specific 

binding to endothelial cells compared to fibroblasts. Peptides A12, G10, H12 showed particularly 

high specific binding. Based on the peptide binding experiment from HUVEC phage screen I and 

II, the B8 peptide (T I Q P S F R P P Y F F) exhibited highest specific binding to HUVECs 

compared to fibroblasts and this peptide was evaluated for further flow cytometric analysis. 

 

 

 

 

 

 

 

 

 

Figure 6.9: Binding of peptides identified from HUVEC phage screen II. 
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6.4.4 Flow Cytometry Results 

From the fibroblast and HUVEC phage screening process, two lead peptide candidates were 

identified: B8 (HUVEC specific peptide) and F12 (fibroblast specific peptide). Flow cytometry 

analysis was conducted with these two lead peptides as a confirmatory test for specificity. 

 

Population Name Mean Fluorescence Intensity 
Fibroblast only 45 
Fibroblast + Control peptide 199 
Fibroblast + F12 peptide 6632 
HUVEC + F12 peptide 436 

 

As seen in Figure 6.10, the cytometry results are plotted as a univariate flow cytometry 

histogram. The number of events or cell count in the y-axis is plotted as a function of fluorescence 

intensity on the x-axis. The fibroblast cells alone had a low-intensity signal. There was no 

significant increase in the fluorescent intensity when the cells were incubated with a low-affinity 

Figure 6.10: Flow cytometry analysis  of fibroblast specific peptide binding to fibroblast cells and HUVECs. 

 

Table 6.2: Mean fluorescence intensity data for flow cytometry analysis of fibroblast specific peptide. 
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control peptide. As seen in Table 6.2, there was a substantial increase in the fluorescent signal 

when the fibroblast cells were incubated with the F12 peptide (fibroblast specific peptide). To test 

for specificity; the same peptide was incubated with endothelial cells and its binding to HUVEC 

compared to that with fibroblast. The flow cytometry results show that the F12 peptide binds with 

higher affinity and specificity to fibroblast cells compared to HUVECs. 

 

Table 6.3: Mean fluorescence intensity data for HUVEC specific peptide. 

Population Name Mean Fluorescence Intensity 
HUVEC only 83 
HUVEC + Control peptide 597 
HUVEC + B8 peptide 5565 
Fibroblast + B8 peptide 745 

 

The endothelial cells do not bind with the low affinity control peptide, as seen in Figure 6.11. 

As can be seen from the fluorescence intensity values mentioned in Table 6.3, The HUVEC 

specific B8 peptide did not show any appreciable binding to fibroblasts during its incubation. But 

there was a significant increase in fluorescence intensity when the B8 peptide was incubated with 

HUVECs. This increase in fluorescence intensity is due to high binding strength of the peptide to 

Figure 6.11: Flow cytometry analysis of HUVEC specific peptide binding to HUVECs and fibroblast cells. 
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endothelial cells. This considerable difference in fluorescence intensities when the B8 peptide was 

incubated with fibroblast and HUVECs suggested that the B8 peptide was specific to HUVECs 

compared to fibroblasts. 

6.4.5 Cell Separation Using Dynabeads 

For cell separation application, the peptides were conjugated to 0.45um epoxy activated 

dynabeads via primary amine. Two stoichiometry conditions were studied for the isolation of cells 

suspended in growth media. When the fibroblast specific peptide coupled dynabeads were 

incubated with fibroblasts at a ratio of 10:1, the percentage capture of fibroblasts was 50% 

approximately. Doubling the stoichiometry increased the percentage isolation of fibroblast cells to 

almost 98%. However, The F12 coupled dynabeads still captured about 12%  of HUVECs from 

the solution. The HUVEC specific peptide (B8) coupled dynabeads were able to capture 40% of 

HUVECs when incubated at a ratio of 10:1 with the cells. For the same ratio, the percentage 

capture of fibroblasts was 10%, indicating that the B8 peptide was specific to endothelial cells 

compared to fibroblasts. Increasing the stoichiometry of the B8 conjugated dynabeads led to a 

slight increase in the percentage capture of HUVECs. 

Figure 6.12: Schematic of cell separation proces using peptide conjugated dynabeads. 

 



114 
 

Finally, the F12 peptide was able to capture fibroblast cells effectively compared to 

HUVECs indicating specificity of the peptide to fibroblast cells. Similarly, the B8 peptide also 

showed good specific capture of the HUVECs compared to fibroblasts. Future experiments will 

try to optimize the stoichiometry ratio for 100% cell capture.  

 

Stoichiometry 
(Beads:Cells) 

% Isolation of HUVECS % Isolation of 
Fibroblasts 

10:1 ̴ 12.5% ̴ 50% 

20:1 ̴ 28% ̴ 98% 

 

 

Stoichiometry 
(Beads:Cells) 

% Isolation of HUVECS % Isolationof Fibroblasts 

10:1 ̴ 40% ̴ 10% 

20:1 ̴ 55% ̴ 10% 

 
 

 

 

 

Table 6.4: Percentage capture of cells by F12 (fibroblast specific peptide) coupled dynabeads. 

Table 6.5: Percentage capture of cells by B8 (HUVEC specific peptide) coupled dynabeads. 
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6.5 Conclusions 

In this work, we demonstrated a proof of concept method to develop alternative cell 

separation strategies using magnetic separation. It involved designing a phage bio-panning scheme 

to select for affinity peptides that bind to HUVECs (Human umbilical vain endothelial cells) and 

fibroblasts with high affinity and specificity. To eliminate the possibility of selecting non-binding 

phages, each selection round consisted of a negative selection step followed by a positive selection 

step against the target cell. The peptide binding experiment with cells helped to identify a HUVEC 

specific peptide B8 (TIQPSFRPPYFF) and a fibroblast specific peptide F12 (SGWRIEWQETRP). 

