
 
 

ABSTRACT 

BRANTLEY, TIMOTHY JACOB. An Evaluation of Membrane Adsorbers for Influenza Virus Purification  
(Under the Direction of Dr. Gary Gilleskie).

 The influenza virus is the key ingredient in most flu vaccines.  With the development of flu 

vaccines derived from mammalian cells, regulatory agencies require greater purity of the final 

vaccine compared to vaccines derived from chicken eggs. There are numerous chromatographic 

solid supports for the purification of influenza virus which may be used to address this need for 

increased purity. The focus of this study is to evaluate a conventional packed bed, a monolithic 

column, and commercially and academically sourced membranes using anion exchange 

chromatography for the separation of influenza virus from DNA and total protein from an MDCK cell 

culture process.  

The conventional packed bed resulted in poor virus recovery compared to the monolithic 

column and membranes as mass transfer limitations impeded the virus from accessing the inner 

surface area of the pores of the resin bead which contains most of its binding sites. This lower 

dynamic binding capacity for the conventional packed bed resulted in only 67% of virus in the load 

being captured by the resin bead. The loaded virus did not exceed the binding capacity for the 

monolithic column and membranes as they do not rely on diffusion (large molecules diffuse at a 

slower rate than small molecules) and instead use convection to bind the virus. 

When investigating the separation performance of a new chromatography media, the 

column elution is collected in several aliquots known as fractions. In this study, fractions were 

analyzed separately, and certain criterion was used to determine whether fractions should be 

combined based on specific criteria. The criteria used to determine which fractions to pool was a 

minimum of 85% influenza virus yield that also maximized the %DNA removal.  At this 85% virus 

yield, the monolithic column supplied by Bia Separation resulted in an 87% removal of DNA and a 



 
 

94% removal of total protein. The DNA and total protein removal for the academically sourced 100-

disc PBT-Q non-woven membrane was 20.9% and 93%, respectively. Alternatively, the commercial 

membranes supplied by Pall, Natrix and Sartorius resulted in an average DNA removal of 95% (Pall 

92%, Natrix 96%, and Sartorius 96%) and an average total protein removal of 92% (Pall 96%, Natrix 

86% and Sartorius 92%). With an equal column loading and residence time, ion exchange 

membranes and monolithic columns provided better separation of influenza virus from DNA and 

total protein than conventional packed beds.  

The low percent DNA removal of the 100-disc PBT-Q non-woven membrane column was 

hypothesized to be due to the high number of stacked membrane discs used in the column. A more 

direct comparison of commercial and academic membranes was performed by comparing a 

membrane column packed with 25 Sartobind A4 anion exchange membrane discs to a membrane 

column packed with 25 PBT-Q membrane discs. At an 85% HA yield, the 25-disc PBT-Q membrane 

column resulted in an average of 60.8% DNA removal and 95.3% total protein removal. The 

improved percent DNA removal over the 100-disc PBT-Q membrane column suggests that the 

number of stacked membrane discs has an impact on separation performance.  

At an 85% HA yield, the 25-disc Sartobind A4 membrane column resulted in an average of 

84.6% DNA removal and 95% total protein removal. This improved removal of DNA from the process 

compared to the 25-disc PBT-Q membrane indicates that the Sartobind A4 membranes are better 

for separating influenza from DNA, likely due to differences in ligand density.   
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CHAPTER 1: INTRODUCTION 

1.1 Importance of Influenza Vaccine 

 Influenza is a viral infection of the respiratory tract with common symptoms including fever, 

sore throat, coughing, nasal congestion, and fatigue.  Typically, influenza cases peak during the 

winter season each year.  Influenza viruses can be subdivided into types A, B, and C, with types A 

and B resulting in the most serious infections. Both A and B types mutate frequently enough that the 

development of significant immunity beyond a single season is usually not possible, resulting in the 

potential for infection and outbreaks with epidemic capability on an annual basis. Vaccination 

reduces the number of occurrences and the severity of influenza cases in both seasonal and 

pandemic outbreaks.  

Seasonal influenza infections create a burden to a country’s healthcare system and have the 

potential to lead to patient hospitalization and even death. A report published by the Centers for 

Disease Control and Prevention (CDC) shows that in 2014, the combination of influenza and 

pneumonia was the eighth leading cause of death in the United States, accounting for 2.1% of total.1 

During the 2013-2014 flu season, 32 million people are estimated to have been diagnosed with the 

flu in the US alone, causing an estimated 14.5 million medically-attended cases and an estimated 

420,000 hospitalizations.2 In addition, 2013-2014 seasonal vaccination efforts are estimated to have 

reduced the number of influenza cases by 8 million, reducing the number of medically-attended 

cases by 3.6 million and reducing the number of hospital visits by 114,000.2 Seasonal influenza 

vaccination reduces a patient’s risk of illness and reduces the burden of treatment.  

Pandemic influenza outbreaks are less frequent, occurring every two to three decades, but 

are more severe. One of the first recognized occurrences of a pandemic influenza outbreak is the 

Spanish Flu, which materialized during the final stages of World War I. The Spanish Flu is one of the 
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deadliest epidemics in recorded history and resulted in an estimated 20-40 million deaths between 

1918 and 1919.3 The flu strain that caused this epidemic had a particularly high virulence as the 

mortality rate was 2.5% compared to 0.1% of past influenza epidemics.4 The mortality rate was 

highest among young adults, which is abnormal, as most influenza epidemics result in higher 

mortality rates among infants and the elderly.4 The high mortality rate in young adults has been 

attributed to what is known as a cytokine storm, caused when the body’s immune system reacts too 

aggressively to a disease. In the case of the Spanish flu, young adults would often die from 

suffocation as their bodies produced excess mucus in the nasal pathway, esophagus, and lungs.5 

During this time of the epidemic, theory suggested that the flu was caused by bacteria, and vaccines 

created from bacteria were ineffective at preventing infection. 6 It wasn’t until the 1930s that a virus 

was determined to be the cause of the pandemic.6  

The most recent influenza pandemic, referred to as the Swine Flu, occurred in 2009 and lead 

to the death of an estimated 203,000 people worldwide.7 That number increases to 400,000 if 

people with pre-existing conditions, such as heart disease and bacterial infections exacerbated by 

infection with the influenza virus, are included in this estimation.7 Like the Spanish Flu, the highest 

mortality rate was among young adults.  The CDC estimates that 60% of recorded Swine Flu cases, 

6,000 hospitalizations, and 300 deaths could have been prevented if the influenza vaccination 

program was started two weeks earlier.7 More rapid manufacture and distribution of pandemic flu 

vaccines can help prevent the severity of influenza pandemics.  

1.2 Influenza Vaccine Manufacturing  

1.2.1 Background on Types of Influenza Vaccines and Influenza Virus Structure 

Influenza vaccines in production today can be categorized as either killed, live, or 

recombinant vaccines.8 Killed vaccines are composed of non-infectious virus particles or split 

particles of the virus. Live vaccines contain virus that has the potential to be infectious in other 
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organisms, but are not infectious within the human body. Recombinant vaccines are produced using 

recombinant cells engineered to assemble and secrete the antigenic surface protein of the virus.  

Killed vaccines are further divided into three types: inactivated whole virus, split, and 

subunit vaccines.8 Whole virus vaccines are typically grown in eggs, purified, and then inactivated 

using formaldehyde or β-propriolactone.8 The purpose of the inactivation process is to remove the 

infectivity of the virus.  Split vaccines are produced in a similar manner, but include a splitting step 

that involves adding a detergent to disrupt the virus membrane. Split vaccines use the fragments of 

the virus membrane to induce an immune response to the virus antigen.8 Subunit vaccines go 

through an additional splitting step to purify the viral surface proteins, hemagglutinin (HA) and 

neuraminidase (NA).  

In contrast with killed vaccines that use chemicals to inactivate the virus, live vaccines use a 

virus that has been grown in a manner that inhibits its ability to replicate efficiently in a person. The 

only live virus vaccine on the US market is a cold-adapted live attenuated vaccine. The vaccine is 

produced by adapting influenza virus to grow at 25°C inhibiting its ability to effectively replicate at 

the human body temperature of 37°C.8 Recombinant vaccines are subunit vaccines that are 

produced using a cell culture process in which the gene segment that encodes for the HA protein is 

inserted into the host cell to directly produce the protein without the presence of the whole virus in 

the process.9 

The three types of influenza virus – A, B, and C – are determined by the presence or absence 

of surface proteins.  Influenza A infects humans, chickens, and pigs, and is the cause of influenza 

pandemics.  Influenza B and C do not cause pandemics, however, influenza B resulted in 

approximately one third of all laboratory confirmed cases of influenza during the 2016-2017 

season.10 Influenza A viruses are divided into subtypes based on the combination of hemagglutinin 
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and neuraminidase surface proteins. For example, an influenza virus with H7 (hemagglutinin 7) and 

N5 (neuraminidase 5) is classified as an H7N5 subtype. Influenza B and C have only one type of 

hemagglutinin and neuraminidase, and therefore do not have subtype classifications.11 

Influenza A virus strains are named by listing the influenza type, location of first isolation, 

strain number, and date of first isolation along with its subtype.  For example, the virus strain used 

in this project is A/Puerto Rico/8/1934 (H1N1), which was the strain of virus responsible for the 

Spanish Flu epidemic.  

The influenza virus, as seen in Figure 1.1, is roughly spherical in shape and contains an outer 

lipid membrane structurally supported by an inner matrix layer composed of matrix protein 1 

(M1).12 The size of the virus ranges from 80 to 120 nm in diameter and the virus is covered by spike-

like projections of either hemagglutinin (HA) and neuraminidase (NA) glycoproteins.13 There are 

approximately 400 of these spike-like projections on the surface of the virus. Of these 400, there are 

four times the number of HA glycoproteins as there are NA glycoproteins.14  
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Figure 1.1: Structure of influenza virus A. The viral ribonucleoproteins and nuclear export proteins 

(NEP) are beyond the subject of this thesis and will not be discussed in the thesis. Figure adapted 

from Webster et. al. 

The HA glycoprotein, as seen in Figure 1.2, is a trimer consisting of 3 identical HA monomers 

and measures approximately 140 Å (or 14 nm) from the insertion into the lipid membrane to its 

tip.13,15 An individual HA monomer is composed of one HA1 and one HA2 protein which are bound 

together near the protease cleavage site. The site, when cleaved, allows the protein to mediate 

membrane fusion between the viral envelope and the host cell membrane.14 This is required for the 

virus to complete its replication cycle and the reason protease addition in cell culture processes has 

boosted virus titers. The HA monomers are each bound together by 2 disulfide bonds, one on each 

HA1 and HA2 molecule. Each HA1 monomer has a sialic acid binding pocket at its tip. The HA1 

molecule also contains the major antigenic epitopes of the molecule.16    
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Figure 1.2: Image of influenza hemagglutinin monomer and trimer. Image shows fusion peptide and 

receptor binding site. 

NA has enzymatic activity that cleaves sialic acid residues from glycoproteins. This cleavage 

mediates the release of newly formed viruses that bud from the surface of the infected host cell. A 

third surface protein of the influenza virus is the M2 protein which is an ion channel integrated into 

the lipid membrane of the virus.12  

The influenza virus life cycle begins when the HA protein on the virus binds to the sialic acid 

on the surface of the host cell. The host cell membrane then engulfs the virus and creates an 

endosome in the cytoplasm of the cell in a process known as endocytosis.12 The pH in the endosome 

decreases which causes a conformational change in the HA protein.12 This conformational change 
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simultaneously opens the virus and endosome membranes and allows the viral RNA to be released 

into the cytoplasm.12 Once in the cytoplasm, the RNA enters the nucleus of the host cell and begins 

to produce viral proteins and additional copies of RNA.12 New influenza viruses are created on the 

surface of the host cell membrane in a process known as budding. The budded viruses are released 

from the host cell membrane; however, the HA surface proteins of the virus will bind to the sialic 

acid on the host cell membrane prior to release.12 The NA surface proteins of the virus will then 

cleave the sialic acid residue from the HA surface protein and release the virus into the 

environment.12 

1.2.2 Development of the Influenza Vaccine Process 

 Sir Macfarlane Burnet developed the first influenza vaccine using embryonated chicken 

eggs, followed by inactivation with formalin in 193517. Since that time, the majority of influenza 

vaccines have been produced in a similar manner. Embryonated chicken eggs can be used to grow 

influenza virus because chicken and human cells can be infected by the virus. During World War II, 

improvements to the methods developed by Sir Macfarlane Burnet were performed by the US Army 

under the guidance of Thomas Francis, who also organized the first successful US clinical trial of a 

bivalent influenza vaccine.18 The bivalent inactivated virus vaccine decreased the occurrence of 

influenza infection from 7.1% in the control group to 2.2% in the vaccinated group.18 The majority of 

influenza vaccines produced today use a similar egg-based system.19 

 However, there are distinct disadvantages to using embryonated chicken eggs for the 

production of influenza vaccine. Typically, one to two eggs are required to produce one dose of 

influenza vaccine.20 This requirement can be problematic because millions of eggs are needed each 

year to meet the demand of global vaccine production, and each of these eggs must pass SPF 

(specific pathogen-free) certification to ensure that they are safe for production. 20,21 Additionally, 
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acquiring millions of embryonated eggs can be difficult during an epizootic outbreak among 

poultry.21 In the occurrence of a pandemic, egg-based production can require up to six months of 

lead time before a single pandemic vaccine dose can be produced.21 The pandemic could be in full 

swing in that time. For example, during the 2009 swine flu pandemic, vaccines didn’t arrive in bulk 

until the pandemic was at its peak in the fall of 2009, likely due to the difficulty of growing the 

pandemic influenza virus strain in eggs.7 Additionally, the egg-based vaccine contains trace amounts 

of egg proteins, which can cause difficulties for individuals with severe egg allergies.19  

As an alternative to egg-based production, cell-based technologies could reduce the lead 

time to get vaccines to patients to weeks instead of several months.21 Cell-based technologies were 

investigated as early as 1935, however, the resulting low viral titers made a cell-based process 

infeasible.22 In 1968, it was discovered that the addition of proteases during cell infection 

significantly increase virus titers in cell culture.23,24  Developing a commercial cell-based vaccine 

using Madin Darby Canine Kidney (MDCK) cells was considered in the early 1990s, but was not 

pursued due to the low profit margins of influenza vaccines.25,26 In 1997, a highly pathogenic (H5N1) 

influenza virus began infecting people in China.27 With a mortality rate of 60%, there was an unmet 

need for rapid vaccine development.28 To complicate matters further, the virus was highly 

pathogenic in chickens and embryonated chicken eggs.27 This led to compromised virus titers and 

the potential for contamination of the egg supply by infected chickens.26 To help meet the unmet 

need for vaccines, government agencies around the world provided financial incentives to 

companies to develop cell-based manufacturing methods.29 The first two producers of cell-based 

vaccines, Baxter and Novartis, received EU approval for their products, Preflucel (2011) and Optaflu 

(2007), respectively.26 



9 
 

A typical manufacturing process for the production of a monovalent, live-attenuated, whole 

virus pandemic vaccine by cell culture is shown in Figure 1.3.30 The process begins with expansion of 

adherent Vero cells, followed by infection with a strain of influenza virus for virus production. Next, 

the cell culture fluid is harvested using low-speed centrifugation.30 Cell debris is removed during this 

step. Then, benzonase is added to digest DNA into shorter strands, which are easier to remove from 

the process. This material is then concentrated for volume reduction, and buffer exchanged using 

tangential flow filtration (TFF) prior to being loaded onto an anion exchange monolithic column 

operated in bind-and-elute mode.30 The purpose of the anion exchange step is to remove impurities 

such as host cell protein and DNA. The next step is size exclusion chromatography (SEC), which 

removes trace impurities and transfers the material into its final formulation buffer.30 A single pass 

tangential flow filtration step can then be utilized to concentrate the whole virus to the ideal 

concentration. The final step is sterile filtration and filling into nasal sprays or syringes.31 For 

seasonal trivalent or quadrivalent influenza vaccines, each strain is cultured and purified as a 

separate monovalent lot and then sterilely filtered before being combined and filled into syringes, 

single-dose vails, or multi-dose vials.  
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 Figure 1.3: A typical whole virus, live attenuated influenza vaccine process.

Adherent Vero cells are grown 
and infected in T-Flasks 

Benzonase is added to digest DNA, and then 
tangential flow filtration is used to 

concentrate and exchange the buffer 

Ion exchange chromatography, utilizing the high flowrates 
afforded by monolithic chromatography column, is used to 

reduce soluble impurities by separating components by 
their charge properties 

The influenza vaccine is 
further purified by exploiting 

it larger size compared to 
impurities using size-exclusion 

chromatography 

Centrifugation is used to 
remove the cell debris 

The purified vaccine is 
concentrated and filled into 

syringes or nasal sprays 
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Instead of using anion exchange chromatography to remove the bulk of the soluble 

impurities, large scale purifications of egg-based virus is typically performed using 

ultracentrifugation, which often has poor scalability and involves long processing times of 10 to 18 

hours.30,32 Additionally, manufactures have sought to evaluate new technologies to increase purity 

because of the increase of regulatory requirements related to the purity of virus preparations and 

the increased risk of adventitious viruses in mammalian cell culture processes.30,33 

One of the main purposes of the downstream process for vaccine production is to reduce 

impurity levels below those required for patient safety. In the Code of Federal Regulations (21 CFR 

600), which applies to biological products such as vaccines, purity, safety, and potency are noted as 

required product attributes.  21 CFR 600.3(r) defines purity as “relative freedom from extraneous 

matter in the finished product, whether or not harmful to the recipient or deleterious to the 

product”.  Examples of impurities that may be present in influenza vaccines include host cell 

proteins (HCP), DNA, endotoxins, and adventitious viruses. The World Health Organization (WHO) 

recommends final influenza vaccines contain less than 10 ng of cellular DNA and less than 300 µg of 

total protein per dose.34 The potential risks of DNA present in the final dose are oncogenicity, 

immunogenicity, and mutagenesis.35 HCPs are a wide variety of proteins derived from the host cell 

and their removal along with other non-vaccine related components is important to reduce 

unwanted immune responses to non-vaccine antigens. The WHO recommends using a ratio of 

hemagglutinin content to total protein, which should not exceed 6 times the hemagglutinin 

content(including the virus itself).34 Through the United States Food and Drug Administration (FDA) 

Inspection Technical Guide No. 40, the FDA requires endotoxin levels per dose to be no more than 5 

Endotoxin Units (EU)/kg body weigh/hr, with EU representing the unit of measurement for 

endotoxin activity.  
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Chromatography is often an essential tool for removing impurities. Evaluating different solid support 

geometries for anion exchange chromatography to increase the purity of the virus is the focus of 

this project.  