The HUVEC specific peptide B8 was selected from the third phage bio-panning round whereas 

the fibroblast specific peptide was selected from the sixth bio-panning round. The flow cytometry 

studies confirmed the specificity of F12 peptide to fibroblasts and B8 peptide to HUVECs 

respectively. Finally, the cell separation application was validated by conjugating the affinity 

peptides with dynabeads. The peptide coupled dynabeads were successful in capturing cells from 

the solution. There is further room of improvement in this method in terms of designing higher 

affinity and more selective affinity ligands like antibody fragments (scfvs) and affibodies and the 

future work section included at the end of this thesis will further delve into these ideas. 
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7. Conclusions and Future Work 

7.1 Conclusions 

To date, the research work carried out in the Cramer-Karande lab has focused on developing 

bioseparation purification processes for proteins, monoclonal antibodies (mAbs), bi-specific 

antibodies (bsAb) etc. The main objective of this thesis work is to take all those learnings and 

extend them further towards developing downstream bioprocessing strategies for this new class of 

biotherapeutics which include gene therapy vectors and therapeutic cells. The broad objective of 

this thesis can be divided into three categories: (1) develop chromatographic purification process 

for lentiviral vectors through optimization of  LVV stability in mobile phase conditions and 

screening of chromatographic adsorptive media for LVV purification (2) evaluate affinity 

purification of three AAV9 variants with varying capsid ratio using AAV9 specific resins (Poros 

Capture Select AAV9 and AviPure AAV9) and a “universal” AAV affinity resin (Poros Capture 

Select AAVX) (3) and explore a novel purification approach for capturing cells using affinity 

peptide conjugated dynabeads.  

Chapter 2 described the first phase of the project, which focused on identifying process 

conditions that preserved the vector stability. High throughput screens were conducted to evaluate 

the stability of the vector in different mobile phase conditions spanning a range of pH, ionic 

strength and buffer species to identify optimal conditions for screening of chromatographic media. 

The lentiviral vector was observed to be stable at a pH range of 6.5-7.5, and the stability of the 

vector decreased above or below this range. Salt had a detrimental impact on vector stability, 

possibly due to the increased osmotic pressure, which could have damaged the outside viral 

membrane. Buffer species including phosphate, Bis-Tris propane, and PIPES buffer had a 

stabilizing effect on LVV. Overall, LVV exhibited consistent stability in phosphate buffer between 
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pH 6.5-7.5, hence phosphate buffer was selected as mobile phase buffer for all chromatographic 

purification experiments.  

Chapter 3 focused on screening of various chromatographic resins for LVV purification. 

Results from the high throughput screening of chromatographic resins in batch mode highlighted 

the LVV purification potential of the following resins: Capto Q Impres, Amino Sepharose FF, 

Fractogel EMD DEAE 650, Fractogel EMD TMAE 650, DEAE Sepharose FF, Fractogel EMD 

TMAE Hicap M, Macro Prep High Q, Q Sepharose HP, TSKGEL Q-5PW, Poros D50 and 

Eshmuno Q. Batch elution screens helped identify resin candidates like Poros 50D and Amino 

Sepharose which exhibited orthogonal separation of protein impurities and LVV product. A major 

portion of protein impurities was removed in the flow-through and wash fraction for both these 

candidates, and the bound LVV eluted in a product pool of high purity. The elution datasets for 

both LVV and protein contaminants exhibited interesting selectivity at different salt and pH 

conditions which can be used to design selective wash strategies. From the linear gradient screens 

with top resin candidates, it was seen that for Capto Q ImpRes and Amino Sepharose FF, 

approximately 50% of LVV eluted within a low salt concentration range of 0.09-0.52M, which is 

extremely beneficial in terms of preserving LVV stability. Finally, step elution processes were 

optimized for Amino Sepharose FF, Macro Prep High Q, Poros 50D, and Capto Q ImpRes. While 

Poros 50D and Capto Q ImpRes exhibited LVV recoveries greater than 85%, almost complete 

protein clearance was observed for Amino Sepharose FF. Overall, all the four-step elution 

processes resulted in high LVV recovery (greater than 70%) while also achieving significant 

protein clearance (greater than 85%).  

In concert with the optimization of a bind-and-elute purification process for LVV, Capto 

Core 700 was evaluated for the purification of LVV in flow-through mode in chapter 4. The flow-
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through purification using Capto Core resulted in almost complete LVV recovery along with more 

than 80% clearance of DNA and protein impurities. Finally, a two-column purification process for 

LVV was explored by combining the Capto Core flow-through step with the Macro Prep High Q 

capture bind-and-elute step. A preliminary two-column purification run resulted in an overall 70% 

LVV yield and almost complete removal of protein impurities (99.9%). 

In chapter 5, downstream purification was further extended to adeno-associated viral vectors 

(AAV). The affinity capture of AAV9 variants with varying capsid ratios was evaluated on three 

commercial resins: Poros Capture Select AAV9, AviPure AAV9, and Poros Capture Select 

AAVX. Comparable AAV elution recoveries of 60-70% were observed for all three affinity resin 

systems. AAV9 eluted at a lower pH range on Poros AAV9 and AviPure AAV9 compared to Poros 

AAVX, possibly due to strong binding of the AAV9 variants with the AAV9 specific resins. Also, 

the elution pH of the three AAV9 variants was similar across all three affinity resin systems, 

signifying that varying capsid ratios did not impact the binding strength of the AAV9 with the 

affinity ligand. Finally, a CIP process using Guanidine hydrochloride was successful in extending 

the resin lifetime of Poros Capture Select AAV9 resin. 

In chapter 5, a proof of concept study was performed to evaluate the efficacy of affinity 

peptide conjugated Dynabeads ® in capturing cells from a solution. Fibroblasts and HUVECs 

(human umbilical vascular endothelial cells) were chosen as two model cell types, and phage 

display was used to screen for affinity peptides that bind to the cell types with high affinity and 

specificity. A cell-based binding assay was developed to evaluate the binding strength and the 

specificity of the affinity peptides with the target cell. Two lead peptide candidates B8 and F12, 

exhibited high specific binding to HUVECs and fibroblasts, respectively. Flow cytometry 
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experiments with the peptides and cells confirmed the specificity and the binding strength of the 

two lead peptides. In the final step, these peptides were conjugated to dynabeads and 

successfully captured the target cells from the solution.  

Finally, the research work highlighted in this thesis will help in designing innovative 

purification strategies for this important yet challenging new class of bio-therapeutics. 

7.2 Future Research Directions 

As stated before, the work in this thesis focused on developing downstream purification 

processes for complex biomolecules other than proteins. The project ideas described here will 

serve as extension to the work performed in the previous chapters. This section will discuss about 

developing alternative modes of purification of lentiviral vectors through use of membranes and 

monoliths. Then it will digress into project ideas related to fundamental understanding of the 

affinity capture process of AAV.  And then a workflow will be described to optimize the full and 

empty capsids separation. Finally, it will offer suggestions to improve the affinity separation of 

cells using dynabeads. 

7.2.1 Membrane and Monolith Anion-Exchange Chromatography for LVV Purification 

The second chapter of the thesis focused on evaluating various anion-exchange resins for 

the purification of lentiviral vectors. From all resins that were assessed, the following resins, 

including Poros 50D, Amino Sepharose FF, Capto Q ImpRes, Macro Prep High Q, Fractogel EMD 

TMAE 650, Fractogel EMD TMAE Hicap M, and TSKGEL-Q5PW exhibited good potential for 

lentivirus purification. However, all the column-based experiments were carried out with a low 

lentivirus titer system with a typical load challenge of 108 vp (viral particles)/mL-(resin). 

Breakthrough of the virus was not observed for any experiments except for the case of Amino 



120 
 

Sepharose FF when operating within this load challenge. For the low viral titer system, we 

optimized a purification process for the lentiviral vector with anion-exchange resin system.  

Even though we optimized a purification process for lentiviral vector for low titer system, 

there is a need to develop alternate purification strategies for high viral titer system. It is known 

that the porous nature of particle-based resins increases the available surface area of binding and 

contributes to improvement in binding capacity and resolution. However, the average pore size of 

these resins is between 50-80 nm, and lentiviral particles with an average size of 80-120 nm can 

not diffuse into the pores and access this active surface area. The binding of the viral particles with 

the ligand happens outside the pore, which makes the inner surface area within the pores of little 

significance for virus purification. Even though the Poros 50D resin has a wide pore distribution 

between 100-500 nm through-pores, it is quite likely that most of the binding of the lentiviral 

vector occurs on the surface of the resin bead and outside the pore. The results from Wu et al. 

(2013), who evaluated the adsorption behaviour of 100 nm VLP (virus like particle) on a Poros 

HS 50 resin, support this hypothesis. TEM and confocal image analysis showed that the majority 

of the binding of VLPs occurred on this thin outer shell on the surface of the beads, and the bound 

VLPs blocked access to the inner through-pores. In fact, the conclusion from Trilisky and Lenhoff 

(2007) paint a similar picture, where the adsorption of adenovirus with a size of 80 nm was 

confined to the outer surface of the PL-SAX 4000A resin, which has an average pore size of 400 

nm.  

Since high dynamic binding capacity is an essential metric for the downstream purification 

process, future studies will look into evaluating membranes and monoliths for the purification of 

lentiviral vectors.  Both membranes and monoliths enable high binding capacity as a result of large 

pore or channel size. Due to the large size of the pores, the mass transfer is convection based which 



121 
 

enables high flow rates and low processing times without any loss of binding capacity, which 

ultimately increases the productivity of the chromatographic purification process (Kramberger, 

Urbas, & Štrancar, 2015; Nestola et al., 2015). 

Monoliths have a highly interconnected macropore network with a channel size ranging 

between 1.2-6 µm in diameter, enabling convective flow (Nestola). On the other hand, Membranes 

have large pores (0.8-3µm), which allows high mass transfer rates independent of the residence 

time (Ghosh, 2002). 

We performed preliminary lentivirus purification runs with anion-exchange membranes, 

including Mustang Q, Sartobind Q, and Sartobind D. While Mustang Q and Sartobind Q are strong 

anion-exchange membranes, Sartobind D is a weak anion exchange membrane. Linear gradient 

runs were performed with these 3 membranes with a load challenge of 108 vp (viral particles)/mL- 

membrane volume. However, poor lentivirus elution recovery was observed during the membrane 

chromatography runs. Both the anion exchange membranes (Mustang Q and Sartobind Q) 

exhibited low LVV elution recoveries between 15-25%. LVV recovery with Sartobind D was 

slightly higher at 42%. The marginally higher recovery in the case of Sartobind D is in accordance 

with the fact that the weak binding of LVV with the DEAE ligand facilitates easy removal of the 

LVV during the elution stage. It was difficult to close the mass balance of LVV in that no viral 

content was observed in flow-through, wash, and regeneration fraction, thus supporting the 

hypothesis that LVV was still bound to the membrane surface. Batch purification experiments 

were performed with Mustang Q and Sartobind Q membranes in a 96 well plate format to optimize 

the elution recovery. For the batch experiments, a higher load challenge of 5×109 vp (viral 

particles)/mL-membrane volume was used, and LVV elution was performed at a range of salt and 

pH elution conditions as indicated in Figure 7.1.  From Figure 7.1, it can be seen that high LVV 
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elution recoveries were observed corresponding to a high load challenge. However, these results 

are yet to be validated in a column scale.  

From the above experiments, it can be summarized that membrane purification of LVV 

displayed load-dependent elution recoveries. LVV, with its complex outside envelope structure, is 

susceptible to non-specific interactions with exposed surfaces. It is possible that at low load 

Figure 7.1: Batch elution of LVV using: A) Mustang Q and B) Sartobind Q. 
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challenges, the majority fraction of LVV was irreversibly bound to the membrane surface and 

could not be recovered during the elution process. Increasing the load challenge by one log order 

of magnitude led to the saturation of non-specific interaction sites by LVV, thus leading to higher 

elution recovery. In future, experiments will be performed to understand the load-dependent 

elution behaviour on membrane systems. 

We have some preliminary data where monoliths with two different ligand chemistries 

[quaternary amine (QA) and diethylamine (DEAE)] were evaluated for lentivirus purification. 