1.3 Background on Chromatography 

1.3.1 Introduction to Chromatography 

Liquid chromatography is the process of separating components in solution by passing the 

solution over a solid phase medium, often referred to as a stationary phase.  Separation of different 

molecules in solution is the result of differences in physical and chemical properties, such as size, 

charge, hydrophobicity or specific binding affinities. Modern liquid chromatography equipment 

typically utilized in biopharmaceutical manufacturing include pumps to move the mobile phase (i.e., 

any liquid flowing through the stationary phase), valves to direct flow, a column packed with resin 

(i.e., stationary phase) that will separate the components of the sample, and a UV detector at 280 

nm. The wavelength of 280 nm is chosen as amino acids containing aromatic rings such as tyrosine 

and tryptophan, absorb light at this wavelength. Additionally, many production chromatography 

systems include in-line probes to measure conductivity and pH. 

A traditional packed bed chromatography column used for the purification of proteins uses 

porous spherical beads with diameters in the micron range composed of agarose, a polysaccharide 

polymer. The beads have specific molecules fixed to the surface and pores of the bead to interact 

with specific components in a solution. These porous beads are packed under pressure in a glass or 

steel cylinder, known as a column, with a narrow inlet at the top of the cylinder to allow material to 

flow into the column and narrow outlet at the bottom of the column to allow effluent to exit the 

column. The porous bead shape provides a high surface area to volume ratio. The greater surface 

area allows for more interactions between the surface of the resin bead and components in a 
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solution. However, components can only enter the pores of the bead by diffusion; small molecules 

diffuse more quickly than large molecules. 

Chromatography was first invented in 1903 by Russian botanist Mikhail Tswett as a way to 

separate plant pigments on a calcium carbonate medium.36 In 1935, synthetic organic ion exchange 

resins were developed, which allowed for variation in functional groups for the development of 

weak and strong ion exchangers.37 Advances in chromatography for the separation of small 

molecules eventually led to use in protein separation, and in 1974, insulin manufacturers, Novo 

Nordisk and Eli Lilly utilized chromatography to produce highly purified animal insulin that reduced 

the occurrence of allergic reactions in patients.38 Later in 1982, Eli Lilly used chromatography to 

purify human insulin produced by genetically engineered E.coli cells, which became the first 

marketed recombinant DNA drug.39 In the biopharmaceutical industry, the demand for 

chromatography increased due to a desire to separate a single target protein from a complex 

mixture of impurities such as DNA, HCP, and adventitious viruses, while maintaining the structure 

and activity of the target protein. 

As chromatography was optimized for the purification of smaller molecules and proteins, 

large scale purification of macromolecules (>500 kDa) such as virus particles has primarily been 

performed using ultracentrifugation.40,41,42,43 Ultimately, chromatography is a tool that can help 

achieve the level of purity influenza vaccines derived from mammalian cell cultures must meet 

based on regulatory requirements, including the removal of adventitious viruses30,33. 

Many different chromatography interaction modes that separate proteins based on 

differences in charge, specific affinity, hydrophobicity, and size, have been developed. Ion exchange 

chromatography, which separates biomolecules based on differences in charge, was chosen for this 
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project, as it has been demonstrated to separate influenza virus from impurities and is available in 

resin bead, membrane and monolith solid support formats, all of which were used in this work.30 

There are two types of ion exchange chromatography: anion and cation exchange. Anion 

exchange chromatography media utilizes a positively charged functional group such as a quaternary 

ammonium, to bind molecules with an overall negative charge. The anion exchange functional 

groups can be further categorized as weak or strong, where weak exchangers such as 

diethylaminoethyl (DEAE) can only function over a narrow pH range, while strong exchangers such 

as quaternary ammonium (Q) can remain functional across a wide pH range.44 Cation exchange 

chromatography media utilizes a negatively charged functional group to bind molecules with an 

overall positive charge and is available in weak (carboxymethyl) and strong (sulfonic acid) functional 

groups as well. Generally, it is advised to use strong ion exchange groups as their performance is not 

affected by pH, however protein selectivity will differ between weak and strong ion exchangers.45  

The average charge of a large entity, such as DNA, proteins, and viruses, is dependent on the 

isoelectric point of the molecule and the pH of the solution. The isoelectric point for molecules can 

be estimated from the pKa values, which is the willingness of the molecule to donate a proton, of 

each conjugate acid-base pair within the molecule.46 The amino acid side chains of basic amino 

acids, such as arginine, lysine, and histidine, and acidic amino acids, such as aspartate and 

glutamate, have a significant impact on the isoelectric point of proteins. The difference in isoelectric 

points for various proteins can be exploited for the separation of individual proteins from a mixture 

by ion exchange chromatography. 

If a solution contains a target virus, DNA, and HCP, the pH of the solution will determine the 

charge of each component as seen in Figure 1.4. The isoelectric point of influenza A is approximately 

6, while the isoelectric point of DNA is around 5.47,48 HCP is a term used to describe a wide variety of 
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proteins derived from the host cell and each protein will have its own individual isoelectric point. For 

simplicity of this example, the isoelectric point of HCP for this example will be assumed to be 7 and 

all proteins in this category will be assumed to have identical isoelectric points.  If the pH of the 

solution is 6.5, Influenza A and DNA will have a negative net charge, while the HCP will have a 

positive net charge. If the pH of the solution is 5.5, then the net charges on the impurities (i.e. DNA 

and HCP) will not change; however, the net charge for influenza A will change from a negative net 

charge to a positive net charge. This work uses an anion exchange step, operated in bind-and-elute 

mode, for the purification of the target virus. The ideal solution pH is between the isoelectric point 

of the virus and the isoelectric point of the HCP (between 6 and 7). Within this pH range, the virus is 

negatively charged and will bind to the column, while the HCP will be positively charged and will not 

bind to an anion exchange column.   

 

Figure 1.4: An illustration of the net charge of components in solution as a function of pH. Lines in 

purple represent the pH of the solutions described in the text. The blue, red and green curves are 

not based on actual data, but are present for illustration purposes. 

Isoelectric 

Points 
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  The process of ion exchange chromatography can be operated in two different modes. The 

first mode, bind-and-elute, binds the target protein and some impurities and then elutes the bound 

molecules ions using salt ions or by adjusting the pH to change the charge of the bound molecule. 

This is typically the ideal mode for isolating a protein from a mixture with substantial levels of 

impurities.49 The amount of a specific protein that can bind to a volume of resin at a given flow rate, 

known as dynamic binding capacity, is affected by many factors including linear velocity of the fluid 

through the column, the size and charge properties of the specific protein, and the properties of the 

resin. The flow rate, which has a significant effect on the dynamic binding capacity of resin beads, is 

typically described as a linear velocity (velocity of the fluid perpendicular to the cross-sectional area 

of the column) which can be used to determine the residence time (the amount of time it takes for 

one column volume of fluid to travel the length of the column).  

The other mode of chromatography is negative mode, or flowthrough mode. This mode is 

operated near the pH of the target molecules isoelectric point and a moderate salt concentration to 

prevent the molecule of interest from binding to the media, while the impurities are bound to the 

column and removed from the process. This mode can be performed in less time than bind-and-

elute and is typically ideal for removing low levels of impurities.49 The focus of this project is to 

evaluate bind-and-elute anion exchange chromatography using various solid support formats for the 

capture of influenza virus. 

Bind-and-elute ion exchange chromatography for biopharmaceutical production consists of 

many steps as seen in Table 1.1. A bind-and-elute anion exchange chromatography begins with the 

equilibration step, which flushes out the solution in which the column was stored in and prepares 

the column for the load step by maintaining the same conductivity and pH as the mixture to be 

loaded onto the column. Next, during the load step, the mixture at a pH above the isoelectric point 
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of the virus is loaded onto a solid support that has a positively charged functional group. The 

negatively charged virus and impurities will bind to the positively charged functional group on the 

solid support. Positively charged impurities will not interact with the solid support and will be 

removed from the process in an effluent stream.  

In the next step, the solid support will be washed with a buffer that is at the same pH as the 

load material to remove any molecules (i.e., impurities) that have not bound to the solid support. 

Next, a buffer containing a salt, typically sodium chloride (NaCl), is fed into the column. Chloride ions 

compete with the bound molecules for binding and will displace the virus from the solid support at a 

high enough salt concentration.  

Table 1.1: Description of steps performed during a typical ion exchange chromatography process.  

Step  Purpose Common Solutions 

Equilibration 
To flush storage buffer and prepare the 
column for binding target molecule 

Usually the buffer system that 
the virus is dissolved in 

Load 
To apply the mixture of the target molecule 
and impurities; some impurities will 
flowthrough  

Process intermediate 

Wash 
To remove unbound and/or weakly bound 
impurities 

Usually the same buffer used 
for the equilibration 

Elution 
To collect the target molecule without 
collecting bound impurities 

Usually equilibration buffer 
containing low concentrations 
of NaCl 

Regeneration To remove residual impurities  2M NaCl 

Sanitization 
To ensure no viable microorganisms are 
present in column 

0.5M NaOH 

Buffer Rinse To neutralize the column pH 
Usually the same buffer used 
for the equilibration 

Storage 
To minimize biological growth during the 
storage time between runs 

20% EtOH dissolved in water 

 

There are two different methods to reach this salt concentration. The first method, known 

as a linear gradient, is to increase the salt concentration by using a pre-determined slope over a 
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certain number of column volumes. This method is ideal for gathering an understanding of the 

process, such as which molecules elute at a certain conductivity.50 The second method, known as 

step gradient, uses a series of isocratic steps over time. This method is ideal for chromatography 

steps that have previously been optimized and has the potential to reduce the time and buffer 

required for the purification process.51 Alternatively, changes in pH approaching the isoelectric point 

of the target molecule can be used to elute the target molecule.48 

The virus elutes from the column and the column effluent is collected in a process known as 

fractionation. Fractionation is the process of separating the elution into separate collections, known 

as fractions. Early in process development, the entire elution will be collected into many small 

fractions and analyzed for process understanding. In a manufacturing scale chromatography 

process, the target protein will be collected in a single fraction, called the product fraction, while the 

rest of the elution is sent to a waste stream.   

After the elution step has been completed and the virus has been collected, a solution 

containing a high concentration of salt is pumped through the column to remove any molecules that 

remain bound to the column. This helps to maintain capacity for subsequent runs.  After the column 

has been regenerated, a sanitization solution is pumped though the column (typically 0.5 M NaOH) 

to remove any microorganisms that may have been introduced into the column during the 

purification process. Following this step, a low conductivity buffer, typically the same as the 

equilibration buffer, is pumped through the column to remove any residual sanitization buffer and 

to neutralize the pH. Finally, the column is flushed with a storage buffer to prevent biological growth 

during storage and the inlet and outlet lines are sealed.  
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1.3.2 Column Performance and Van Deemter Equation 

 Chromatography column performance can be described by the plate theory of 

chromatography, in which the column is viewed as being made up of a certain number of horizontal 

layers known as plates. Each theoretical plate creates an equilibrium between the mobile and 

stationary phase. The more theoretical plates that a column contains for a given column height, the 

better the expected separation performance will be.  Two columns packed with the same 

chromatography resin and operated under identical conditions can result in different number of 

theoretical plates based on the how effective the columns are packed. If the resin in a column is 

improperly packed (too little, excessive, or uneven pressure applied to the column for example), the 

number of theoretical plates will be decreased and subsequently, separation performance will 

suffer. The reduction in the number of theoretical plates is largely due to poor flow distributions. 

Poor flow distributions can be determined by measuring asymmetry, which is used to evaluate the 

pack quality of a column.  

To determine the number of theoretical plates for a given column, a pulse injection is 

performed as described in the column efficiency testing manual provided by GE Healthcare.52 The 

result of the pulse injection is a chromatogram with volume on the x-axis and conductivity or 

absorbance on the y axis. Information from the pulse injection test, such as peak height, is used in 

the equation for determining the number of theoretical plates and can be seen in Figure 1.5. 
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Figure 1.5: Diagram illustrating method used to determine number of theoretical plates.  

 The number of theoretical plates is a function of column height. The height of the column (L) 

can be divided by the number of theoretical plates (N) resulting in the height equivalent of a 

theoretical plate (HETP) as seen by Equation 1.1. 

Equation 1.1: Height equivalent to theoretical plates. 

𝐻𝐸𝑇𝑃 =
𝐿

𝑁
 

 As the HETP of a packed column differs based on the diameter of the resin bead, the 

reduced plate height can be used to normalize HETP irrespective of the diameter of the resin bead. 

The equation for reduced plate height (H) is the quotient of HETP and particle diameter (dp) as seen 

in Equation 1.2. 
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Equation 1.2: Reduced plate height.      

𝐻 =
𝐻𝐸𝑇𝑃

𝑑𝑝
 

 A low HETP value means that higher separation performance can be achieved. As a frame of 

reference for HETP values, Amerham Bioscience (now GE Healthcare) performed a pulse injection 

test at 60 cm/hr on a 40 L column packed with Sepharose 6 FF media which resulted in a HETP of 

0.024 cm.53 An application note from GE suggests the optimal reduced plate height to be less than 

or equal to 3, which equates to an HETP of 0.027 cm for a resin bead with an average particle 

diameter of 90 µm.52,54  

While HETP measures the separation potential of a column, asymmetry measures the 

packing quality of the resin in the column. A poorly packed column can lead to unfavorable flow 

distribution and reduced separation.55   The asymmetry factor of a column can be determined from 

the same pulse injection used to calculate HETP. The method and equation used to calculate the 

asymmetry factor are in Figure 1.6.  
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Figure 1.6: Diagram illustrating method used to determine the asymmetry factor for a column. 

As a frame of reference for HETP values, Amerham Bioscience (now GE Healthcare) 

performed a pulse injection test at 60 cm/hr on a 40 L column packed with Sepharose 6 FF media 

which resulted in an asymmetry factor of 0.96.53 The ideal range of asymmetry factor for a packed 

bed is between 0.8 and 1.8.52   

While a poorly packed resin column can cause an increase in HETP, the flowrate of mobile 

phase through the column can also impact HETP.  The Van Deemter equation, as a seen in Equation 

1.3, shows HETP as a function of the linear velocity of the mobile phase through the column. In the 

Equation 1.3, A represents eddy diffusion, B represents the longitudinal diffusion, C represents mass 

diffusion and u represents linear velocity. An example showing the effect linear velocity has on HETP 

can be seen in Figure 1.7.55 
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Equation 1.3: Van Deemter equation. 

𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝑢
+ 𝐶 × 𝑢 

 

Figure 1.7: A plot representing the dependence of HETP on mobile phase velocity. 

The A term represents eddy diffusion, which causes band broadening due to the variable 

paths that a molecule can take as it flows through the column as seen in Figure 1.7. These different 

paths are related to packing heterogeneity and small variations in packing size.57 The effect of eddy 

diffusion on HETP is independent of linear velocity. 

The B term represents diffusion of the elution band in the direction of the bulk flow (e.g. 

longitudinal diffusion).  Per the Van Deemter equation, the effect of longitudinal diffusion can be 

reduced by increasing the linear velocity.57 However, the diffusion coefficient of the solute in the 

mobile phase, which is low in liquid chromatography systems compared to gas chromatography 

systems, is a factor in determining the significance of longitudinal diffusion on the HETP of a 
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column.58 The low magnitude of the B term means that is unlikely to influence HETP in liquid 

systems such as those used in this work.58 

 The C term represents diffusion into the pores of the bead. The pores of the resin bead 

account for approximately 99% of the surface area available for binding, therefore limitations of 

molecules to diffuse into the pores can have a significant impact on binding capacity and separation 

performance.58 During chromatography, the mobile phase is stagnant within the pores of the beads 

and molecules that bind to the resin move into the pores by diffusion. Diffusion rate depends on 

many parameters, including molecular size and bead pore size. Band broadening is reduced by 

reducing the flow rate and by using a smaller bead to make the pores as shallow as possible. When 

the molecule of interest is a size similar to the bead pores, then the diffusion rate may become slow 

enough that neither a reduced flow rate nor smaller bead size results in an efficient separation. 

1.4 Chromatography for Virus Purification 

1.4.1 Conventional Packed Beds, Membrane Adsorbers and Monolithic columns  

Membrane and monolith stationary phases for chromatography developed out of the need 

to overcome some of the limitations of chromatographic beads. These include intraparticle diffusion 

limitations of large biomolecules above 250 kDa and high pressure drops across the packed bed that 

limit flow rate.60 The large, interconnected pores of membranes and monoliths overcome these 

limitations. 

Traditional packed beds used for biopharmaceutical production contain porous beads 

typically ranging from 30 to 250 µm in diameter. The shallow dead-end pores typically range from 

50- 100 nm.61 Membranes used for chromatography are composed of one or more functionalized 

porous sheets stacked on one another. These open pores range from 0.4 to 8 µm and form channels 

within the membrane sheet.62 A monolith can be defined as a continuous stationary phase cast as a 
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homogenous column.61 The channels of a monolith column range in diameter of 0.6 to 5 µm and 

interweave and transverse the entirety of the column.61 Each channel connects to an average of 10 

other channels and the channel volume makes up about 60% of the total monolith volume.60 Packed 

beds have axial flow from column inlet to outlet, while membranes and monoliths come in both 

axial and radial flow paths, as shown in Figures 1.8 and 1.9.30,61 

 

Figure 1.8: Commercially available membrane chromatography modules A) Stacked discs, B) Cross-

flow sheet cassettes, C) Hollow fiber, D) Spiral wound, E) Pleated sheets. 