Lentivirus harvest supernatant with a load challenge of 109 vp (viral particles)/mL-(monolith) was 

loaded at pH 7.5, and the bound LVV was eluted by performing a linear salt gradient from 0-1.5M 

NaCl, at pH 6.5. The elution was performed with pH 6.5 elution buffer to reduce the amount of 

NaCl needed to elute the virus. The linear gradient results for both CIM-QA (quaternary) and CIM-

DEAE (diethylamine) monoliths are represented in terms of bar graph in Figure 7.2. From the 

linear gradient data, it can be seen that the purification process with monoliths led to 100% 

recovery of the LVV product and appreciable protein clearance. The elution pattern of LVV was 

very diffuse and similar for both the monoliths. Even though both monoliths gave identical results 

in terms of LVV recovery and protein clearance, the CIM DEAE monolith will be evaluated 

further, mainly due to monolithic column lifetime. It has been communicated to us by monolith 

manufactures at BIA Separation that CIM-QA monoliths tend to foul quickly due to irreversible 

binding of protein and DNA impurities to the matrix, and the impurities can not be efficiently 

removed even with a NaOH strip. 

On another note, the load challenge used for the monolith experiments were an order of 

magnitude higher compared to the resin-based experiments. In future, frontal experiments will be 

performed, and the dynamic binding capacities of both monoliths and resins will be compared for 
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the lentiviral vector. It is expected that the monoliths will have a higher dynamic binding capacity 

compared to the resins. Infact, Segura et al. (2012) evaluated the binding capacity of CIM DEAE 

monolithic column and Fractogel DEAE resin and found that CIM DEAE had 16 times higher 

DBC for canine adenovirus. In conjunction of the binding capacity experiments, the elution 

Figure 7.2: Purification of LVV using: A) CIM DEAE Monolith; B) CIM QA Monolith. 
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behaviour of process-related impurities like HCPs and DNA will be mapped relative to the 

lentiviral product for CIM-DEAE monolith (i.e. elutes earlier, co-elutes, elutes later). The elution 

datasets of the impurities and the lentiviral product will be used to define appropriate salt steps for 

washing the majority of the contaminants from the monolith and then further eluting the LVV in 

a fraction pool of high yield and purity.  

7.2.2 Characterization of Product-Related Impurities during LVV Biomanufacturing 

During the production of lentivirus, product-related impurities like exosomes and 

microvesicles are often overlooked (Raposo & Stoorvogel, 2013; Welsch, Müller, & Kräusslich, 

2007). Analysis of these product-related impurities is complicated and can be determined only 

with extensive proteome analysis. The size of these particles often ranges between 40 – 100 nm, 

which is close to the size range of the viral product. Often, these vesicles also carry a similar 

envelope or membrane proteins like the viral product (Hammarstedt & Garoff, 2004), which 

further adds to the complexity of separating them using ion-exchange processes. Similar size and 

same components of the membrane protein makes it very difficult to distinguish these extracellular 

vesicles from the viral product (Bess, Gorelick, Bosche, Henderson, & Arthur, 1997). These 

vesicles also tend to get encapsidated with hcDNA, and co-elution of these vesicles with the viral 

product leads to poor hcDNA clearance. Analytical methods such as DLS, TEM, and NTA 

(nanoparticle tracking analysis) can not resolve these closely related species with great accuracy. 

Future studies will focus on understanding the behavior of exosomes and vesicles and their impact 

on the purification of the viral product. 
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7.2.3 Affinity Capture of AAV 

In the fifth chapter of this thesis, we evaluated the affinity capture of AAV9 drug substances 

using three different commercial affinity resins: Poros AAV9, Poros AAVX, and AviPure AAV9. 

pH gradient runs were performed to determine the elution pH and process recovery on each of the 

resin systems mentioned above. The following work ideas presented below will aid in 

understanding the affinity capture process of AAV even further.  

7.2.3.1 Evaluation of Elution Behaviour of AAV9 in Crude Feedstock 

Earlier the affinity purification of AAV9 was carried out by using purified drug substances. 

While those experiments provided valuable information about the elution pH and process recovery, 

we still do not have information about the level of impurity clearance achieved during the affinity 

capture step. To answer this question, this work will focus on performing affinity purification 

experiments with clarified feedstock. pH gradient runs will be performed on all three affinity resin 

systems, and critical process attributes like DNA and HCP clearance will be determined. Further, 

AAV recovery will be determined using qPCR method. Along with additional information about 

impurity clearance, these experiments will provide further insights if specific impurities impact 

the binding of AAV to the affinity ligand and affect the process recovery and purification factor. 

Further, this work will also dictate if further improvement of the CIP (cleaning in place) method 

is needed to extend column lifetime. 

Based on the HCP and hcDNA clearance data, additional experiments will be performed to 

optimize the wash condition. For improving the elution recovery, future experiments will be 

performed based on a DOE approach. This step will include varying the elution pH, evaluate the 
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impact of additives and phase modifiers on product recovery. The results from this experiment will 

provide valuable information about the impact of additives like NaCl, ethylene glycol, and arginine 

on AAV-affinity ligand interactions. NaCl provides charge shielding and has a definite effect in 

reducing electrostatic interactions (Tsumoto, Ejima, Senczuk, Kita, & Arakawa, 2007), while 

ethylene glycol results in decreasing hydrophobic effects and increasing electrostatic interactions 

(Hou & Cramer, 2011). The exact mechanism of arginine is not yet fully understood, but studies 

have shown that arginine mediates both electrostatic and hydrophobic interactions by interacting 

with both aromatic as well as positively and negatively charged moieties (Hirano, Arakawa, & 

Kameda, 2014; Shukla, Zamolo, Cavallotti, & Trout, 2011).  

7.2.3.2 In silico Based Studies to Identify ligand Binding Epitopes on AAV Capsids 

AAV–capsid binding interfaces have been characterized recently using cryo-electron 

microscopy and image reconstruction to identify the binding epitopes for some affinity ligands 

(Mietzsch et al., 2020). While this provides a general assessment of affinity ligand binding to 

different AAV serotypes, more specific information about the intermolecular interactions can be 

obtained from in silico studies. Sequence information for the wild type (WT) AAV9 VP3 capsid 

protein and two mutant variants; has been used to homology model the AAV structure. Rigid-body 

protein-ligand docking studies will be performed with the asymmetric unit of these capsid 

structures and the affinity ligand to obtain different configurations of the ligand bound to the 

capsid. These structures can then be further refined using energy minimization and short molecular 

dynamics (MD) simulations while allowing flexibility in the protein side chains at the binding 

interface. We expect these refined docked structures to be representative of the possible 

interactions between the affinity resin and the AAV. These structures will then be further analyzed 

in silico to isolate contacts between the ligand and the protein and evaluate the energies of 
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interaction. Surface property analysis will also be performed at the binding interface, using 

electrostatic potential (EP) and surface aggregation propensity (SAP) maps. This approach, along 

with experimental insights from the literature, will give us a clearer picture of the intermolecular 

interactions at the binding interfaces and pinpoint the AAV capsids' binding epitope. 

7.2.3.3 Biophysical Studies for Better Understanding of Binding Behaviour of AAV with 

Affinity Resins 

Surface plasmon resonance based studies will be performed to evaluate the binding strength 

of the AAV biomolecule with the capture select ligands. The capture select AAV9 and AAVX 

ligands are available in biotinylated form. The biotinylated ligands will be conjugated on a 

streptavidin coated chip and then SPR titration experiments will be performed with different 

concentration of AAV. The experiments from the SPR experiments will provide conclusive 

information about the association and dissociation constant of the AAV-affinity ligand binding. 

Further, this experiment can be a powerful tool to determine if specific mutations made to the 

AAV capsids affects its binding to the affinity ligand.  

Recently, in our group covalent labeling of protein molecule along with LC/MS (liquid 

chromatography/ mass spectroscopy) based techniques have been developed to identify binding 

region of proteins with chromatographic resins. Dr Ronak Gudhka developed this method to 

identify preferred binding regions on ubiquitin in multi-modal chromatography system and this 

method has been further extended to find binding region on bispecific antibodies. The exact 

working mechanism is described below. 

Covalent labeling of the target molecule is performed in two stages: one in free solution and 

the other when the target molecule is in a bound state with the resin. When the molecule is in a 
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bound state, the residue that are partaking in binding will be shielded from the labeling whereas 

the surface exposed residues which do not participate in binding will be labeled to the same extent 

when the molecule was in free solution. This difference in labeling of the residues in the two cases 

is used to determine binding region of the target molecule with the resin. In this regard, diethyl 

pyrocarbonate (DEPC)-based covalent labeling coupled with mass spec will be applied to AAV-

affinity ligand system. Labeling experiments will be performed with AAV in solution phase and 

in bound state with the affinity ligand as described above. However, in this case additional control 

experiments will have to be performed to determine how the DEPC label affects the nanobody 

based affinity ligand. The results from this experiment will provide valuable insights about the 

preferred binding region of the AAV capsids during AAV-affinity ligand binding. Additionally, 

the results from the in silico studies performed by Mayank Vats (as described in the earlier section) 

will be correlated with LC/MS data to pinpoint the affinity ligand binding epitope on the AAV 

capsids. These two powerful methods will provide a heuristic understanding of the affinity ligand 

and AAV capsid interaction and will aid in optimizing the affinity purification of AAV. 

7.2.3.4 Confocal Microscopy with AAV: Evaluation of Adsorption and Column Fouling 

Mechanism 

The Poros affinity and anion-exchange resins from Thermo Fisher are an interesting class of 

resins for AAV purification. The affinity purification of AAV is primarily performed with the 

Poros Capture Select AAVX or Poros Capture Select AAV8/AAV9 resins. Even the ion-exchange 

polishing step for the separation of empty and full capsids are performed with Poros 50 HQ (anion-

exchange resin). Poros resins have a bi-modal pore distribution of 100-500 nm through-pores, 

transecting a network of much smaller pores of 100 nm size. In fact, the large through-pores is said 

to result in improved mass transfer properties, thus resulting in high binding capacity. To date, 
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there have been no studies on the adsorption behaviour of AAV capsids on Poros resins. The study 

by Wu et al. (2013) evaluated the adsorption behaviour of 100 nm VLPs on Poros 50 HS resin 

using confocal microscopy experiments, and the results indicated that the binding of VLP occurred 

on the outside surface of the resin and the bound VLPs blocked access to the underlying pore 

network for the effective binding of other VLP. However, AAV with an effective diameter of 20 

– 25 nm is smaller than the VLPs and will likely possess a different adsorption behaviour. 

 To that end, Harshal Soni (graduate student in Cramer Lab) has been leading the effort for 

understanding the AAV adsorption behaviour on these Poros resins. Confocal experiments will be 

used to monitor the flow of AAV through the resin through-pores and address the affinity resins' 

column fouling mechanism. The snapshots from the confocal experiments will provide critical 

information on whether AAV is able to diffuse into the pores or if the binding is taking place 

outside the pores. In addition, these experiments will also provide vital information on whether 

AAV is getting entrapped between the intraparticle void volume or if AAV is occluding the pores 

and hindering access to the internal pore network. In the future, confocal microscopy experiments 

will be performed during the different stages of the purification process to gain additional visual 

information about the occupancy rate of the ligand-binding sites during the binding, elution, strip, 

and CIP steps at the microscopic level. Figure 7.3 represents a schematic of the confocal 

experiments. AAV will be labeled beforehand with a suitable dye, and then then the labeled AAV 

will be used for an affinity purification experiment. After the end of the purification run, the resin 

material will be unpacked from the column and will be evaluated for confocal microscopy 
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experiments. Preliminary experiments performed from our end confirm that the dye has minimum 

interference with the nanobody based affinity ligand. 

 

 

 

Figure 7.3: Schematic of Confocal laser scanning microscopy experiments with AAV. 
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7.2.4 Ion-Exchange Polishing of Full and Empty Capsids 

The work in chapter 5 of the thesis explored the affinity capture of AAV9 serotype using 

commercially available affinity resins. Due to highly specific interactions between the affinity 

ligand and AAV capsids, the affinity capture method delivers an AAV product stock of high purity. 