 

Figure 1.9: Commercially available monolith formats.  
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The linear velocity of radial flow monolithic columns is calculated by taking the average linear 

velocity (uav) at the outer and inner surface of the solid support as seen in Equation 1.4, where F 

represents flowrate, L is the height of the membrane, Do represents outer diameter and Di is inner 

diameter.63 As linear velocity is a function of the cross-sectional area perpendicular to the direction 

of flow, the outer cross-sectional area of a radial flow solid support is larger than the inner cross-

sectional area. Therefore, as the cross-sectional area decreases as it transverses the radial solid 

support, the linear velocity increases. 

Equation 1.4: Equation for average linear velocity of radial monolith column. 

𝑢𝑎𝑣 =
𝐹 × ln

𝐷𝑜
𝐷𝑖

𝜋 ×  𝐿 × (𝐷𝑜 − 𝐷𝑖)
 

Convection is the primary method of solute transport through a membrane or monolithic 

column. This allows the virus to have access to all available binding sites on the membrane of the 

monolithic column. Therefore, the binding capacity of membranes and monolithic columns remains 

constant regardless of the size of the molecule or the residence time of mobile phase.60,64 

For traditional packed bed columns, diffusion is the primary mode for the mobile phase to 

access all available binding sites as seen in Figure 1.10.62 The pores of the resin beads account for 

approximately 99% of surface area available for binding, so any reduction in diffusion can reduce the 

binding capacity of the packed bed column.59 This means that the binding capacity of traditional 

packed bed columns is limited by among other parameters, the size of the molecule being bound, 

residence time and in extreme cases, temperature. Additionally, diffusion is a naturally slower 

process than convection.  If the pore size is smaller than the diameter of the solute, then the solute 

can’t enter the pores of the resin. This is known as the exclusion limit. Being at or beyond the 

exclusion limit greatly reduces the available binding sites and thus the binding capacity.64 
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Figure 1.10: Diagram of mass transfer mechanisms inside chromatography column.  

 When the molecule being purified is small and diffusion does not limit the binding capacity, 

packed beds tend to have a higher dynamic binding capacity than membranes and monoliths due to 

their higher surface area.  For a relatively small protein like bovine serum albumin (BSA), the binding 

capacity of a resin bead column is roughly 10 times that of monolithic column.35 As the size of the 

molecule increases, the dynamic binding capacity of the resin bead column will decrease. For 

example, the dynamic binding capacity of influenza virus on a resin bead is 10 to 100 times less than 

that of a monolithic column.35 A similar study by Sartorius showed that binding capacity of 

adenovirus (90-100 nm in diameter) on a packed bed was 10 times less than that of a membrane.65 

This is partially due to both viruses being at or near the exclusion limit of most resin beads.  

A 2010 study by Gagnon concluded that the crossover point of when monoliths provide more 

dynamic binding capacity than packed beds occurs at a mass of 1 MDa or a hydrodynamic radius of 

12 nm.61 A similar crossover point for membranes has not been stated in literature, but is likely 

similar. The convective mass transfer of membranes and monolithic columns has several advantages 

over traditional packed beds for the purification of influenza virus including higher dynamic binding 

capacity and lower residence times.61 
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1.5 Literature Review 

There have been a number of studies that have looked at purification of influenza virus by 

chromatography; these are summarized in Table 1.2.  Differing strains of influenza are known to 

have differences in charge and stability, so the studies included in Table 1.2 are those that use 

influenza A. 
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Table 1.2:  Summary of influenza purification results using various solid supports. The asterisk symbol (*) indicates HCP reduction based on total 

protein concentration measurements. NR stands for not reported. 

Solid Support Virus Strain 
Solid Support 

Type 
Operational 

Mode 
Mode of 

Interaction 
HA 

Yield 
Product Fraction 

Criteria 

Percent 
DNA 

Removal  

Percent 
HCP 

Removal 

Residence 
time 
(min) 

GE Capto Core 
70066 

A/Solomon 
Islands/3/2006 
(H1N1) 

Resin bead Flowthrough Multimodal  85% 
% total HA in 
flowthrough 

fraction 
NR 32% NR 

GE Sepharose 4 
FF66 

A/Solomon 
Islands/3/2006 
(H1N1) 

Resin bead Flowthrough Size Exclusion  86% 
% total HA in 
flowthrough 

fraction 
NR 31% NR 

GE Sepharose 
Q XL67 

A/Puerto 
Rico/8/1934 (H1N1) 

Resin bead Flowthrough Anion Exchange 80% 
% total HA in 
flowthrough 

fraction 
98.5% 33%* 4.7 

GE Sepharose 
Q FF67 

A/Puerto 
Rico/8/1934 (H1N1) 

Resin bead Bind-and-Elute Anion Exchange 0% NR 0% NR NR 

Cellufine 
Sulfate68 

A/Puerto 
Rico/8/1934 (H1N1) 

Resin bead Bind-and-Elute Affinity  56.6% 
% total HA in 
elution with 
0.6M NaCl 

76.5% 82.40%* 6 

Sulfated 
Cellulose 

Membrane68 

A/Puerto 
Rico/8/1934 (H1N1) 

Membrane 
(non-

commercial) 
Bind-and-Elute Affinity  81.60% 

% total HA in 
elution with 
0.6M NaCl 

89.90% 83.60%* NR 

Sartobind S75 
Membrane68 

A/Puerto 
Rico/8/1934 (H1N1) 

Membrane Bind-and-Elute Affinity  75.70% 
% total HA in 

elution with 0.6 
M NaCl 

64.20% 52.50%* NR 

Pall Mustang Q 
XT69 

A/Puerto 
Rico/8/1934 (H1N1) 

Membrane Bind-and-Elute Anion Exchange 93.70% 

% total HA in 
elution pool 
below 63.2 

mS/cm 

87.0% 96.30% 0.1 

Sartobind Q70 A/Puerto 
Rico/8/1934 (H1N1) 

Membrane Bind-and-Elute Anion Exchange 86% NR NR NR NR 

Biaseparations 
Monolith QA71 

Recombinant 
delNS1-H1N1 

Monolith Bind-and-Elute Anion Exchange 74% NR 78.0% 97.3%* 0.11 
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Conventional packed beds are a standard solid support for the purification of small 

molecules, proteins and large biomolecules. The size of the influenza virus, which is larger than the 

exclusion limits of most resin beads, and the slow diffusion rate of the virus create challenges for 

designing a conventional bead-based chromatography process for the purification of influenza in 

bind-and-elute mode. Separation of influenza on this type of solid support is typically operated in 

flowthrough mode to bind only the process impurities and not influenza. The comparison of various 

solid supports in other studies has shown that flowthrough chromatography, whether it is a multi-

modal or anion exchange, resulted in poor removal of host cell proteins. Additionally, separation of 

influenza by binding to a resin bead resulted in poor HA recovery for the cellufine sulfate and 

influenzas and DNA were not separable using the GE Sepharose Q FF likely due to the mass 

transport limitation inherent to diffusion of influenza.67, 70  

Size exclusion chromatography was also compared in past studies, and while it resulted in a 

similar HA yield and host cell protein removal, size exclusion chromatography continues to have 

some inherent drawbacks that are difficult to overcome.66,72  Size exclusion chromatography 

requires the volume of a column to be 20-100 times as large as the load volume being applied to the 

column which creates challenges for scaling the process.72 Additionally, size exclusion 

chromatography must be operated at long residence times and the resulting eluate is more dilute 

than the load material.72 These conditions are not ideal for a large-scale manufacturing process.  

The ideal large-scale manufacturing process would leverage specific binding affinities of 

influenza virus that are not shared by DNA or HCP. Many attempts at creating an affinity 

chromatography step have focused on the affinity of HA to sulfated groups such as cellufine sulfate. 

In past studies, use of cellufine sulfate beads for influenza purification resulted in adequate protein 

and DNA removal, but suffers from poor HA recovery.68 This may be due to the diffusion limitations 
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of resin beads. Opitz et al. bound sulfated cation exchangers to the surface of membrane sheets as 

well as tested the S75 Sartorius membranes.68 The sulfated membrane created at the Max Planck 

Institute for Dynamics of Complex Technical Systems provided good separation of influenza from 

HCP and DNA with adequate HA yield, however they are not commercially available. 68 The 

commercially available S75 membranes also had an adequate HA yield, but removed 25% less HCP 

and DNA. 68  

Anion exchange chromatography operated in bind-and-elute mode on the Pall Mustang Q 

XT resulted in the best HA yield and host cell protein reduction.69 It also operated at the lowest 

residence times which would result in a faster purification process. The residence time was 47 times 

lower than the HiTrap Q FF and 60 times lower than the cellufine sulfate. The Biaseparations 

Monolith QA, operated at a similar residence time as the Pall Mustang Q XT, resulted in marginally 

lower HA yield and DNA removal.70 Data on the separation performance of Sartorius and Natrix 

membranes has not been published, or do not provide data on the removal of DNA and HCP.71 

Membrane and monolith anion exchangers show promising results in the separation of influenza 

from HCP and DNA, but a more direct comparison is needed understand which solid support 

provides the best separation.  

The polybutylene terephthalate (PBT) non-woven anion exchange membrane creates an 

interesting combination of mass transfer forces. The PBT-Q non-woven anion exchange membranes 

were created by Mike Heller as part of his dissertation under Dr. Ruben Carbonell at North Carolina 

State Univerity.65 Use of non-woven material is common for membrane purification (i.e. regenerated 

cellulose, polyethersulfone (PES)). However, the PBT-Q membranes produced by this group are 

unique in that they have used a novel grafting technique optimized for high binding capacity. To 

create the anion exchange membranes, an unmodified PBT membrane was soaked in a solution 
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of polyclycidyl methacrylate and treated with a UV light resulting in activated epoxy groups.65 The 

epoxy groups were then reacted with trimethylamine to give a membrane with quaternary amine 

(Q) groups.65 Mike Heller showed that the equilibrium protein binding capacity of BSA (bovine serum 

albumin) on the PBT-Q anion exchange membranes could be as high as 800 mg BSA/g of PBT-Q 

membrane.65 However, it was shown that diffusion limitations in the grafted layer resulted in long 

time scales to reach these large binding capacities.65 If only the convective binding on the monolayer 

surface is considered, the binding capacity decreases to around 14 mg BSA/g of PBT-Q membrane. 

The UV-grafted membrane was selected for comparison to commercial membranes to determine if 

the novel grafting technique influences virus purification efficiency.  

1.6 Motivation 

Literature shows that influenza virus purification using convective-dominated mass 

transport solid supports, such as membranes and monolithic columns, results in better purity, larger 

dynamic binding capacity and faster processing times compared to diffusion-dominated solid 

supports, such as traditional resin columns. In the literature, anion exchange chromatography was 

the most commonly performed and resulted in higher HA yields. While numerous studies have been 

performed, it can be difficult to make direct comparisons of performance due to differences in 

conditions used including virus type, residence time, and product collection criteria. This study will 

attempt to address these issues by comparing solid supports using the same collection criteria, a 

common and well-researched virus strain, a constant solid support volume, and a constant 

residence time so that a more equivalent comparison can be made.  

Membranes and monoliths present unique advantages for the purification of large 

biomolecules, such as influenza, compared to conventional packed beds columns in that they do not 

suffer from diffusional mass transfer limitations, are more efficient, and simplify operations by 



31 
 

coming in a single use format. However, several solid supports, such as the membranes supplied by 

Natrix and the academically sourced novel PBT-Q non-woven membrane, have not been fully 

evaluated for their ability to purify influenza. This project aims to compare both commercial and 

non-commercial membranes and a monolithic column using a single virus strain, identical 

chromatography conditions and identical assays to quantify virus, HCP and DNA to determine which 

solid support results in the best purification of influenza. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Preparation of Virus Load Material 

 This section outlines the materials and methods use to generate the concentrated 

inactivated influenza virus used as a load material for the chromatography experiments.  

2.1.1 Description of Virus Cell Culture Process 

 Madin-Darby Canine Kidney (MDCK) suspension cell culture was grown in 125 mL to 2 L 

shake flasks with a 20-25% working volume. Passaging occurred every 2-3 days when cells reached a 

viable cell density of greater than 2.0 x 106 cells/mL. Shake flasks were placed on a shaker in an 

incubator that regulated temperature at 37 °C and 5% CO2. The cells were grown using EX-CELL© 

MDCK Serum-Free Medium for MDCK Cells (Sigma, 14581C-1000mL) supplemented to 8 mM of L-

glutamine (Gibco, 25030-081). Once the cells reached the appropriate volume and viable cell density 

for infection, the cell culture was transferred to a 2-L or 10-L Sartorius CultiBag (Part DBB002L, 

DBB010L) for infection. The CultiBag was controlled by a Sartorius controller set to 37 °C and 5% 

CO2. The culture was diluted to 2.0 x 106 cells/mL using the supplemented EX-CELL© media and then 

further diluted with a 1:1 ratio of Delbecco’s Modified Eagle’s Medium (DMEM) (Corning, 10-013-

CM). Then, 1 mL of trypsin (ATCC®, 30-2101) was added per 1 L of diluted infection culture.  The 

culture was infected with 100 µL of A/PR/08/34 H1N1 viral stock per liter diluted culture from a 

working virus bank maintained at -80 °C. The infection continued for 72 hours before being 

harvested. The temperature for the first 24 hours was set to 37 °C and was then dropped to 34 °C 

for the remaining two days.  
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2.1.2 Harvest and Inactivation Procedures 

The culture was centrifuged at 3,000 rpm in a Sorvall centrifuge (ThermoFisher, 75004521) 

using a swing bucket attachment for 5 minutes. The supernatant was collected and pooled. An equal 

volume of inactivation buffer, which is a phosphate buffer containing 0.06% Tween 80 (Sigma, 

P4780-100mL), was added. Then, 1 mL β-propiolactone (Sigma, P5648-10mL) was added per 2 L of 

inactivation buffer and cell culture supernatant. The virus cell culture harvest was then wrapped in 

aluminum foil to protect it from light and held overnight in a 4 °C fridge. Next, the virus cell culture 

harvest was maintained at 37 °C in an incubator for 3 hours to degrade the β-propriolactone, and 

was then returned to storage at 4 °C.  

For the viral clearance assay, adherent MDCK cell culture was expanded in two sets (passage 

1 and passage 2 designated as P1 and P2, respectively) of five 75 cm2 tissue culture flasks to 

confluence. The cells were passaged and fed using a growth medium composed of Eagle’s Minimal 

Essential Media (ATCC®, 30-2003) with the addition of 10% fetal bovine serum (ATCC®, 30-2020). On 

the first day of viral clearance, the growth media was removed from the first set of five confluent 

flasks (P1) and the adherent cells were washed twice with phosphate buffered saline (PBS). Next, an 

infection media composed of DMEM with 0.01% trypsin (ATCC®, 30-2101) and 0.1% BSA (Fisher 

Scientific, BP1600-100) was added to the five confluent flasks. These flasks were designated with 

passage number (P1 or P2) plus treatment (“+ control”, “-control”, “Flask A”, “Flask B”, and, “Flask 

C”). The positive control flask was infected with 1% v/v from a vial from the virus seed bank. No 

addition was made to the negative control. Flask A, B, and C had 10% v/v of inactivated influenza 

harvest added. The flasks were incubated for 24 hours and the spent media was removed. PBS 

washes were performed twice on each flask and new infection media was added to the flasks. The 

flasks were then incubated for 48 hours.  
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The spent media of the second set of five separate flasks (P2) of confluent MDCK cells was 

removed and the flasks washed twice with PBS. Flasks were designated in the same manner as P1 

(P# + treatment). After the incubation of the P1 flasks, the spent media from the P1 flasks was 

aseptically transferred to the corresponding P2 flask. During the transfer of the spent media, a 1 mL 

sample of each flask was removed and stored at 4 °C for later testing. The P2 flasks were incubated 

for 24 hours, then the spent media was removed, and the flasks washed twice with PBS.   Fresh 

infection media was added, and the flasks were incubated for 48 to 72 hours. After incubation, a 1 

mL sample of media was removed from each flask and stored at 4 °C for later testing. Each sample 

from P1 and P2 was measured using the hemagglutination assay to determine the concentration of 

virus.  

The purpose of the P1 samples was to identify the presence of a primary infection, while the 

purpose of the P2 samples was to identify the presence of secondary infection. The inactivation of 

the virus harvest was determined to be successful if the negative control and Flasks A, B, and C of 

the P1 and P2 samples did not have hemagglutinin (HA). Additionally, the positive control is required 

to have had HA activity in the P1 and P2 samples. If either the P1 or P2 samples of the positive 

control did not have HA activity, or the other samples (negative control, Flasks A, B, or C) had HA 

activity, the inactivation failed. 

2.1.3 Tangential Flow Filtration Procedure 

The next step for the inactivated material was concentration and buffer exchange via 

ultrafiltration and diafiltration using a 10 kDa molecular weight cutoff Pellicon 2 Mini TFF membrane 

(Millipore, P2B010A01). The 10 kDa cutoff was chosen to ensure that impurities to be removed 

during the subsequent chromatography step were concentrated along with the virus. The buffer 

exchange step was performed to ensure that each lot of load material had the same pH and 
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conductivity. The material was concentrated 10x and buffer exchanged into the 50 mM Tris pH 8.0 

(Fisher Scientific, 201-064-4) with 1 mM EDTA (EDTA: Sigma-Aldrich, E9884-100G). The procedure 

for operation of the ultrafiltration and diafiltration system is provided in the appendix as 

Concentration and Buffer Exchange of Influenza Virus in Preparation for Capture Chromatography. 