But trace amounts of process-related impurities like HCPs and hcDNA are also co-purified with 

the AAV vector. One major limitation of the affinity capture step is the lack of enrichment of full 

capsids. The similar physico-chemical structure of full and empty capsids makes it near impossible 

to separate them using affinity capture. Since AAV is delivered in vivo, the stringent purity 

standards necessitate the inclusion of a polishing step to remove process and product-related 

impurities. As discussed in the background section of chapter 5, empty capsids or partial capsids 

are devoid of genetic material and produced alongside full AAV capsids in varying proportions. 

Removal of the empty capsids is critical due to the possibility of unwanted immune response due 

to its presence in the final clinical product. Anion-exchange chromatography has been successful 

in resolving empty and full capsids (genome containing capsids) due to a slight difference in the 

surface charge properties of the two types of capsids. The proposed workflow for anion-exchange 

polishing of full and empty AAV capsids is presented in Figure 7.4. This proposed work will focus 

on developing anion exchange purification methods to separate empty from full capsids. It will 

digress then into specific areas which impact the separation of empty and full capsids. 
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7.2.4.1 Identification of Anion-Exchange Ligands that Display the Best Selectivity between 

Empty and Full Capsids  

As previously mentioned in the background section of chapter 5, anion exchange 

chromatographic candidates including Q Sepharose XL, Poros 50Q, CIM Q (monolith) have been 

used for the separation of empty and full capsids during the ion-exchange polishing step. A detailed 

study on the chromatographic elution behaviour of empty and full capsids on different adsorptive 

systems has not been performed. The proposed experiments aim to screen a set of anion exchange 

and multi-modal chromatographic media and identify the candidates that exhibit the best 

selectivity between empty and full capsids. Table 7.1 lists the stationary phase materials that will 

be evaluated as part of this proposed work. 

 

 

Figure 7.4: Workflow for the anion-exchange experimental plan to optimize separation of empty and full 
AAV capsids. 



134 
 

Table 7.1: Chromatographic media for separation of full and empty capsids. 

Material Functionality 
CIM Q (Monolith) Strong AEX 
Poros 50Q Strong AEX 
Poros XQ Strong AEX (High ligand density) 
Q Sepharose FF Strong AEX 
Capto Q Strong AEX 
Capto Q ImpRes Strong AEX (Low ligand density) 
Nuvia Q Strong AEX 
Nuvia HP-Q Strong AEX (High ligand density) 
Macro-Prep High Q Strong AEX 
Fractogel EMD TMAE (S) Strong AEX 
Fractogel EMD TMAE-650 Strong AEX 
Fractogel EMD TMAE Hicap-M Strong AEX (High ligand density) 
Source 15Q Strong AEX 
Source 30Q Strong AEX 
Capto adhere Multi-modal AEX 
Capto adhere ImpRes Multi-modal AEX (Low ligand density) 
Nuvia aPrime 4A Multi-modal AEX 

 

Linear gradient experiments will be conducted at a range of pH conditions, spanning 

between pH 8-10, to optimize the elution pH. Another avenue that will be tested concurrently is 

pH gradient experiments with a select few resin candidates. The aim of this initial screening is to 

discern the separation efficiency of both elution methods (salt gradient and pH gradient) in 

separating empty and full capsids. Once the precise screening conditions are determined, shallow 

linear salt gradient or pH gradient experiments will be performed with the chromatographic 

candidates listed in Table 7.1. All screening experiments will be performed with 0.5mL Repligen 

mini-columns to minimize AAV feed material consumption. The resolution between the empty 

and full capsids will be determined from the UV chromatogram profile of the linear gradient 

experiments. Based on the screening experiments, top candidates will be identified which exhibits 

the best resolution between empty and full capsids. The resins including Poros 50Q, Poros XQ, 

Capto Q, Capto Q ImpRes, Nuvia Q, Nuvia HP-Q, Fractogel EMD TMAE-650, Fractogel EMD 
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TMAE Hicap-M, Capto adhere, and Capto adhere ImpRes have variable ligand densities. The 

elution behaviour of AAV capsids on these resin systems will be used to study the impact of ligand 

density on the separation of full and empty capsids. Additionally, multi-modal resins, including 

Capto adhere, Nuvia aPrime 4A, which exhibit both hydrophobic and anion exchange behaviour, 

have been included in this study. The retention behaviour of AAV capsids on both these resin 

candidates will provide valuable insights into the relative contribution of electrostatic interactions 

and hydrophobic effects on the separation of full and empty capsids. Finally, the large datasets that 

will be generated during the screening experiments will inform the selection of the candidates that 

exhibit interesting selectivity behaviour and provide hypothesis about the impact of ligand density, 

particle size, ligand characteristics on the resolution of the empty and full capsids.  

7.2.4.2 Investigation into the Retention Behaviour of AAV9 Variants as a Function of Capsid 

Ratio 

We are currently evaluating three variants of the AAV9 serotype, which differ in the ratio 

of vp1:vp2:vp3 capsid proteins. The three variants have the following capsid ratios: 1:1:5 for 

AAV9-C, 1:1:8 for AAV9-M, and 1:1:15 for AAV9-P, respectively. Changing the ratios of capsid 

subunits in the AAV9 serotype impacts the surface charge properties and the overall pI of the 

AAV9 variants. To evaluate the effect of varying capsid ratios on the retention behaviour of AAV9 

variants, linear salt gradient experiments will be performed with the three AAV9 variants. The 

elution behaviour of the AAV9 variants on anion-exchange systems will be mapped. It will be 

used to develop a heuristic understanding between the retention behaviour and capsid ratios of the 

AAV9 serotype.  
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7.2.4.3 Effect of Salt Ions on the Resolution of Full and Empty Capsids  

NaCl is commonly used as the preferred salt for eluting empty and full capsids from anion-

exchange resin system. In the literature, it has been shown certain anti-chaotropic salts improve 

the resolution between empty and full capsids. Urabe et al., (2006) showed that antichaotropic salt 

ions, such as NH4
+, (CH3)4N+, PO4

3-, and SO4
2- achieved better resolution of empty and full capsids 

when compared with NaCl. From all salts that were evaluated, it was shown that  [(CH3)4N]2SO4 

(tetramethyl ammonium sulfate) exhibited the best separation of empty and full capsids. According 

to recent work by Wang et al. (2019), quarternary alkyl ammonium salts showed better separation 

of empty and full capsids than NaCl. To test this hypothesis, different anti-chaotropic salt ions will 

be selected, and their impact on empty and full capsids separation will be evaluated by performing 

linear gradient experiments. Figure 7.5 displays the relative ranking of various salt ions according 

to the Hofmeister series. Hofmeister series is a lyotropic series which ranks salt ions in accordance 

with their ability to salt in or salt out proteins (Kang, Tang, Zhao, & Song, 2020). Salt ions 

(kosmotropic salts) from the left part of the Hofmeister series will be selected, and their effect on 

the elution behaviour of empty and full capsids will be studied. The results from this work will 

provide valuable insight into the behaviour of empty and full capsids in anion-exchange systems 

in the presence of different salt counterions and how it impacts the separation of empty and full 

capsids. 