The diafiltration buffer was chosen to be the equilibration buffer for the chromatography used in 

the chromatography experiments. Because this material was observed to have a poor freeze/thaw 

viability during this study, multiple infection batches were used throughout the course of the 

experiments. The use of different batches can be seen in Table 3.1 and Table 4.1.  

2.2 Description of Chromatography Experiments 

2.2.1 Description of Chromatography Setup and Procedures 

The chromatography experiments were performed on an AKTA avant 150 (GE Healthcare Life 

Sciences) using the steps shown in Table 2.1. 
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Table 2.1: Description of chromatography method used in this project. 

  [1] Tris pH 8.0 (Fisher Scientific, EC 201-064-4)   [2]EDTA (Sigma-Aldrich, E9884-100G) [3]NaCl 

(Fisher Scientific, CAS 7647-14-5)  [4]NaOH (Fisher Scientific, S318-10) [5] EtOH (Koptec, Part 

#V1001) 

Before a chromatography method was initiated, the column was flushed with equilibration 

buffer for at least 15 minutes.  Because undesirable spikes in absorbance sometimes occurred 

during the equilibration step, a trigger was programmed to continue to the next method step if 

absorbance did not fluctuate more than 1 mAU for 1 minute. If the trigger condition was not met, 

Step Solution Volume (CV) 
Flowrate 

(CV/min) 

Equilibration 50 mM Tris[1], 1 mM EDTA[2], pH 8.0 

10 or until UV 280 

signal was stable (less 

than 1 mAU change 

over 1 minute) 

1 

Load 
Concentrated inactivated virus 

supernatant 
10 1 

Wash 50 mM Tris[1], 1 mM EDTA[2], pH 8.0 8 1 

Linear 

Gradient 

Elution  

50 mM Tris[1], 1 mM EDTA[2], pH 8.0 + 1 

M NaCl[3] (0-1 M NaCl over 30 CV) 
30 1 

Hold  
50 mM Tris[1], 1 mM EDTA[2], pH 8.0 + 1 

M NaCl[3] (1 M NaCl over 10 CV) 
10 1 

Regeneration 2 M NaCl[3] 10 1 

Sanitization 1 M NaOH[4] 10 1 

Buffer Rinse 50 mM Tris pH 8.0[1] + 1 mM EDTA[2] 10 1 

Storage 20% EtOH[5] 10 1 
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then the equilibration step would take the total time of 10 minutes and the method was stopped 

due to unstable absorbance. The column would then be taken offline and 1 N NaOH would be 

pumped through the system to clean it. Stable pH and conductivity was manually checked prior to 

allowing the load step to proceed.  

During earlier chromatography experiments that are not detailed in this paper, the start of 

the linear salt gradient was often delayed 4-6 column volumes. As a result, the linear gradient did 

not reach the conductivity associated with 1 M NaCl after 30 CVs. This was likely caused by hold-up 

volume in the system. As a mitigation strategy, 10 CVs of 1 M NaCl was included after the linear 

gradient to help ensure that a 1 M NaCl concentration was achieved.  Additionally, during the 

elution and the hold step, 2 CV fractions were collected for a total of 20 fractions.  

The specific conventional packed bed columns, membranes and monolithic columns used in 

this study were all anion exchangers with a volume close to 1 mL.  A complete list of 

chromatography devices used in this study along with relevant parameters is shown in Table 2.2.  A 

constant flow rate of 1 CV/min was used because it is the recommended flow rate for the HiTrap 

column and research indicates separation performance of the monolithic column or the membranes 

does not change with a flowrate lower than that recommended by the manufacturer.51,59 

2.2.2 Description of Membrane Packing and Column Performance Procedures 

The majority of the membranes evaluated in this project were purchased in a prepacked 

module format such as the stacked sheet modules seen in Figure 1.8. However, the Sartobind A4 

and polybutylene terephthalate (PBT) membranes were available only for purchase as flat 

membrane sheets and required packing into a glass column before use. Sartobind A4 and PBT-Q 

membrane discs were packed into a 1-cm diameter glass column from Omnifit (Kinesis Inc., 006-
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BCC-10-10-FF). One column end piece was affixed to the column and an endcap was placed on the 

tubing to prevent fluid flow. The 1-cm diameter membrane discs were punched from larger 

membrane sheets and packed into the column, with 20% EtOH (Koptec, V1001) added after the 

addition of every few membrane discs to wet the membranes and to help remove air that may have 

been trapped between membrane discs. The other endcap (adjustable) was affixed to the column 

and tightened by hand. One PBT-Q column was packed with 100 discs and one Sartobind and one 

PBT-Q membrane column were packed at 25 membrane discs each to evaluate the effect of disc 

number on separation performance.  

Column efficiency testing (HETP and asymmetry) was performed for all devices using the 

preset column efficiency method in the AKTA avant 150 Unicorn control software. The column was 

equilibrated in 0.5 M NaCl for 5 CVs or until the conductivity was stable for 1 minute. Then a 2% of 

column volume pulse injection of 2 M NaCl was performed. The pulse injection was washed using 10 

CV of 0.5 M NaCl. The asymmetry and HETP were determined using the methods described in 

section 1.3.2.  

2.2.3 Comparison of Column Specifications 

 The properties of the pre-packed column, membranes, and monolithic columns is detailed in 

Table 2.2.  All solid supports utilized flow in the axial direction except for the monolithic column 

except for the monolithic column which utilized flow in the radial direction. 
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Table 2.2: Comparison of packed bed, membrane and monolithic column properties. NA indicated that data was not available to report. BSA 

binding capacity reported by vendors. 

Conventional Resin Column           

Pre-Packed Column  Type 
Commercial 

or 
Academic 

Flow 
Direction 

Bead Matrix 
Bed 

Diameter 
(cm) 

Column 
Volume 

(mL) 

Bead Size 
(average in 

µm) 

Pore Size 
(nm) 

Exclusion 
limit (Da) 

Bed Height (cm) 
BSA Binding 
Capacity per 
mL Support 

GE HiTrap Q FF54,73 

Pre-Packed 
Conventional Packed 

Bed 
Commercial Axial 

6% cross-linked 
Agarose 

0.7 1 90 50 4 x 106  2.60 70 

            

Membrane Modules and Columns Packed with 
Membrane Sheets 

          

Membrane  Type 
Commercial 

or 
Academic 

Flow 
Direction 

Membrane 
Material 

Number 
of Sheets 

Diameter 
(cm) 

Bed Height 
(cm) 

Membrane 
Volume 

Pore Size 
(µm) 

Recommended 
flow range 
(mL/min) 

BSA Binding 
Capacity per 
mL Support 

Natrix Natriflo™ HD-
Q74 

Pre-Packed 
Membrane Module 

Commercial Axial 
Porous 

polyacrylamide 
NA 

4 
(calculated) 

0.05 0.8 0.4 4-20 >200 

Pall Mustang® XT 
Acrodisc®75 

  Pre-Packed 
Membrane Module 

Commercial Axial 
Polyethersulfone 

(PES)-based 
16 2.5 

0.18 
(calculated) 

0.86 0.8 10 70 

Sartorius Sartobind Q 
Singlesep Nano 76 

  Pre-Packed 
Membrane Module 

Commercial Axial 
Stabilized 

Regenerated 
Cellulose 

15 3.3 0.4 1 >3 30 29 

PBT-Q Membrane 
(NCSU)69  

 Columns Packed with 
Membrane Sheets 

Academic Axial 
Polybutylene 
terephthalate 

100 1 1.2 1.5 8 NA 24 

Sartorius Sartobind 
A4 Q Sheets77 

 Columns Packed with 
Membrane Sheets 

Commercial Axial 
Stabilized 

Regenerated 
Cellulose 

25 1 0.3 0.25 >3 NA 29 

PBT-Q Membrane 
(NCSU)69  

 Columns Packed with 
Membrane Sheets 

Academic Axial 
Polybutylene 
terephthalate 

25 1 0.3 0.25 8 NA 24 

            

Monolithic Column           

Monolithic Column Type  
Commercial 

or 
Academic 

Flow 
Direction 

Monolith Material 
Inner 

diameter 
(cm) 

Outer 
diameter 

(cm) 

Length 
(cm) 

Bed 
Volume 

(mL) 

Pore Size 
(nm) 

Recommended 
Flow Range 
(mL/min) 

BSA Binding 
Capacity per 
mL Support 

CIM® QA-1 
Monolithic Column78  

Monolithic Column Commercial Radial 

Poly (glycidyl 
methacrylate co-

ethylene 
dimethacrylate) 

0.67 1.86 0.42 1 600-750 <16 20 
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2.3 Analytical Methods 

 Samples were quantified to compare separation performance and to calculate percent mass 

balance and percent yield. These samples included the load material, the effluent during the load 

step, the wash step, and the fractions from the elution step. The assays were performed within 24 

hours of run completion.  

2.3.1 Hemagglutination Assay 

 The hemagglutination (HA) assay is a bioassay based on the agglutinating effect that the 

influenza virus has on red blood cells. The HA membrane protein on surface of influenza binds to the 

sialic acid present on the surface of rooster red blood cells and causes the red blood cells and virus 

to form a lattice-like structure. This lattice structure formation is known as agglutination. After a 

sufficient amount of time (~1 hour) passes, non-agglutinated red blood cells settle to the bottom of 

the round bottomed well of a 96-well plate and form a red dot with the appearance of a button. For 

cells that contain virus, the agglutination will appear as a cloudy red color.  

The assay was performed by serially diluting a sample with phosphate-buffered saline across 

a 96-well plate and adding an equal volume of washed 0.5% rooster red blood cells. After 45 

minutes to an hour incubation at ambient temperature, the plate was visually checked for 

agglutination. If a well showed partial agglutination, then the well was considered agglutinated. The 

first dilution to show a non-agglutinated result was noted and the value recorded as the inverse of 

the dilution measured in HA units per volume of sample.  

 The main drawback of this assay is the resolution between wells. For example, if a value is 

256 HAU/50µL, then it is impossible to determine if the value is closer to the 128 HAU/50µL or 512 

HAU/50µL dilutions. 
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2.3.2 PicoGreen dsDNA Quantification Assay 

 The PicoGreenTM Quant-iTTM kit was used to measure the double-stranded DNA (dsDNA) 

concentration in the chromatography samples. PicoGreenTM, an unsymmetrical cyanine dye, binds 

specifically to dsDNA and the bound dye can be excited at a wavelength of 480 nm with the resulting 

florescent emission measured at 520 nm.79 Unbound PicoGreenTM, RNA and single-stranded DNA 

results in negligible fluorescence signal.79 The assay procedure was performed per SOP AN-

024_Double-stranded DNA Quantitation using the Quant-iTTM PicoGreenTM dsDNA Assay Kit in the 

appendix. Interference from Tween 20 and sodium chloride did not have an effect on the assay 

response based on the information provided by the vendor.80  

2.3.3 Bicinchoninic Acid Assay 

 The bicinchoninic acid (BCA) assay was used to quantify total protein.  The BCA works by 

peptide bonds reducing the Cu+2 in the reagent to Cu+.  The reduced copper is chelated by 

bicinchoninic acid which forms a purple color that is measured by a plate reader set to a wavelength 

of 562 nm. The assay was performed per the SOP AN-002 BCA Protein Assay in the appendix. It is 

important to note that the BCA assay quantifies all proteins in a sample including the surface 

proteins of the influenza virus. Interference from various solution matrix, such as Tween 20 and 

NaCl, did not have an effect on the assay based on the information provided by the vendor.81 
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Chapter 3: COMPARISON OF SOLID SUPPORTS 

3.1 Purpose of Experiments 

The experiments described in this chapter evaluated the flow properties and the separation 

performance of the packed bed, membranes, and monolithic column. To evaluate the flow 

properties of the solid supports, pulse injections were performed at various linear velocities and the 

HETP and asymmetry were measured and compared. The effect of linear velocity on HETP and 

asymmetry values gave an insight to the different flow properties of the solid supports. Comparison 

of the HETP of the solid supports was performed to predict the level of separation of influenza virus 

from total protein and DNA. Concentrated inactivated influenza harvest was purified by each of the 

solid supports using identical residence times and chromatography steps. The separation of the virus 

from total protein and DNA for each solid support was compared and the predicted separation 

performance from HETP of the solid supports evaluated.   

3.2 Column Efficiency Testing Results 

Pulse injections were performed for each solid support at various linear velocities to 

evaluate the effect linear velocity has on HETP and asymmetry. A high HETP value is a predictor of 

poor separation performance, whereas a high or low asymmetry factor suggests the column is 

overpacked or underpacked (flow disturbances) which may result in reduced separation 

performance.82 The acceptable HETP specified for a HiTrap Q FF (bead diameter = 90 µm) in Column 

Efficiency Testing Guidelines from G.E. is less than or equal to 0.0315 cm.52 An ideal asymmetry 

factor is 1; however, Column Efficiency Testing Guidelines states a value within the range of 0.8 to 

1.8 is typically acceptable.52 No acceptable ranges for HETP or asymmetry were provided by the 

vendor for the membranes or monolithic columns. 
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The correlation between linear velocity and HETP for all devices is shown in Figure 3.1. The 

effect of linear velocity on HETP values for the commercial membranes from Natrix, Pall, and 

Sartorius were independent of changes to linear velocity. This indicates the longitudinal diffusion 

and mass transfer constants from the Van Deemter equation are negligible for the commercial 

membranes. The HETP of the CIM® QA-1 Monolithic Column decreased slightly as linear velocity 

increased. The B/u term in the Van Deemter equation is responsible for downward trends in HETP as 

linear velocity increase. This suggests that longitudinal diffusion could be the cause of this 

downward trend. However, this is unlikely because there is not excess hold-up volume in the 

column and the diffusion rate of solutes in water is very slow.83 The radial flow of the monolithic 

solid support and the interconnected tubes of the monolith solid support could be the cause of 

elevated HETP at low linear velocities.  

 

Figure 3.1: HETP (cm) vs. linear velocity (cm/hr) for each solid support. The linear velocity of the 

CIM® QA-1 Monolithic Column is reported as the average linear velocity using Equation 1.4 due to 

the radial flow geometry of the column. Error bars (n=2) are shown for all data or is effectively zero. 

For preliminary comparison to commercial membranes, the HETP of a 100 stacked 

polybutylene terephthalate (PBT) membrane discs packed into a column was measured at the linear 
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velocity used in the virus purification protocol. The PBT-Q membrane column resulted in a higher 

HETP value than both the commercial membranes and monolith solid supports. This may have been 

caused by poor flow distribution. The PBT-Q membrane discs were manually cut using a 1-cm 

diameter hole punch and packed into a column holder allowing for the possibility of flow to pass 

around the membrane sheets, whereas the commercial membrane modules were pre-fabricated 

and appeared to be sealed around the circumference of the membrane sheets.  Additionally, the 

commercial membranes (excluding the Natrix NatriflowTM HD-Q), contained 15-16 stacked 

membrane discs, compared to the 100 membrane discs packed in this PBT-Q membrane column. 

The diameter of the PBT-Q membrane was 1 cm compared to 2.5 to 3.3 cm for the commercial 

membranes (excluding the Natrix NatriflowTM HD-Q). These differences suggest that there is a need 

to normalize the comparison by using membranes of similar geometries for subsequent 

experiments.  

The HETP of the GE HiTrap Q FF, the highest HETP of all solid supports at nearly all linear 

velocities, increased with linear velocity indicating an impact caused by the mass transfer term (C x 

µ). Mass transfer into pores of the beads primarily occurs by diffusion. As linear velocity increases, 

residence time decreases, and the rate of diffusion into pores becomes the limiting factor for 

separation performance. Excluding the PBT-Q membrane column, which was tested only at one 

linear velocity, the GE HiTrap Q FF was the only solid support to be impacted by the mass transfer 

term (C x µ) suggesting that it will have poor separation of a large molecule such as influenza virus. 

The HiTrap achieved an HETP value of less than 0.0315 cm at linear velocities below approximately 

50 cm/hr which is within the acceptable range provided by Column Efficiency Testing Guidelines 

from G.E.52 
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All the commercial membranes produced similar HETP values which were the lowest overall.  

This suggests the commercial membranes will have the best separation performance at all flowrates 

followed by the CIM® QA-1 Monolithic Column, then the PBT-Q membrane column, with the least 

separation expected from the GE HiTrap FF.  

 In addition to HETP, column asymmetry was evaluated. Asymmetry is used as a metric to 

evaluate the quality of packing for conventional packed beds and abnormal asymmetry can be a 

potential cause of high HETP. Acceptable asymmetry values for packed bed columns are between 

0.8 and 1.8, and all packed bed column asymmetry values were between 1.5 and 2.0 in this study, as 

seen in Figure 3.2. It is anticipated that further optimization of pulse injection method, such as 

optimizing injection volumes (1% of CV), could lead to a marginal reduction in asymmetry.  

 

Figure 3.2: Asymmetry vs. linear velocity (cm/hr) for each solid support. The linear velocity of the 

CIM® QA-1 Monolithic Column is reported as the average linear velocity due to the radial flow 

geometry of the column. Error bars (n=2) are shown for all data or is effectively zero. 

 The results in Figure 3.2 show the GE HiTrap Q FF resulted in an asymmetry closer to 1 

compared to the membranes and the CIM® QA-1 Monolithic Column. The GE HiTrap Q FF 
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maintained asymmetry values between 1.5 to 2.0 across all linear velocity ranges. The CIM® QA-1 

Monolithic Column and the Pall Mustang® XT Acrodisc® membrane had higher asymmetry values 

that ranged between 2 and 2.5 across all linear velocities. The Sartorius Sartobind Q Singlesep Nano 

and the Natrix Natriflo™ HD-Q both had even higher asymmetry values ranging from 2.5-4.5 with 

the lowest asymmetry values occurring at high linear velocities. It is unclear why this reduction of 

asymmetry occurred at high linear velocities. Additionally, the membrane solid support from Pall 

resulted in lower asymmetry compared to the membrane solid supports from Sartorius and Natrix; 

however, the HETP values were equal. This indicates that asymmetry may not have an impact on 

HETP for membrane solid supports. As mentioned previously, the PBT-Q membrane column was 

only measured at the linear velocity consistent with virus purification protocols in the material and 

method section.  The PBT-Q membrane column resulted in the highest asymmetry of any solid 

support at that linear velocity, which may be due to the higher number of stacked membranes (100) 

compared to the number of commercial membranes from Paul and Sartorius (14-15 sheets) and the 

possibility of flow to pass around, instead of through, the membrane discs. 

3.3 Influenza Virus Purification Results 

3.3.1 Mass Balance Percentages 

Concentrated and buffer-exchanged inactivated influenza virus harvests from MDCK cells 

were loaded onto each of the solid supports and eluted based on the protocols described in Chapter 

2. The following chromatography runs used material from three different MDCK infection batches. 

Each chromatography run used a load from a separate tangential flow filtration (TFF) run, which was 

performed on the day of the chromatography experiment. This means that the load material had 

different initial concentrations of influenza virus, DNA, and total protein, as summarized in Table 

3.1. In this chapter, the assay standard deviations for DNA were calculated using assay values from 
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the samples measured in triplicate, and standard deviations for total protein were performed using 

assay data from the sample serial diluted five times. For the Sartorius Sartobind Q run, the HA assay 

was performed using two separate initial sample concentrations (one at the sample concentration 

and one diluted to three fourths the sample concentration) performed in duplicate for a total of 4 

replicates and the assay standard deviation was calculated from all four replicates.  

Table 3.1: HA activity, DNA concentration, and total protein concentration in the material loaded on 

to each solid support for the chromatography experiments. 

Chromatography 
Device 

Influenza 
Batch # 

TFF 
Batch 

# 

HA Activity in 
Load 

(HAU/50 µL) 

DNA 
Concentration 

(µg/mL) 

Total Protein 
Concentration 

(mg/mL) 

GE HiTrap Q FF 1 1 512 14.7 ± 0.46 1.06 ± 0.13 

CIM® QA-1 
Monolithic Column 

2 1 256 36.02 ± 0.97 1.66 ± 0.18 

Natrix Natriflo™ HD-
Q 

2 2 1024 51.06 ± 2.79 2.36 ± 0.44 

PBT-Q Membrane 
Column (NCSU) 

2 3 256 38.09 ± 0.83 1.78 ± 0.23 

Pall Mustang® XT 
Acrodisc® 

3 1 1024 37.8 ± 2.90 1.75 ± 0.29 

Sartorius Sartobind 
Q Singlesep Nano 

3 2 877 ± 167 48.3 ± 0.8 2.55 ± 0.20 

 

 For each chromatography experiment, the percent mass balances of HA, DNA, and total 

protein were calculated by dividing the total mass (calculated by multiplying the volume by assay 

concentration) of the load flowthrough, wash, and elution samples, respectively, by the total mass 

in the load sample. The percent mass balances are shown in Figure 3.3. The resulting value was then 

multiplied by 100 to convert it to a percent. For HA, the assay results are a measure of activity. The 

activity unit (HAU/50 µL) was multiplied by volume in milliliters to get the total activity in HAU x 
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mL/50 µL. An example percent mass balance for HA can be seen in Equation 3.1, where V is for 

volume, the subscript FT is for flowthrough, W is for wash, E is for elution fractions, and L is for load. 

Equation 3.1: HA percent mass balance.  

 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐻𝐴 𝑀𝑎𝑠𝑠 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 =
𝑉𝐹𝑇 ×(

𝐻𝐴𝑈

50µ𝐿
)
𝐹𝑇
 + 𝑉𝑊 × (

𝐻𝐴𝑈

50µ𝐿
)
𝑊
 + ∑  (𝑉𝐸 × (

𝐻𝐴𝑈

50µ𝐿
)
𝐸
)

𝑉𝐿 × (
𝐻𝐴𝑈

50µ𝐿
)
𝐿

 

 The error bars in Figure 3.3 represent the propagated assay error and were calculated using 

Equation 3.2, which uses HA as an example, where V is for volume, the subscript FT is for 

flowthrough, W is for wash, E is for elution fractions, and L is for load. 

Equation 3.2: Propagated percent error in HA mass balance. 

 

𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑒𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 𝑖𝑛 𝐻𝐴 𝑀𝑎𝑠𝑠 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 =
𝑋

𝐴
 × √(

𝐸𝑋
𝑋
)
2

+  (
𝐸𝐴
𝐴
)
2

    

𝑊ℎ𝑒𝑟𝑒 𝑋 (𝑚𝑎𝑠𝑠 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑡𝑟𝑒𝑎𝑚𝑠) =   𝑉𝐹𝑇  × (
𝐻𝐴𝑈

50µ𝐿
)
𝐹𝑇

 +  𝑉𝑊  ×  (
𝐻𝐴𝑈

50µ𝐿
)
𝑊

 +  ∑  (𝑉𝐸 × (
𝐻𝐴𝑈

50µ𝐿
)
𝐸

) 

𝐴 (𝑚𝑎𝑠𝑠 𝑖𝑛 𝑖𝑛𝑝𝑢𝑡 𝑠𝑡𝑟𝑒𝑎𝑚) =  𝑉𝐿  ×  (
𝐻𝐴𝑈

50µ𝐿
)
𝐿

 

𝐸𝑋 (𝑒𝑟𝑟𝑜𝑟 𝑖𝑛 𝑋 𝑣𝑎𝑙𝑢𝑒) =  

√
  
  
  
  
  

(𝑉𝐹𝑇  × 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝐻𝐴𝑈

50µ𝐿
)
𝐹𝑇

) 

2

+ ( 𝑉𝑊  ×  𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝐻𝐴𝑈

50µ𝐿
)
𝑊

) 

2

+ 

∑( (𝑉
𝐸 
× 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 (

𝐻𝐴𝑈

50µ𝐿
)
𝐸

)

2

)

  

𝐸𝐴 (𝐸𝑟𝑟𝑜𝑟 𝑖𝑛 𝐴 𝑣𝑎𝑙𝑢𝑒) =  𝑉𝐿  ×  𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝐻𝐴𝑈

50µ𝐿
)
𝐿

 

Percent mass balance was calculated to determine if there is any virus, DNA, or total protein 

that has not been properly considered in the process. The ideal percent mass balance value is 100%. 



49 
 

However, mass balance values of less than 100% may result due to virus, DNA or total protein that 

remains bound to the column after the elution step (i.e. sanitization, regeneration, etc.), as column 

effluent was not collected and was subsequently not measured during these steps. Another possible 

reason for a mass balance value higher or lower than 100% is variability in the assay.   

 

Figure 3.3: Mass balance percentages for HA, DNA and total protein. 

For the purification experiments on the solid supports in this section, the average percent 

mass balance of HA, DNA and total protein was 93%, 91%, and 108%, respectively. The average 

standard deviation of the mass balance for DNA and total protein was 9.4% and 19.8% respectively. 

The range (difference between maximum and minimum values) for the mass balances of DNA and 

total protein across all solid supports was 16.1% and 18.47%, respectively.  

 The range of mass balances for HA was 58.6%, with an average of 93%, which indicates a 

high degree of variability.  This variability can be attributed in part to the nature of the HA assay, 

which can only be one discrete value based on one level of dilution, as opposed to the quantifiable 

results of continuous variables. For example, the percent HA mass balance for the CIM® monolithic 
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column as seen in Figure 3.3, was 123% and the HA concentration of the load based on Table 3.1 

was 256 HA/50 µL. If the true HA content of the load material was 300 HA/50 µL, then the percent 

mass balance would have been 105%, however the assay dilutions that bracket 300 HA/50 µL would 

result in 256 HA/50 µL and 512 HA/50 µL. If assay variability resulted in a value of 512 HA/50 µL, 

then the resulting mass balance would be 61%. 

   As percent mass balances averages were near 100%, subsequent sections use the equation 

below to determine percent yield based off the measurable entities in the elution. This normalized 

all percent yields to 100% for ease of comparison.  This method assumes all the virus, DNA, and total 

protein loaded onto the column was in the flowthrough, wash and eluate fractions. An example 

percent normalized yield for HA can be seen in Equation 3.3 where V is for volume, E is for elution 

fractions, FT is for flowthrough, and W is for wash. 

Equation 3.3: Percent normalized HA yield.  

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐻𝐴 𝑌𝑖𝑒𝑙𝑑 =
𝑉𝐸 ×(

𝐻𝐴𝑈

50µ𝐿
)
𝐸
 

𝑉𝐹𝑇 ×(
𝐻𝐴𝑈

50µ𝐿
)
𝐹𝑇
 + 𝑉𝑊 × (

𝐻𝐴𝑈

50µ𝐿
)
𝑊
 + ∑  (𝑉𝐸 × (

𝐻𝐴𝑈

50µ𝐿
)
𝐸
  )
 𝑥 100 

 During the purification of the concentrated virus harvest, UV absorbance at wavelength 280 

and conductivity traces were collected by the AKTA avant 150 as seen in Figure 3.4.  Each step of the 

purification process can be seen in Figure 3.4 which shows how the conductivity and absorbance 

change due to different buffer conductivity and pH.  
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Figure 3.4: Example chromatogram of the UV signal at 280 nm and conductivity for each of the 

chromatography steps using the CIM® QA-1 Monolithic Column. 

The UV 280 nm signal on the chromatogram represents various components including the 

influenza virus, proteins, and DNA exiting the column. Fractions were collected, and assays were 

performed to determine the concentration of influenza virus, total protein and DNA in each fraction 

as seen in Figure 3.5. The percent yield values on the Y axis of Figure 3.5 are the normalized percent 

yield values calculated from Equation 3.3 and each vertical bar represents the sum of the normalized 

percent yield values for HA, total protein and DNA. For example, the vertical bar at thirty column 

volumes has a total percent yield of 34%, where the percent yield of HA is 32.5% and the percent 

yield of total protein is 1.5%. Each column represents a fraction of two column volumes, except for 

the load flowthrough and the wash steps which were collected as individual fractions of 10 and 8 

column volumes, respectively.  

The absorbance peak corresponding to the load step was comprised solely of total protein, 

as no virus or DNA was detected. Approximately 95% of the total protein in the process was 
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measured during the load and wash step. Additionally, there were two main peaks during the 

elution step, which are between 18 and 56 column volumes in Figure 3.5. The first peak, between 28 

and 36 column volumes, contained a majority of influenza virus and the virus peak tailed off to the 

end of the elution step. Total protein was also present in this first peak. The second and last peak, 

between 36 and 44 column volumes, contained the majority of DNA. This indicates that the DNA has 

a more negative charge, as expected due to the lower isoelectric point of the influenza virus.   

 

Figure 3.5: The normalized yield percentage of HA, DNA and total protein with the 280nm UV trace 

overlaid for the CIM® QA-1 Monolithic Column. 

The peaks for each of these components were similar for all runs except for the HiTrap run 

in which the load flowthrough and wash contained significant amounts of influenza (8% in the 

flowthrough and 25% in the wash) and DNA (8% in the flowthrough and 20% in the wash), as seen in 

Figure 3.6. The absorbance during the loading step continues to increase which indicates a decrease 

in binding. This suggests that the load exceeded the binding capacity of the HiTrap column at 1 

mL/min, and that the HiTrap column is not suitable for virus purification in bind-and-elute mode.  
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Figure 3.6: The normalized yield percentage of HA, DNA and total protein with the 280nm UV trace 

overlaid for the GE HiTrap Q FF column. 

3.3.2 Influenza and DNA Separation 

The separation of the influenza virus from DNA is shown in the heat map in Table 3.2 as the 

percent yield of HA activity and percent yield of DNA respectively in each of the 20 elution fractions 

(2 CVs per fraction) for all chromatography solid supports. The cumulative percentages were 

calculated using Equation 3.4 where X is the percent yield of the fraction, Y is the assayed 

concentration, V is for volume, the subscript NF is for Nth fraction, FT is for flowthrough, W is for 

wash, and E is for elution. 

Equation 3.4: Cumulative percent HA yield calculation. 
 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑁𝑡ℎ𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =   ∑𝑋𝑖

𝑁𝐹

𝑖=1

   

𝑊ℎ𝑒𝑟𝑒 𝑋𝑖 = 
𝑉𝑖 ×𝑌𝑖 

𝑉𝐹𝑇 ×𝑌𝐹𝑇 + 𝑉𝑊 × 𝑌𝑊 +∑  (𝑉𝐸 × 𝑌𝐸) 
 𝑋 100  
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The heat map provides information on defining an approach to combining fractions into a 

pool for further processing.  For example, fraction 5 in Table 3.2 for the Pall Mustang® XT Acrodisc® 

has a HA yield of 4.29% and a DNA yield of 0%. This means that if elution fractions 1, 2, 3, 4, and 5 

were pooled, the resulting pool would contain 4.29% of the total HA content in the load 

flowthrough, wash, and elution steps. Shades of green indicate positive results (high HA yield, and 

low DNA yield), while red is used to indicate negative results (low HA yield and high DNA yield). The 

heat map can also be used to compare which solid support pools resulted in the highest HA yield 

while containing the lowest DNA yield, as this would be the ideal pool for further processing. For 

example, fraction 13 on the heat map shows all the membrane and monolith solid supports having a 

percent yield of HA greater than 86%. If fractions 1-13 were pooled for these solid supports, then 

each pool would contain greater than 86% of the total HA measure in the all elution fractions. 

However, if the percent yield of DNA in the pool was compared, the heat map would show that the 

commercial membranes resulted in approximately 70% less DNA percent yield than the PBT-Q 

membrane and CIM® monolithic column. It should be noted that the load material on both monolith 

and PBT-Q had lower HA than the commercial membranes. 
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Table 3.2: Heat map showing the separation of Influenza virus from DNA for the six different solid supports. 

 

  

GE HiTrap Q FF 
Natrix Natriflo™ 

HD-Q 
Pall Mustang® XT 

Acrodisc® 

Sartorius 
Sartobind Q 

Singlesep Nano  

PBT-Q 
Membrane 

Column (NCSU)  

CIM® QA-1 
Monolithic 

Column  
   

Fraction 
# 

HA DNA HA DNA HA DNA HA DNA HA DNA HA DNA 
 Heat Map Key 

1 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 

HA  
Yield  

DNA 
Yield 

2 1.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 

3 26.29 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00  10.00 10.00 

4 50.99 0.00 0.00 0.00 1.65 0.00 0.00 0.00 2.74 0.00 0.00 0.00  20.00 20.00 

5 54.08 0.00 0.02 0.00 4.29 0.00 0.00 0.00 24.66 0.00 1.02 0.05  30.00 30.00 

6 57.16 0.00 0.17 0.00 9.57 0.00 0.00 0.00 46.58 0.03 33.50 0.18  40.00 40.00 

7 60.25 0.00 4.92 0.00 30.69 0.00 0.00 0.00 68.49 0.26 65.99 0.72  50.00 50.00 

8 61.79 0.00 23.94 0.00 51.82 0.06 0.97 0.00 73.97 1.05 82.23 3.28  60.00 60.00 

9 63.34 0.30 42.95 0.00 62.38 0.35 16.46 0.31 79.45 4.45 86.29 13.38  70.00 70.00 

10 64.11 1.81 61.97 0.09 72.94 1.15 47.44 0.60 82.19 12.16 88.32 65.17  80.00 80.00 

11 64.50 6.78 80.98 0.84 83.50 3.23 62.93 1.12 84.93 28.03 90.36 87.42  90.00 90.00 

12 64.88 12.20 85.74 3.90 88.78 7.92 78.43 1.95 87.67 79.14 92.39 92.50  100.00 100.00 

13 65.27 21.24 90.49 10.25 91.42 14.67 86.44 3.51 90.41 93.88 94.42 96.67    
14 66.04 48.36 92.87 20.52 94.06 35.22 90.32 5.80 93.15 97.05 95.43 97.70  

 
 

15 66.43 61.77 94.06 48.83 95.38 81.69 92.25 10.74 94.52 98.19 96.45 98.61  
 

 
16 66.81 69.60 95.25 75.33 96.70 96.51 94.19 17.50 95.89 98.92 97.46 98.97  

 
 

17 67.00 70.80 96.43 90.80 98.02 98.23 96.13 50.30 97.26 99.32 98.48 99.33  
 

 
18 67.20 71.41 97.62 96.32 98.68 99.20 98.06 82.27 98.63 99.66 98.98 99.58  

 
 

19 67.39 71.86 98.81 98.70 99.34 99.83 99.03 94.75 99.32 99.83 99.49 99.82  
 

 
20 67.58 72.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00    
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The GE HiTrap Q FF column stands out as the only solid support to not reach 100% HA and 

DNA yields. This means that the column was loaded past its dynamic binding capacity and significant 

virus and DNA were in the load flowthough and wash. Dynamic binding capacity for conventional 

packed beds depends on many variables, including the rate of diffusion into the pores. The dynamic 

virus binding capacity for the GE HiTrap Q FF would likely decrease further at higher linear velocities. 

Operation at higher linear velocities is desirable because it reduces processing time.   

Another way to compare the data is to graph the cumulative percent DNA yields against the 

cumulative percent HA yields as seen in Figure 3.7 and 3.8, which shows that the best separation of 

DNA and HA was obtained by the three commercial membrane modules followed by the PBT-Q 

membrane and the monolithic column.  

 

Figure 3.7: Comparison of percent DNA yield to the percent yield of HA activity of all solid supports. 

Error bars for percent yield of DNA activity are shown. 



57 
 

 

Figure 3.8: Comparison of percent DNA yield to the percent yield of HA activity of all solid supports. 

Error bars for percent yield of HA activity are shown.  