Figure 7.5: Ranking of anionic and cationic species according to Hofmeister series. 
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7.2.4.4 Impact of MgCl2 on the Separation Efficiency of Full and Empty Capsids 

The presence of a trace amount of MgCl2 (1mM to 10mM)  in the buffer has shown to 

improve the separation of empty and full capsids. Previous studies have shown that resolution of 

empty and full capsids on a CIM QA monolith improved when the gradient elution was performed 

using NaCl in combination with MgCl2 (Dickerson et al., 2021). The experiment  plan highlighted 

in this section will seek to understand the impact of MgCl2 on the elution behaviour of both empty 

and full capsids. The optimized salt ion that will be identified from the above section will be used 

for all linear gradient experiments in this section. Initial linear salt gradient experiments will be 

performed in the absence and then in the presence of  1mM MgCl2 to evaluate its impact on the 

capsids separation. Based on the observation of this experiment, a series of linear salt gradient 

experiments will be performed by varying the amount of MgCl2 concentration in the elution buffer 

from 1mM to 10mM. The results from this experiment will identify the optimum concentration of 

MgCl2 needed to achieve the best resolution of the capsids. To further understand the combined 

impact of salt and MgCl2 on the separation behaviour of empty and full capsids, dual linear 

gradient experiment will be performed where the concentration of salt will be varied from 0 -

200mM, and the concentration of MgCl2 will be increased from 0 -10mM at the same time. These 

experiments will help develop an empirical relationship between the concentration of MgCl2 and 

the elution behaviour of empty and full capsids. The improved separation in the presence of MgCl2 

is likely due to the preferential interaction of MgCl2 with the full AAV capsids. In addition, in 

silico studies will be performed by Mayank Vats in our lab to study to confirm this hypothesis. 

Finally, the results from in silico studies will be connected with experimental results to get an in 

depth understanding of MgCl2-AAV capsid interactions. 
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7.2.4.5 Impact of load Condition on Final Enrichment of Full Capsids in the Product Pool 

The above results shown in Fugure 7.6 were observed by our project collaborators at 

Voyager Therapeutic while trying to optimize the separation of empty and full capsids. To 

elaborate this result further, studies were conducted by altering the amount of percentage full AAV 

capsids in the intital load and its effect on the enrichment of full AAV capsids in the product pool 

were determined. This variable load experiments were performed with four different anion 

exchange resins (Fractogel EMD TMAE S, Fractogel EMD TMAE M, Fractogel EMD TMAE 

Hicap M, and Macrocap Q) as highlighted in the figure subject to two different load condition of 

30% full AAV particles in Load A and 50% full AAV particles in Load B. From Figure 7.6, it can 

be observed that out of all four resin candidates, Fractogel EMD TMAE S exhibited the highest 

percentage of full AAV content in the elution fraction for both the load composition experiments. 

It was also seen that the percent full AAV content in the eluate fraction decreased from 90% to 

80% with change in amount of full capsids in the load from 30% to 50%. In other words, reducing 

the amount of full particles in the load resulted in more enrichment of full particles in the product 

pool.  

Figure 7.6: Enrichment of full AAV capsids on Fractogel EMD TMAE S, Fractogel EMD TMAE M, Fractogel 
EMD TMAE Hicap M, and Macrocap Q as a function of variable load composition (%full). Blue bar denotes 

%full AAV content in load and green bar denotes % full AAV content in elution fraction. Figure A and B 
represents enrichment results when 30% full AAV prep and 50% full AAV prep are used as load material 

respectively.  
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For a better understanding of the above results, linear gradient experiments will be 

performed with different load compositions of % full AAV particles. The load composition will 

be changed by mixing separate prep of empty and full AAV capsid in varying ratios to get the 

desired %full content in the load. Variable load experiments will also be performed with other 

adsorbent materials like Poros HQ and CIM QA monolith. The results from this project will 

provide further insights into whether such enrichment results are resin specific or are also 

applicable to other adsorbent materials. The exact hypothesis behind this variable enrichment is 

still unclear; however, it is most likely that high loading of empty capsids onto the column was 

causing differential elution of the empty and full capsids, thus driving the elution behaviour. The 

30% full AAV prep will have a larger percentage of empty capsids in the feed compared to the 

50% full AAV prep. High loading of empty capsids onto the column (in case of 30% full AAV 

prep) will create a concentration front of empty capsids in the column leading to a sharper elution 

peak of the empty capsids, resulting in better resolution between the empty and full capsids, thus 

driving the enrichment behavior. However, this hypothesis will be proved by performing 

experiments with variable load composition as outlined earlier and evaluating the degree of 

separation corresponding to each load condition. 

 In this regard, mechanistic modeling-based studies will also be employed for better 

understanding and predicting the effect of variable load composition on the final separation factor. 

Finally, the results from mechanistic modeling will aid in designing a genuine robust purification 

process that results in consistent enrichment of full capsids in the product pool subject to any 

variation in load composition.  

 These experiments described above will go hand in hand with the development of additional 

analytical assays such as SEC-MALS and AUC. These analytical assays will be used to determine 
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the degree of separation and percentage enrichment of full capsids for various chromatographic 

media evaluated during the screening experiments. 