The error bars in Figure 3.7 and 3.8 were calculated using Equation 3.5 where where Y is the 

assayed concentration, V is for volume, the subscript NF is for Nth fraction, FT is for flowthrough, W 

is for wash, and E is for elution. The DNA yield error bars in Figure 3.7 show there is a significant 

difference in percent yield of DNA between the solid supports at most percent HA yield values. 

However, the percent HA yield error bars for the Sartorius Sartobind Q show that there is no 

significant difference in the percent HA yield between the Sartorius Sartobind Q, Natrix Natriflo™, 

Pall Mustang®, and the CIM® QA-1 monolithic column. Percent HA yield error bars for the HiTrap 

and PBT-Q membrane would be needed to determine if they are significantly different than the 

other solid supports.  
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Equation 3.5: Error propagation in cumulative percent yield of Nth fraction. 

 

𝐸𝑟𝑟𝑜𝑟 𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑁𝑡ℎ𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐴

𝐵
 𝑥 √((

𝐶𝐸𝐴

𝐴
)
2

) + ((
𝐶𝐸𝐵

𝐵
)
2

) X 100 

𝐴 =  ∑𝑉𝑖  × 𝑌𝑖

𝑁𝐹

𝑖=1

 

𝐶𝐸𝐴 = √∑(𝑉𝑖  × 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑌𝑖)
2

𝑁𝐹

𝑖=1

 

𝐵 = 𝑉𝐹𝑇  × 𝑌𝐹𝑇  +  𝑉𝑊  × 𝑌𝑊  +∑  (𝑉𝐸 × 𝑌𝐸) 

𝐶𝐸𝐴 = √(𝑉𝐹𝑇  × 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑌𝐹𝑇)
2  + ( 𝑉𝑊  ×  𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑌𝑊)

2  +∑ (𝑉𝐸 × 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑌𝐸)
2 

 

Comparing this data to the HETP and asymmetry of the solid supports, as seen in Figure 3.9, 

at the same residence time as the virus purification experiments described in this chapter to the %, 

shows a correlation between low HETP and separation of influenza from DNA, with the exception of 

the Sartorius Sartobind Q which has the greatest separation, but has similar HETP to the other 

commercial membranes. This confirms the usefulness of HETP as a predictor of separation 

performance for all solid supports. Additionally, for all solid supports, there does not appear to be 

correlation between separation performance and asymmetry. 
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Figure 3.9: Comparison of HETP and asymmetry values among the various solid supports at a 1-

minute residence time. 

3.3.3 Total Protein Removal 

Total protein concentration was measured using the BCA assay. The two main sources of 

total protein in the process are likely HCP and the surface proteins of the influenza virus. It is 

important to note that the BCA assay is not able to differentiate between HCP and influenza surface 

proteins. Therefore, the total protein assay result may be impacted by the presence of the influenza 

virus. 

The majority of the total protein did not interact with the any of the solid supports and was 

in the flowthrough and wash fractions. As these fractions did not contain any influenza virus except 

for the GE HiTrap Q FF run, the percent removal of total protein is calculated from these fractions 

using Equation 3.6 and the percent error is calculated in Equation 3.7 where V is for volume, FT is for 

flowthrough, TP is for total protein, W is for wash, and E is for elution fractions.  
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Equation 3.6: Percent normalized total protein removal. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  

 (
𝑉𝐹𝑇  × (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐹𝑇
 +  𝑉𝑊  ×  (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝑊

𝑉𝐹𝑇  × (
𝑚𝑔𝑇𝑃
𝑚𝐿 )

𝐹𝑇
 +  𝑉𝑊  ×  (

𝑚𝑔𝑇𝑃
𝑚𝐿 )

𝑊
 + ∑ (𝑉𝐸 × (

𝑚𝑔𝑇𝑃
𝑚𝐿 )

𝐸
)
)  𝑥 100 

 

Equation 3.7: Error propagation in percent total protein removal. 

 

𝐸𝑟𝑟𝑜𝑟 𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

𝐴

𝐵
 𝑥 √((

𝐶𝐸𝐴

𝐴
)
2
) + ((

𝐶𝐸𝐵

𝐵
)
2
) X 100 

𝐴 =  𝑉𝐹𝑇  × (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐹𝑇
 +  𝑉𝑊  ×  (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝑊

 

𝐶𝐸𝐴 = √(𝑉𝐹𝑇  × 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐹𝑇
)
2

 + ( 𝑉𝑊  ×  𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝑊
)
2

 

𝐵 = 𝑉𝐹𝑇  × (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐹𝑇
 +  𝑉𝑊  × (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝑊
 + ∑(𝑉𝐸 × (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐸
) 

𝐶𝐸𝐵 =  

√
(𝑉𝐹𝑇  × 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 (

𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐹𝑇
)
2

 + ( 𝑉𝑊  ×  𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝑊
)
2

 

+ ∑(𝑉𝐸 × 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 (
𝑚𝑔𝑇𝑃
𝑚𝐿

)
𝐸
)
2  

This method of evaluating total protein removal ignores the impact that influenza had on 

the total protein signal in the elution step. To account for this, a comparison of the ratio of influenza 

and total protein concentration was calculated for the elution step as seen in Equation 3.8 and the 
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propagated assay error was calculated in Equation 3.9 where V is volume in milliliters, F is fractions 

in the elution step, and tp is total protein. Error bars for the ratio of influenza to total protein 

concentration were only calculated for the Sartobind SingleSep Nano because it was the only solid 

support on which assay replicates performed for the HA assay. 

Equation 3.8: Ratio of HA/50 µL to µg of total protein in elution. 

 

𝐻𝐴𝑈
50 µ𝐿 

µ𝑔 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 
=  

∑(𝑉𝐹 𝑥 (
𝐻𝐴𝑈
50 µ𝐿 

)
𝐹
)

∑(𝑉𝐹 𝑥 (
µ𝑔𝑡𝑝
𝑚𝐿 )𝐹

)
 

Equation 3.9: Error propagation in ratio of HA to µg of total protein. 

 

𝐸𝑟𝑟𝑜𝑟 𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓
𝐻𝐴𝑈

50𝑢𝐿
𝑡𝑜 𝑢𝑔 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝐸𝑙𝑢𝑡𝑖𝑜𝑛 =

𝐴

𝐵
 𝑥 √((

𝐶𝐸𝐴

𝐴
)
2
) + ((

𝐶𝐸𝐵

𝐵
)
2
) X 100 

𝐴 = ∑(𝑉𝐹 𝑥 
𝐻𝐴𝑈

50 µ𝐿 
) 

𝐶𝐸𝐴 = √∑(𝑉𝐹 𝑥 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 
𝐻𝐴𝑈

50 µ𝐿 
)2 

𝐵 = ∑(𝑉𝐹 𝑥 
µ𝑔𝑡𝑝
𝑚𝐿

) 

𝐶𝐸𝐵 = √∑(𝑉𝐹 𝑥 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 
µ𝑔𝑡𝑝

𝑚𝐿
)2 

Total protein removal cannot be determined for the GE HiTrap Q FF, as all fractions, 

including the flowthrough and wash, with measurable total protein also contained influenza virus. 

The Sartorius Sartobind Q, PBT-Q membrane, and the monolithic column had comparable unbound 
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protein, between 92% and 94% of the total protein and similar purity in the elution fraction as seen 

in Figure 3.10. The Pall Mustang® XT Acrodisc® resulted in the highest percent total protein removal, 

at 96%. However, the error bars show that this percent total protein removal was not significantly 

different than the other solid supports. Additionally, the Pall Mustang® XT Acrodisc® resulted in the 

highest ratio of HA to total protein indicating high purity in the elution. The differences in unbound 

protein in the wash and flowthrough could be related to the support materials (e.g. regenerated 

cellulose or polyethersulfone) and the differences in their non-specific binding of proteins.  

 

Figure 3.10: Percent total protein removal during the load and wash steps for each solid support and 

HAU/50 µL: total protein (µg) in the elution. 

3.4 Conclusion 

The commercial membranes from Natrix, Pall and Sartorius resulted in the lowest HETP of 

all the solid supports tested and the HETP values were not impacted by linear velocity, indicating 

there are no diffusion limitations. The monolithic column from Biaseparations resulted in higher 

HETP compared to the commercial membrane and resulted in HETP value slightly decreasing as 
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linear velocity increased. The fact that an increase in HETP was not observed with increasing linear 

velocity suggests no diffusion limitations in the monolithic column. The PBT-Q membrane column 

was only measured at one linear velocity and was similar in scale to the HETP of the monolithic 

column. The conventional packed bed from GE resulted in the highest HETP, and the increasing 

HETP trend with linear velocity indicated diffusion limitations. 

For asymmetry, the PBT-Q membrane column resulted in the highest value, followed by the 

commercial membranes by Sartorius and Natrix. The next values closest to one were from the 

commercial membrane from Pall and the monolithic column, while the lowest asymmetry values 

were from the conventional packed bed. This suggests that asymmetry was not a useful metric for 

evaluating outcomes associated with membranes and monolithic columns as increased separation 

did not correlate with asymmetry closer to one. 

To compare all the solid supports in this study, an ideal pool of fractions was selected using 

a criterion of a minimum of 85% influenza virus yield that also maximized the percent DNA removal. 

Pools were selected using Table 3.2. These product pools were then compared to HETP, asymmetry, 

number of membrane sheet, and total protein removal, if applicable, as shown in Table 3.3. It is 

important to note that some of the product pools have a higher than 85% HA yield, as pooling with 

one less fraction would result in an HA yield of less than 85%. 

The commercial membrane from Natrix, Pall, and Sartorius resulted in the lowest HETP 

values and the highest DNA removal between 92-96%. The monolithic column and PBT-Q membrane 

column resulted in HETP values three times higher than the commercial membranes and resulted in 

DNA removal of 87% for the monolithic column and 72% for the PBT-Q membrane column. The 

highest HETP and lowest HA and DNA percent yield was from the conventional packed bed from GE 

because the dynamic binding capacity was exceeded for virus which resulted in virus being lost 
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during the load and wash steps. The poor separation of influenza and low dynamic binding capacity 

is most likely due to the diffusion limitations of the porous beads used in the HiTrap column. 

The removal of total protein in the load and wash steps was consistent for most of the solid 

supports with values ranging from 92-96%. The Natrix membrane resulted in reduced removal of 

total protein at 86%. Additionally, the Pall Mustang® XT Acrodisc® resulted in the highest ratio of HA 

to total protein indicating high purity in the elution. The value for the GE HiTrap wasn’t reported, as 

influenza was present in the flowthrough and wash.  

Table 3.3: Comparison of HETP and asymmetry to separation performance for all solid supports. 

Support 
Number of 
Membrane 

Sheets 
HETP  Asymmetry 

% HA 
Yield 

%DNA 
Removal 

%Total Protein Removal 
in Load Flowthrough 

and Wash 

Natrix 
Natriflo™ 

HD-Q 
NA 

0.0043 
± 0.0003 

2.6 
± 0.14 

86 
96 

± 0.59 
86 

± 3.95 

Pall 
Mustang® 

XT 
Acrodisc® 

16 
0.0048 

± 0.0002 
2.0 

± 0.05 
89 

92 
± 0.30 

96 
± 6.34 

Sartorius 
Sartobind 

Q 
Singlesep 

Nano  

15 
0.0052 

± 0.00005 
4.5 

± 0.15 
86 

± 10.39 
96 

± 0.59 
92 

± 3.28 

CIM® QA-1 
Monolithic 

Column  
NA 

0.0160 
± 0.0022 

2.6 
± 0.0141 

86 
87 

± 2.40 
94 

± 2.36 

 PBT-Q 
Membrane 

(NCSU)  
100 

0.0170 
± 0.0017 

3.4 
± 0.05 

85 
20.9 

±2.29 
93 

± 2.77 

GE HiTrap 
Q FF 

NA 
0.0380 

± 0.00014 
1.6 

± 0.0071 
65 

93 
± 15.98 

NA 

 

The high HETP value of the PBT-Q membrane column and subsequent poor separation 

compared to the commercial membranes was likely due to the increased number of membrane 
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discs (100 discs for the PBT-Q membrane, 15-16 discs for the commercial membranes). Additionally, 

the PBT-Q membrane was packed into a column holder, while the other solid supports were pre-

packed by the manufacturer. This could have caused flow to pass around the membrane discs. The 

increased number of membrane discs and the potential for flow to pass around the membrane discs 

likely lead to poor flow distribution, which may have caused uneven loading and reduced the 

separation performance of the column.  

Additional studies in the next chapter used Sartobind A4 and PBT-Q non-woven membrane 

discs packed into an Omnifit column (Kinesis Inc., Catalog # 006-BCC-10-10-FF). The Sartobind A4 

membrane sheets are nearly identical to the sheets used in the Sartobind Q Singlesep Nano used for 

this portion of the work, as they have the same BSA binding capacity (29 mg BSA/mL of membrane), 

pore size (>3 µm), and have nearly identical ligand densities (Sartobind A4 is 4-6 µeq/cm2
, Sartobind 

Q Singlesep Nano is 2-5 µeq/cm2)51,52. Experiments in Chapter 4 determined if the poor separation 

performance of the PBT-Q membrane was due to the manual packing procedure and number of 

membrane discs. 
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Chapter 4: COMPARISON OF PACKED MEMBRANES 

4.1 Purpose of Experiments  

The purpose of the experiments described in this section was to explore why the 

polybutylene terephthalate (PBT-Q) membrane in the previous section resulted in lower separation 

of influenza from DNA compared to the commercial membranes from Sartorius and Pall. The PBT-Q 

membrane column used in Chapter 3 was created by stacking 100 circular membrane discs into a 1-

cm diameter glass column, while the pre-packed commercial membrane devices from Pall and 

Sartorius were composed of 15-16 sheets and were 2.5 to 3.3 cm in diameter. Two hypotheses were 

proposed: The first hypothesis theorizes that the difference in membrane stack geometry and 

number of stacked discs is the cause of the differences in virus separation and the second 

hypothesis theorizes that the differences in membrane material characteristics, such as the 

membrane support material (reinforced cellulose and PBT-Q). 

The PBT-Q membrane column used in the studies described in the previous section was 

packed with 100 discs, each with a diameter of 1 cm and a total bed height of 1.8 cm. The ratio of 

diameter to bed height is 0.56. The ratio of membrane diameter to bed height for the commercial 

membranes from Sartorius and Pall are 8.25 and 13.9, respectively, and each contained 15 and 16 

membrane discs. For commercial membranes from Sartorius and Pall, scale-up to larger membrane 

volume membrane modules is achieved by switching from the flat membrane sheets to spiral 

wound or pleated sheet structure, as described in Figure 1.8 in Chapter 1. The similarity between 

the ratio of membrane diameter to bed height for the commercial membranes and that each utilize 

a different membrane configuration for increasing column volume might suggest that there are 

challenges in increasing membrane volume by increasing disc number.  
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To make a side-by-side comparison of the Sartobind Q membrane and PBT-Q membrane, we 

purchased the A4 anion exchange membrane sheets from Sartorius. These sheets are highly similar 

to the ones used in the Sartobind Q Singlesep Nano used in Chapter 3, as they have the same pore 

size (>3 µm), dynamic binding capacity (29 mg BSA/mL) and adsorptive area (36 cm2/mL of packed 

column) and were both made using stabilized reinforced cellulose. In comparison, the PBT-Q 

membrane was made using polybutylene terephthalate and has a pore size of 8 µm with a dynamic 

binding capacity of 24 mg antibody/mL. 

Using the Sartobind A4 membrane discs and the PBT-Q membrane discs packed into 

separate 1 cm diameter column of 25 membrane discs each, three comparisons can be made: one 

between the Sartobind A4 membrane column and Sartobind Q Singlesep used in Chapter 3 (15 

membrane discs), one between the Sartobind A4 membrane column (25 discs) and the PBT-Q 

membrane column (25 discs), and one between the PBT-Q membrane column (25 discs) and the 

PBT-Q membrane column used in Chapter 3 (100 discs).  

The Sartobind A4 and the PBT-Q membranes were packed into 1-cm diameter Omnifit 

columns (Kinesis Inc., Catalog # 006-BCC-10-10-FF) using the method described in the material and 

methods section. Initial experiments determined the HETP and asymmetry factor of the membrane 

columns at the two selected residence times (0.125 and 1 minute) and evaluated the effect of 

residence time on HETP and asymmetry. Purification of concentrated inactivated influenza harvest 

from MDCK cells was performed at 0.125 and 1-minute residence times and the column load, 

flowthrough, wash, and elution were quantified for influenza, DNA, and total protein content. The 

chromatography method applied was the same as that described in the Materials and Method 

section. The separation of the virus from total protein and DNA for each solid support was 
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compared and the predicted separation performance from HETP of the solid supports was 

evaluated.   

4.2 Column Performance Results 

 Pulse injections were performed in the same manner as described in Chapter 2. The 

resulting HETP of the Sartobind A4 and PBT-Q membrane columns at 0.125 and 1-minute residence 

times showed that the Sartobind A4 membrane had a lower HETP at both residence times, shown in 

Figure 4.1. This indicates the Sartobind A4 membrane would have better separation performance 

than the PBT-Q membrane. Comparing the HETP at 1-minute residence of the 25-disc PBT-Q 

membrane to the 1-minute residence time of the 100-disc membrane from Chapter 3 shows a 

reduction in HETP from 0.0170 to 0.0095 cm by reducing the number of stacked discs to 25. This 

indicates that reducing the number of stacked discs likely improves separation performance, but 

also reduces overall binding capacity. 

A comparison of the HETP of the Sartobind A4 membrane column to the Sartobind Q 

Singlesep module, described in Chapter 3, at 1-minute residence time shows a slight increase in 

HETP from 0.005 to 0.007 cm. The Sartobind A4 membrane column was expected to have 

comparable separation performance compared to the Sartobind Q SingleSep at the 1-minute 

residence time.  
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Figure 4.1: HETP (cm) of the 25-disc Sartobind A4 and PBT-Q membrane columns at 0.125 and 1-

minute residence times. Error bars (n=2) are shown for all data. 

 The asymmetry of the two membranes columns were comparable, as seen in Figure 4.2. The 

range of the asymmetry values at the 1-minute residence time, 2.5 to 2.55, were significantly lower 

than the asymmetry values of the Sartobind Q Singlesep and the 100-disc PBT-Q membrane at 4.3 

and 3.4, respectively. 
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Figure 4.2:  Asymmetry of the 25-disc Sartobind A4 and PBT-Q membrane columns at two 0.125 and 

1-minute residence times. Error bars (n=2) are shown for all data. 

HETP and asymmetry were measured at various linear velocities to explore the correlation. 

As seen in Figure 4.3, the relationship between HETP and linear velocity is similar for the two 

membrane columns, though the Sartorius Sartobind A4 membrane column had a slightly lower HETP 

than the PBT-Q membrane column. This may be due to differences in membrane porosity, thickness, 

or flow distributions.  The HETP values were about twice as high as the HETP values for the 

commercial membranes evaluated in the last chapter, but lower than that of the 100-disc PBT-Q 

membrane and CIM® QA-1 monolithic column.  
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Figure 4.3: Comparison of the HETP values across various linear velocities (cm/hr) for the PBT-Q 

membrane column and the Sartorius Sartobind A4 membrane column. Error bars (n=2) are shown 

for all data or is effectively zero. 

The overall shape of the plot does not have the characteristic shape for that of a 

conventional pack bed. This suggests diffusion not the rate-limiting mass transport mechanism for 

the solid supports and did not impact HETP. It is unclear why HETP values peak and then settle to a 

lower plateau. The phenomenon is likely related to the membrane packing method because the pre-

packed commercial membranes did not produce this relationship. The trend may be the result of 

flow mixing between membrane layers or flow occurring in the space between the glass column 

walls and membrane discs. If the flow was bypassing the membrane channels (or pores) or 

compressing the membrane, it would result in a reduced slope in the linear relationship between 

column pressure and linear velocity. Such a reduction is not seen in Figure 4.4, which compares the 

column pressure difference to linear velocity. However, Figure 4.5 shows a dip in column asymmetry 

that occurred at the same linear velocity as the peak in HETP values (50-250 cm/hr). This suggests 

that the band broadening, which would increase the HETP, was related to reduced asymmetry 

values for the membrane column.   
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Figure 4.4: Comparison of column pressure as a function of linear velocity. 

 

Figure 4.5: Comparison of the column asymmetry values across various linear velocities(cm/hr) for 

the PBT-Q membrane column and the Sartorius Sartobind A4 membrane column. Error bars (n=2) 

are shown for all data or is effectively zero. 

 The effect of linear velocity on HETP was different for the manually packed Sartobind A4 and 

PBT-Q membrane columns compared to the commercial membranes modules supplied from Pall, 

Sartorius, and Natrix. The latter three were not influenced by changes in linear velocity. The next 

section describes the processes conducted to determine if this difference had an impact on virus 

purification. 
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4.3 Influenza Virus Purification Results 

4.3.1 Mass Balance Percentages 

Six influenza purification experiments were performed at two separate residence times 

(0.125 and 1 minute) for the 25-disc Sartorius and 25-disc PBT-Q membrane columns on two 

separate days using two different TFF batches.  The longer residence time was selected to align with 

the conditions of the separation experiments in the previous chapter. The shorter residence time 

was selected to simulate a faster processing time and evaluate differences in separation 

performance. The experiments were designed to have similar load material. All virus material was 

sourced from the same inactivated influenza harvest. The TFF batches used to produce load material 

for the chromatography experiments had comparable HA and DNA concentrations, as shown in 

Table 4.1. However, TFF Batch 1 had slightly higher total protein concentrations than TFF Batch 2. 

The low stability of the TFF batches only allowed for three purification experiments to be performed 

per TFF batch. 

 In this chapter, the assay standard deviations for DNA were calculated using assay values 

from the samples measured in triplicate and standard deviations for total protein were performed 

using assay data from the sample serial diluted five times. The HA assay was performed using two 

separate initial sample concentrations (one at the sample concentration and one diluted to three 

fourths the sample concentration) performed in duplicate for a total of 4 replicates and the assay 

standard deviation was calculated from all four replicates. 
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Table 4.1: The HA activity, DNA concentration and total protein measurements of the concentrated 

MDCK harvest along with what days the experiments were performed and the residence time of the 

chromatography experiment. 

 TFF Batch 1  TFF Batch 2  

Membrane 
Column 

Sartorius 
Sartobind 

A4 Q 

Sartorius 
Sartobind   

A4 Q  

PBT-Q 
Membrane  

PBT-Q 
Membrane   

PBT-Q 
Membrane   

Sartorius 
Sartobind 

A4 Q 

Day and Run 
# 

Day 1 / Run 
1 

Day 1 / Run 2 Day 1 / Run 3 Day 2 / Run 4 Day 2 / Run 5 
Day 2 / Run 

6 

Residence 
time 

1 min 1 min   1 min 0.125 min 0.125 min   0.125 min 

HA Activity 112 ± 23 112 ± 23  112 ± 23 160 ± 45 112 ± 23 112 ± 23 

DNA 
Concentration 

(µg/mL) 
13.95 ± 1.12 15.77 ± 1.58 12.72 ± 0.94 12.07 ± 2.24 12.70 ± 1.77 11.95 ± 0.47 

Total Protein 
(mg/mL) 

2.13 ± 0.36 2.32 ± 0.24 2.84 ± 0.22 1.87 ± 0.22 1.79 ± 0.29 2.01 ± 0.45 

 

For each chromatography experiment, the percent mass balances of HA, DNA, and total 

protein were calculated by dividing the total mass (calculated by multiplying the volume by assay 

concentration) of the load flowthrough, wash, and elution samples, respectively, by the total mass 

in the load sample. For HA, the assay results are a measure of activity. The activity unit (HAU/50 µL) 

was multiplied by volume in milliliters to get the total activity in HAU x mL/50 µL.  The resulting 

value was then multiplied by 100 to develop a percentage, as seen in Equation 3.1 from Chapter 3. 
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Figure 4.6: Mass balance percentages for HA, DNA and total protein. 

For the purification experiments on the Sartobind A4 and PBT-Q membranes, the average 

percent mass balance of HA, DNA, and HCP was 82%, 86%, and 87%, respectively, as seen in Figure 

4.6. As the percent mass balances averages are close to 100%, subsequent sections will use Equation 

3.3 detailed in Chapter 3 to determine percent yield based on the measurable entities in the load 

flowthrough, wash, and elution. This normalized all percent yields to 100% for ease of comparison.    

4.3.2 Influenza and DNA Separation 

Separation of the influenza virus from DNA is shown in the heat map in Table 4.2 as the 

cumulative percent yield of HA activity and cumulative percent yield of DNA in each of the 20 

elution fractions (2 CVs per fraction) for both membrane columns at the two residence times.  The 

cumulative percentages were calculated using Equation 3.4 from Chapter 3. The pooling scheme 

with the highest HA percent yield and less than 20% DNA yield for all the PBT-Q membrane 

experiments can be seen at fraction 14. If fraction 14 from each PBT-Q membrane run and all the 

fractions that eluted before it (1-13) were pooled, it would represent 79.4-80.5% of the total HA 

yield with 13.4-19.3% of the total DNA yield at either residence time. For the Sartobind A4 
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membrane, the ideal pooling scheme would be at fraction 16, which if pooled with the fractions 

before, would represent 86.7-91.2% of the total HA yield with 14.8-18.9% of the total DNA yield at 

either residence time.  
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Table 4.2: Heat map showing the separation of HA from DNA in the six chromatography experiments. 

 

Sartobind A4 
Day 1 / Run 1 

Sartobind A4 
Day 1 / Run 2 

PBT-Q 
Membrane 

Day 1 / Run 3 

PBT-Q 
Membrane 

Day 2 / Run 4 

PBT-Q 
Membrane Day 

2 / Run 5 

Sartobind A4 Day 
2 / Run 6  

  
Fraction 

# 
HA DNA HA DNA HA DNA HA DNA HA DNA HA DNA 

 

Heat Map 
Key 

1 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 

0.00 0.00 0.00 0.00 0.00 
 

HA 
Yield 

DNA 
Yield 

2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0 0 

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  10 10 

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  20 20 

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  30 30 

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  40 40 

7 0.00 0.00 0.00 0.00 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00  50 50 

8 0.00 0.00 0.00 0.00 5.59 0.00 3.17 0.00 2.44 0.00 0.00 0.00  60 60 

9 1.33 0.00 0.40 0.00 25.47 0.00 15.87 0.00 12.20 0.00 3.51 0.00  70 70 

10 12.00 0.00 6.83 0.00 45.34 0.00 41.27 0.00 31.71 0.00 17.54 0.00  80 80 

11 33.33 0.00 32.53 0.00 55.28 0.25 53.97 0.98 51.22 0.37 45.61 0.20  90 90 

12 54.67 0.02 58.23 0.18 65.22 2.02 66.67 3.29 60.98 1.72 59.65 0.93  100 100 

13 65.33 0.79 71.08 1.43 75.16 5.87 73.02 8.13 70.73 5.79 73.68 3.07    
14 76.00 3.27 77.51 4.80 80.12 13.44 79.37 19.27 80.49 13.58 80.70 7.19  

 
 

15 81.33 8.07 83.94 11.56 85.09 30.36 85.71 46.64 85.37 40.50 87.72 13.22  
 

 
16 86.67 14.78 87.15 17.95 90.06 56.81 88.89 72.89 90.24 69.06 91.23 18.92  

 
 

17 92.00 22.85 90.36 34.14 92.55 79.17 92.06 87.48 92.68 85.92 94.74 34.78  
 

 
18 94.67 50.36 93.57 65.39 95.03 90.62 95.24 93.78 95.12 93.87 96.49 61.18  

 
 

19 97.33 79.80 96.79 87.27 97.52 96.74 98.41 97.91 97.56 97.99 98.25 91.37  
 

 
20 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0    



78 
 

To identify which membrane provided the best separation, the cumulative percent HA yield 

and cumulative percent DNA yield per fraction for both membrane columns at the two residence 

times were plotted, as shown in Figure 4.7 and 4.8. The percent error bars were calculated using 

Equation 3.5 from Chapter 3. The Sartorius Sartobind A4 membrane column resulted in better 

separation of influenza virus from DNA compared to the PBT-Q membrane column. Residence time 

had little to no impact on the performance of the membrane columns. The percent HA yield error 

bars indicate that there was no significant difference between the HA yields of the membrane 

columns, while the percent DNA yield error bars indicated there may be a significant difference in 

DNA removal between the two columns. 

The separation performance of the 100-disc PBT-Q membrane column and Sartobind Q 

Singlesep membrane module described in Chapter 3 also were compared to the membrane 

performance in this chapter, as shown in Figure 4.7 and 4.8. The 100-disc PBT-Q membrane column 

resulted in lower percent DNA yield. These differences may be due to the differences in the number 

of packed discs, which is corroborated by HETP differences, or difference in the concentrations of 

virus, DNA and total protein in the load materials.  At greater than 76% HA yield, the Sartobind Q 

Singlesep module resulted in lower percent DNA yield than the 25-disc Sartobind A4 membrane 

column. It is difficult to determine the cause, as either packing method or the module containing 

nine less membrane discs could have been the influencing factor.   
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Figure 4.7: Comparison of percent yield of DNA and HA activity for the Sartobind A4 (25-sheet) and 

(25-Sheet) PBT-Q membrane columns at two residence times, the Sartobind Nano, and 100-disc 

PBT-Q membrane from Chapter 3.  Error bars were calculated from assay error for percent yield of 

HA activity. 
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Figure 4.8: Comparison of percent yield of DNA and HA activity for the Sartobind A4 (25-Sheet) and 

PBT-Q membrane (25-Sheet) columns at two residence times, the Sartobind Nano, and 100-disc 

PBT-Q membrane from Chapter 3.  Error bars were calculated from assay error for percent yield of 

DNA activity. 

4.3.3 Total Protein Removal 

As was seen with other solid supports from Chapter 3, the majority of total protein did not 

interact with either of the membrane columns and was present in the load flowthrough and wash 

samples. The percent of total protein quantified in the load flowthrough for each run and the 

propagated assay error was calculated using Equation 3.6 and 3.7 in Chapter 3. All chromatography 

runs resulted in consistent percent total protein removal ranging from 92-98%, as seen in Figure 4.9. 

This is consistent with the prior experiments, detailed in Chapter 3.  

The ratio of HAU/50 µL to µg of total protein and the propagated assay error was calculated 

using Equation 3.8 and 3.9 in Chapter 3 and was used to evaluate the purity of the elution. The ratio 

for the experiments run at 1-minute residence time (run 1-3) resulted in similar values between 0.3 
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and 1.7, while the ratio for the experiments run at 0.125-minute residence time (run 4-6) resulted in 

values between 2.5 to 3.9. The average total protein concentrations in TFF Batch 2 (0.125-minute 

residence time) experiments were 24% lower than the average total protein concentrations, as seen 

in Table 4.1, in the TFF Batch 1 (1-minute residence time) experiments. This was likely the reason for 

the higher HAU/50 µL to µg total protein ratio in the 0.125-minute residence time experiments.   

 

Figure 4.9: Percent total protein removal during the load and wash steps for each solid support and 

the ratio of HAU/50 µL: total protein (µg) in the elution. 

4.4 Conclusion 

The 25-disc Sartobind A4 membrane column resulted in lower HETP compared to the 25-

disc PBT-Q membrane column at all linear velocities. The effect of linear velocity on HETP for the 

membrane columns indicated diffusion did not impact HETP. However, HETP did change with linear 

velocity and the inverse trend in linear velocity to asymmetry was observed. This suggests that the 

band broadening, which would increase the HETP, was related to reduced asymmetry values for the 

membrane column. The trend of linear velocity to asymmetry for the monolithic column explained 
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in Chapter 3 is similar to the asymmetry trend for the PBT-Q and Sartobind membrane columns, 

which may indicate radial flow occurred between the membrane sheets. Comparing the HETP and 

asymmetry of the 100-disc PBT-Q membrane column to the 25-disc PBT-Q membrane column 

showed a reduction in HETP from 0.0170 to 0.0095 cm and a reduction in asymmetry from 3.4 to 

2.5, indicating that reducing the number of packed discs improves HETP and asymmetry. 

To compare the separation of influenza and DNA for all the solid supports in this chapter, an 

ideal pool of fractions was selected using a criterion of a minimum of 85% influenza virus yield that 

also maximized the percent DNA removal. Pools were selected using Table 4.2, shown in section 4.3. 

These product pools were then compared to HETP, asymmetry, number of membrane sheets, DNA 

removal, and total protein removal, shown in Table 4.3. It is important to note that some of the 

product pools have a higher than 85% HA yield, as pooling with one less fraction would result in an 

HA yield of less than 85%.  The Sartobind A4 membrane column resulted in higher percent removal 

of DNA (approximately 84% on average) at 85% HA yield, while the PBT-Q membrane column 

resulted in an average of 60% DNA removal at 85% yield. 

The residence time of each run did not impact separation for the Sartobind A4 membranes 

and indicates convection, not diffusion, is the primary mode of mass transport through the solid 

supports. However, for the PBT-Q membrane (25 sheets), there was a slight reduction in percent 

DNA removal with decreasing residence time which suggest diffusion may have an impact on 

separation for this membrane column. Additionally, HETP was a useful predictor of separation 

performance. However, the 24% difference in percent DNA removal may not be completely caused 

by the difference in HETP. Differences in ligand densities could be having a role on when DNA eluted 

from the column, increasing the separation of DNA from virus.84  



 

83 
 

The percent removal of total protein in the load flowthrough and wash was comparable 

across all chromatography runs. The ratio of HAU/50 µL to µg of total protein for the 

chromatography runs at 1-minute residence (run 1-3) resulted in similar values between 0.3 and 1.7, 

while the ratio for the experiments run at 0.125-minute residence time (run 4-6) resulted in values 

between 2.5 to 3.9. This is likely due to the average total protein in the sample load for the 0.125-

residence time runs was 24% lower than the average total protein concentrations used for the 1-

minute residence time chromatography runs.  A higher total protein concentration in the load could 

explain a higher total protein concentration in the elution which would result in a lower HAU/50 µL 

to µg of total protein ratio.  
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Table 4.3: Comparison of HETP and asymmetry to separation performance for the 25-disc Sartobind 

A4 membrane column, 25-disc and 100-disc PBT-Q membrane columns, and the Sartorius Singlesep. 