7.2.5 Exploring Alternative Avenues: Affinity Precipitation of AAV 

Previously, affinity precipitation based methods have been used to purify mAb and non-

mAb biologics in our lab (Mullerpatan et al., 2020; Sheth et al., 2014). Elastin like polypeptides is 

stimuli-responsive biopolymers that have the tendency to self aggregate and precipitate due to an 

increase in temperature or ionic concentration. Previously, Dr Akshat Mullerpatan developed 

streptavidin-ELP fusion proteins. This project aims to use the high affinity streptavidin-biotin 

interaction in conjunction with AAV-specific nanobody ligands for the purification of AAV. 

AAV-specific affinity ligands (nanobody based affinity ligand) has been supplied to us in 

biotinylated form by Thermo Fisher. The first step of this process is to non-covalently conjugate 

the biotinylated nanobody affinity ligand (AAV specific ligand) with streptavidin-ELP fusion. 

This resulting fusion complex will be used to bind to the AAV target via AAV-specific nanobody 

affinity ligand, forming an even bigger complex that can phase transition via the ELP. Once the 

AAV is bound to the fusion (streptavidin-biotin ELP nanobody ligand), the resultant fusion 

complex will be precipitated from the solution via the addition of salt. Resolubilization of the 

precipitate will be performed, and this will be followed by the elution of AAV using a low pH 

buffer.  

Preliminary experiments have already been performed using this approach. 100% capture of AAV 

vector particles is observed, but the elution recovery obtained was relatively low at 20%. Future 

experiments will be performed to optimize the elution recovery through use of excipients and 



141 
 

optimizing the stoichiometry of the streptavidin-ELP fusion binding with the biotinylated 

nanobody ligand. 

 

7.2.6 Cell Separation Using Dynabeads 

Preliminary experimental results suggested that the peptide coupled dynabeads were 

successful in isolating cells from the growth media. However, the B8 peptide coupled dynabeads 

couldn’t achieve 100% isolation of HUVEC cells from the media. Future experiments will be 

performed to optimize the ratio of dynabeads to cells to achieve higher recovery. It was also 

observed that the desired specificity of peptide to the two cells types was not achieved since the 

fibroblast specific peptide was capturing endothelial cells and HUVEC specific peptide was 

separating fibroblast cells. Alanine scan mutagenesis and maturation of the two lead peptides will 

Figure 7.7: Schematic of affinity precipitation of AAV using ELP-streptavidin-biotinylated AAV9 complex 
nanobody. 
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be performed to improve the specificity as well as understand which key residues are involved in 

binding.  

7.2.7 Discovery of Cell-Specific Peptides via Phage Display and Next-Generation 

Sequencing 

The different display techniques such as phage display, yeast display, bacterial display have 

made it possible to design affinity ligands against a specific target. In the past, one of the critical 

limitations was the number of screened candidates that could be sequenced in a time and cost-

effective manner. Next-generation sequencing technology has made it possible to increase the 

sequencing capabilities from a few hundred to millions. NGS has been successfully employed in 

many other fields including yeast display (Van Blarcom et al., 2015), mRNA display (Olson et al., 

2012), antibody display (Ravn et al., 2013, 2010), protein domains (Ernst et al., 2010) and aptamer 

selection (Schütze et al., 2011). The specific aims for this work include: 

 Develop phage bio-panning schemes for clinically and industrially relevant targets 
(antibody, small protein) 

 Incorporate next-generation sequencing to obtain information about the lead candidates 
during the affinity selection process 

 Conduct next-generation sequencing on the resulting bio-panning eluate pools  
 Analyze the affinity ligand (peptide) sequence and perform motif identification and 

synthesize lead candidates 
 Conduct high throughput screening of the lead candidates for target binding and selectivity 

and evaluate the best performing candidates for their application in further downstream 
processing or  

 Extend phage display and next-generation sequencing technique to identify ligands against 
complex biological targets: human cells and viral vectors (AAV) 
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7.2.8 Explore Other Affinity Ligands for Targeting Cell Surface Receptors 

While peptides can be high-binding ligands with high specificity, other classes of protein 

domain-based affinity ligands have also gained popularity. Although several ligands targeting 

specific membrane proteins have been identified from phage libraries, this process is challenging 

as it requires the presentation of the membrane protein in its native conformation. Cell-based phage 

bio-panning is a more effective method for ligand screening, as it enables a more representative 

display of the target. A variety of recombinant affinity reagents could be used to target the 

membrane proteins. Various antibody fragments such as single-chain fragments of variable regions 

(scFvs), or fragments of antigen-binding (Fabs), or variable domain of the camelid heavy chain 

antibody (nanobody) can be used to make phage libraries. Other types of protein scaffolds which 

are being used as recombinant affinity reagents include anticalins, affibodies, designed ankyrin 

repeat proteins (DARPins) and fibronectin type III (FN3) monobodies. These affinity reagents can 

be used for various applications such as for cell staining, for drug delivery, for diagnostics and 

other therapeutic applications. 

The broad objective of this work can be summarized as:  

 Identify the membrane protein on the therapeutically relevant cell type 
 Design a phage library displaying the recombinant affinity reagent (scFvs, Fabs, 

affibodies etc) 
 Conduct cell based phage bio-panning with appropriate negative selection steps to 

screen for high affinity and specific ligand 
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Appendix A 

A.1 Permissions for Figure 2.2 

 This file contains license details and terms and conditions for the reproduction of material 

used in the Figure 2.2 of this dissertation.  

File name: pH effect.png 

File type: Portable Network Graphics (PNG)  

File Size: 7 KB 

Required application software: Windows photo viewer or any other standard image viewer 

Special hardware requirements: None 

 

A.2 Permissions for Figure 2.3 

 This file contains license details and terms and conditions for the reproduction of material 

used in the Figure 2.3 of this dissertation.  

File name: Salt effect.png 

File type: Portable Network Graphics (PNG)  

File Size: 22 KB 

Required application software: Windows photo viewer or any other standard image viewer 

Special hardware requirements: None 

 

A.3 Permissions for Figure 2.1 

 This file contains license details and terms and conditions for the reproduction of material 

used in the Figure 2.1 of this dissertation.  
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File name: LVV Schematic.png 

File type: Portable Network Graphics (PNG)  

File Size: 55 KB 

Required application software: Windows photo viewer or any other standard image viewer 

Special hardware requirements: None 

 

 