Solid 
Support 

Residence 
Time 

Number of 
Membrane 

Sheets 
HETP  Asymmetry 

% HA 
Yield 

%DNA 
Removal 

%Total Protein 
Removal in 

Load 
Flowthrough 

and Wash 

Sartobind 
A4 

Membrane 
Column 

0.125 25 
0.012  

± 0.0002 
3 

± 0.12 
87.72 

± 12.47 
86.78 
± 1.96 

96 
± 5.50 

Sartobind 
A4 

Membrane 
Column 

1 25 
0.007 

± 0.0001 
2.55 

± 0.029 
86.67 
± 5.64 

85.22 
± 1.74 

95 
± 1.80 

Sartobind 
A4 

Membrane 
Column 

1 25 
0.007 

± 0.0001 
2.55 

± 0.029 
87.15 
± 4.82 

82.05 
± 0.74 

94 
± 1.24 

PBT-Q 
Membrane 

Column 
0.125 25 

0.014 
± 0.0004 

3.18 
± 0.057 

85.71 
± 8.77 

53.36 
± 4.18 

98 
± 0.72 

PBT-Q 
Membrane 

Column 
0.125 25 

0.014 
± 0.0004 

3.18 
± 0.057 

85.37 
± 8.19 

59.5 
± 7.68 

96 
± 0.96 

PBT-Q 
Membrane 

Column 
1 25 

0.009 
± 0.0002 

2.5 
± 0.029 

85.09 
± 4.53 

69.64 
± 1.88 

92 
± 1.08 

PBT-Q 
Membrane 

Column 
1 100 

0.017 
± 0.0017 

3.4 
± 0.05 

85 
20.9 

±2.29 
93 

± 2.77 

Sartobind 
Singlesep 

1 15 
0.005 

± 0.00005 
4.5 

± 0.15 
86 

± 10.39 
96 

± 0.59 
92 

± 3.28 

 

For the PBT-Q membrane columns, reducing the number of sheets in the column reduced 

the HETP and asymmetry and the separation performance was marginally improved. For the 

Sartobind A4 membrane column, increasing the number of membrane discs compared to the 

Sartobind Singlesep resulted in lower percent DNA removal, indicating that the membrane column 

packing, or the number of membrane discs has an impact on separation performance.  
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Chapter 5: CONCLUSIONS AND FUTURE WORK 

  This study compared the separation of influenza virus from DNA using the same residence 

time, column volume, and anion chromatography method for a conventional packed bed, a 

monolithic column, and membranes from commercial and academic sources. This project 

determined that the membranes and monolithic columns evaluated in this study more effectively 

separated virus from DNA compared to the HiTrap conventional packed bed. This is due to the mass 

transport limitations of diffusing the virus into the pore of the beads which resulted in low binding 

capacity. Of the solid supports tested, the commercial membranes purchased from Pall, Sartorius, 

and Natrix resulted in the greatest DNA removal at all HA yields.  Although the commercial 

membranes were similar, the Sartorius Sartobind Nano resulted in the highest level of separation of 

influenza virus from DNA and host cell protein, with the ideal pool containing 86% yield of HA, 96% 

removal of DNA, and 92% removal of total protein. The academically-sourced PBT-Q membrane 

resulted in poorer separation of virus and DNA compared to the commercial membranes.  

Initially, it was theorized that the reduced separation of virus and DNA was because the PBT-

Q membrane resulted in approximately nine times the number of stacked membrane sheets as the 

commercial membranes. However, further comparisons using a 25-disc PBT-Q membrane column 

showed that decreasing the number of membrane sheets resulted in only a marginal increase in 

separation performance. This indicates that another factor, such as ligand density or packing 

procedure, may have been the cause of the reduced separation of virus from DNA for the PBT-Q 

membrane compared to the commercial membranes.  Additionally, there was a strong correlation 

between low HETP and high separation performance of virus from DNA for the monolithic column 

and membranes in Chapter 3 and Chapter 4.  
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 The total protein removed from the wash and flowthrough step was between 92% and 96% 

for all the solids supports evaluated in this study, with the exception of the Natrix membrane which 

achieve 86% total protein removal. the Pall Mustang® XT Acrodisc® resulted in the highest ratio of 

HA to total protein indicating high purity of virus with regards to total protein in the elution. 

In this study, several different influenza infection harvests and TFF batches were used to 

generate the load material for the chromatography experiments. Ideally, the same load material 

from the same influenza and TFF batch would have been used throughout the study for ease of 

comparison. However, the freeze-thaw and ambient stability of the influenza virus in the load 

material did not allow for this. A future study could evaluate buffers to increase the freeze-thaw and 

ambient stability of the influenza virus in the load material and to determine this buffers impact on 

the chromatography process.  

Additionally, this project evaluated the separation performance of the columns at a fixed 

loading volume of ten times the column volume. Future studies comparing the dynamic binding 

capacity of conventional packed bed columns, monolithic columns, and membranes would be useful 

for evaluating the differences in dynamic binding capacity of influenza virus and DNA. Such studies 

could also provide insight into the differences in the ligand density of the solid supports. As all the 

experiments detailed in this project were performed at a single pH, a design of experiment (DOE) 

could be performed to evaluate the effects of virus loading, flowrate, pH, and conductivity have on 

optimizing the separation of virus and DNA.  

The effect of reducing the sheet number showed that the number of membrane discs was 

an important factor for maintaining a low HETP. For the scale-up of membranes, increasing the 

number of stacked membrane discs is likely not a feasible avenue. Studies can be done to determine 

the effect various membrane configurations have on the separation of virus from DNA.  
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1. PROCEDURE 

 
Equipment Number  _________________________ 

 

Step # Description 
Conditions/ 
Parameters 

Completed, Init/Date Comment 

1 Set up the SciLog PureTec system.  Use a 
Pellicon®XL with Biomax® 10 membrane (10 
kDa MWCO, 50 cm2, catalog # PXB010A50) or 
a Pellicon®2 Mini with Biomax® 10 
membrane (10 kDa MWCO, 0.1 m2, catalog # 
P2B010A01).  Enter the catalog number and 
lot number for the membrane used. 

Catalog #: 

Lot #:  

  

2 Confirm that the tubing used in the PureTec 
set up is correct.  For the Pellicon XL, size 14 
tubing is required.  For the Pellicon 2 Mini, 
size 25 tubing is used. 

   

3 Fill the feed vessel with a minimum of 400 mL 
of 50mM Tris/1mM EDTA, pH 8.0. 

   

4 Begin equilibration by flushing (direct both 

the retentate and permeate lines to waste) 

with 300 mL 50mM Tris/1mM EDTA, pH 8.0.  

Operate at a TMP of approximately 5 psi and 

a feed flow rate of 40 mL/min (for the 
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Step # Description 
Conditions/ 
Parameters 

Completed, Init/Date Comment 

Pellicon XL) or 800 mL/min (for the Pellicon 2 

Mini). 

5 Complete equilibration by recirculating 

(direct the retentate and permeate to the 

feed vessel) the remainder of the 50mM 

Tris/1mM EDTA, pH 8.0 for approximately 5 

minutes. 

Reciruculation start time: 

Recirculation end time: 

  

6 Near the end of the recirculation, pull 

samples from the retentate and permeate 

streams and measure the conductivity of 

each.  Also take a sample of 50mM Tris/1mM 

EDTA, pH 8.0 and measure its conductivity.  

Record your conductivity values.  If the 

system is equilibrated, conductivity values 

should be “approximately” the same. 

50mM Tris/1mM EDTA, pH 8.0 

conductivity (mS/cm) =  

 

Retentate conductivity (mS/cm) =  

 

Permeate conductivity (mS/cm) =  

 

  

7 Add the clarified, inactivated virus feed to the 

feed vessel.  Record the volume added. 

Volume of clarified, inactivated 

feed (mL) = 
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Step # Description 
Conditions/ 
Parameters 

Completed, Init/Date Comment 

8 Obtain a 2 mL sample of the feed.  Label it 

appropriately. 

   

9 Calculate the target final volume to produce a 

concentration factor of 20X: 

Final retentate volume (mL) = feed volume 

(mL)/20 

Final retentate volume (mL) =   

10 Place the UF system into recirculation mode 

by directing both the retentate and permeate 

lines to the feed vessel.  Set the flow rate to 

40 mL/min (for the Pellicon XL) or 800 

mL/min (for the Pellicon 2 Mini) and the TMP 

to approximately 10 psi. 

Flow rate set point (mL/min) = 

TMP (psi) = 

  

11 Place the UF system in concentration mode 

by directing the permeate line to a separate 

collection vessel.  Begin to concentrate to the 

final retentate value calculated previously. 

Note: do not discard the permeate. 

   

12 As you concentrate, measure and record (in 

the following table) the volume of permeate 

collected versus time; calculate the 

See table that follows.   
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Step # Description 
Conditions/ 
Parameters 

Completed, Init/Date Comment 

corresponding permeate rate and permeate 

flux. 

Note: choose a time interval appropriate for 

the starting volume.  For example, recording 

data at 50 mL (of permeate collected) 

intervals is sufficient for a starting volume of 

500 mL. 

 
 

 

 

Permeate 

Collected (mL) 

Time  

(min) 

Permeate Rate 

(mL/min) 

Permeate Flux 

(LMH) 

0    
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Step 
# 

Description 
Conditions/ 

Parameters 
Completed, Init/Date Comment 

13 Prepare for buffer exchange by calculating 

the amount of 50mM Tris/1mM EDTA at pH 

8.0 required for a 5 diavolume exchange: 

 

diafiltration buffer required (mL) = 

5 x retentate vol (mL) 

Diafiltration buffer required (mL) =    

14 Place the UF system in diafiltration mode, 

using 50mM Tris/1mM EDTA at pH 8.0 as 

the exchange buffer.  The permeate line 

should be directed to a vessel in which 

volume can be measured.  Use the same 

flow rate and TMP as used for the 

concentration step. 

Note: do not discard the permeate. 

   

15 Execute the 5x buffer exchange, collecting 

permeate as the diafiltration proceeds.  

Record the data in the following table. 

See table that follows.   
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Note: As with the concentration step, 

record values at a time interval appropriate 

for the retentate volume. 

 

 

Permeate Collected 

(mL) 

Time (min) Permeate Rate 

(mL/min) 

Permeate Flux 

(LMH) 

0    
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Step # Description 
Conditions/ 

Parameters 
Completed, Init/Date Comment 

16 Mix the collected permeate with the 

Permeate Post Concentration and pull a 2-

mL sample.  Label as “Permeate Post 

Diafiltration”. 

   

17 Pump all of the retentate from your system 

through the retentate line and into an 

appropriately sized container.  Record the 

total volume of diafiltered retentate 

collected. 

Diafiltered retentate collected (mL):   
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18 Pull a 2-mL sample of the final diafiltered 

retentate.  Label as “Retentate Post 

Diafiltration”. 

   

19 Pull a sample of as small a volume as 

possible to perform a conductivity 

measurement.  Record the value.  It should 

be approximately the same as the 50mM 

Tris/1mM EDTA buffer, pH 8.0 measured 

previously. 

Conductivity of diafiltered retentate 

(mS/cm) = 
  

20 Measure hemagglutinin titer in the 3 

samples collected: feed, permeate post 

diafiltration, retentate post diafiltration. 
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Step # Description 

Conditions/ 

Parameters 
Completed, Init/Date Comment 

21 When data become available, calculate the 

% recovery of virus (based on the 

hemagglutinin assay) as follows: 

% recovery virus =  

[HA titer in retentate post DF (HA units/50 

µL) x retentate post DF volume (mL)]   

[HA titer in feed (HA units/50 µL) x feed 

volume (mL)]  x 

100% 

% recovery =   

22 Fill the feed vessel with a minimum of 400 
mL of 50mM Tris/1mM EDTA, pH 8.0. 

   

23 Flush (direct both the retentate and 

permeate lines to waste) with 300 mL 

50mM Tris/1mM EDTA, pH 8.0.  Operate at 

a TMP of approximately 5 psi and a feed 

flow rate of 40 mL/min (for the Pellicon XL) 

or 400 mL/min (for the Pellicon 2 Mini). 
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Step # 
Description 

Conditions/ 

Parameters 
Completed, Init/Date Comment 

24 Complete cleaning/sanitization/storage of 

the system (including membrane) as 

follows: 

• Flush the system with 0.5M NaOH 

• Recirculate 0.5M NaOH through the 
system for not less than 1 hour. 

• Flush the system with 0.1M NaOH 

   

25 Label membrane and systems as follows: 

Stored in 0.1M NaOH/ initials/date 
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2. PURPOSE 
2.1. This test method is used for the detection and quantitation of host-cell DNA in viral 

recovery and purification samples used in vaccine production.   
 

3. SCOPE 
3.1. This assay is performed on viral recovery and purification samples throughout the 

vaccine production process at BTEC.   
 

4. PRINCIPLE 
4.1. This assay utilizes an ultrasensitive fluorescent nucleic acid stain to quantify double-

stranded (ds) DNA in solution. 
   

5. DEFINITIONS 

5.1. N/A 
 

6. REFERENCES 

6.1. Quant-iT™ PicoGreen® dsDNA Kit instructions (Invitrogen) 

 

7. SAFETY 
7.1. Wear area-specific personal protective equipment (refer to GL-002: Gowning 

Requirements for the BTEC Facility).   
 

 
8. EQUIPMENT & MATERIALS 

 
8.1. Solutions/Reagents 

8.1.1. Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen P/N P11496, stored at 2-8 
°C) 

8.1.2. Viral samples  

8.1.3. Milli-Q water 
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8.2. Lab Equipment 

8.2.1. Black 96-well plates (Corning P/N 3650 or equivalent) 

8.2.2. Clear 96-well plates (Corning P/N 3635 or equivalent) 

8.2.3. Asortes pipettes and pipette tips 

8.2.4. 25-ml serological pipettes and pipette gun 

8.2.5. Reagent reservoirs 

8.2.6. 15- and 50-ml conical tubes 

8.2.7. 2-ml tubes 

8.2.8. Lab timer 

8.2.9. Plate seals 

8.2.10. Vortex mixer 

8.2.11. Plate shaker 

8.2.12. Plate reader capable of reading fluorescence (BioTek Synergy-4 or 

equivalent) 
 
9. PROCEDURE 

 
9.1. Remove the assay kit from refrigeration and remove the 20X TE Buffer, one vial of the 

PicoGreen reagent (blue cap), and the DNA standard provided with the kit.  Return the 
remaining kit components to refrigeration.  Place the PicoGreen reagent in a drawer or 
cabinet to warm up, as it is light sensitive. 
 

9.2. TE buffer preparation 
 

9.2.1. Prepare a 1X TE buffer solution by diluting the 20X stock buffer.   
9.2.2. Using a serological pipette and pipette gun, measure 19 ml of Milli-Q water and 

dispense it into a 15-ml conical tube. 
9.2.3. Add 1 ml of 20X TE buffer to the conical tube, replace the cap and vortex briefly 

to mix. 
 

9.3. Standard curve preparation 
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9.3.1. Prepare six dsDNA standards in 2-ml tubes using the λ-phage DNA standard 
provided with the assay kit in accordance with the instructions below: 
9.3.1.1. STD #1 (2000 ng/ml): Add 20 µl of stock standard to 980 µl of 1X TE 

buffer.  Replace the cap and vortex briefly to mix.  Label the 
standard “2000”. 

9.3.1.2. STD #2 (200 ng/ml): Add 100 µl of STD #1 to 900 µl of 1X TE buffer.  
Replace the cap and vortex to mix.  Label the standard “200”.   

9.3.1.3. STD #3 (20 ng/ml): Add 100 µl of STD #2 to 900 µl of 1X TE buffer.  
Replace the cap and vortex to mix.  Label the standard “20”.   

9.3.1.4. STD #4 (2 ng/ml): Add 100 µl of STD #3 to 900 µl of 1X TE buffer.  
Replace the cap and vortex to mix.  Label the standard “2”.   

9.3.1.5. STD #5 (0.2 ng/ml): Add 100 µl of STD #4 to 900 µl of 1X TE buffer.  
Replace the cap and vortex to mix.  Label the standard “0.2”.   

9.3.1.6. STD #6 (0 ng/ml): Add 1000 µl of 1X TE buffer to a 2-ml tube.  Label 
the standard “0”.   
 

9.4. Sample preparation 
 
9.4.1. Dilute all samples 1:100 with 1X TE buffer in a 96-well clear microplate prior to 

testing. 
9.4.1.1. Count the number of samples to be tested.  In a clear 96-well plate, 

add 198 µl of TE buffer to the same number of wells as there are 
samples.   

9.4.1.2. Add 2 µl of the first sample to the 198 µl of buffer in the 
corresponding well of the dilution plate.   

9.4.1.3. Repeat for the rest of the samples until all samples have been 
added to their respective dilution wells. 

9.4.1.4. Place the plate on the plate shaker, set to speed 7, for 10-15 
seconds to mix. 
 

9.5. Load the assay plate 
 
9.5.1. Load 50 µl of standards and samples into the assay plate in accordance with the 

plate map in step 8.5.2 below.  Standards will be run in duplicate and samples 
will be tested in triplicate.  Up to 20 samples may be tested in a single plate. 
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9.5.2. Plate map: 

 
 

9.6. PicoGreen reagent preparation 
 
9.6.1. Do not prepare PicoGreen reagent until samples and standards have been 

loaded in plate. 
9.6.2. Dilute the concentrated reagent 1:200 in 1X TE buffer in a 15-ml conical tube in 

accordance with the table below, which accounts for inclusion of the 
standards: 
 

# Samples 
Tested 

Volume of TE buffer (in 
ml) 

Volume of PicoGreen 
Reagent (in µl) 

2 1.194 6 

4 1.592 8 

6 1.990 10 

8 2.388 12 

10 2.786 14 

12 3.184 16 

14 3.582 18 

16 3.980 20 

18 4.378 22 



 

BTEC 
NC STATE UNIVERSITY 

STANDARD OPERATING 
PROCEDURE 

Document Number:              AN-002 
Page 111 of 116 

Title: BCA Protein Assay Revision: 01 

Effective Date: May 20, 2010 

 

111 
 

20 4.776 24 
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9.6.3. Add 50 µl of prepared reagent to each well of the assay plate in rows A-F.   
9.6.4. Cover the plate with a plate seal and place plate on a shaker for 5 minutes at a 

speed of 7. 
9.6.5. Remove the plate seal and place plate in plate reader. 

 
10. RESULTS 

10.1. Reading the results 

10.1.1. In the GEN5 software menu, choose “New Experiment”.   

10.1.2. Select “PicoGreen_FL_A480,A520.prt” and read the plate.  Save the data 

in the appropriate file for either analytical lab use or BTEC course data. 

10.1.3. From the desktop, go to “Report Forms”, then select the “Blank Pico 

Worksheet” template to open the file. 

10.1.4. Once the reader has finished reading the plate, click to highlight the 

utilized assay wells.  Right click and choose “Copy to clipboard”. 

10.1.5. Paste the data into the top left block of the analysis report template.   

10.1.6. The DNA quantity, in ng/ml, will be displayed for each sample at the 

bottom of the sheet.  Record the DNA quantity on the sample submission 

form or save the worksheet. 

 

11. DOCUMENTATION 

11.1. N/A 
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SOP #3 

1. PURPOSE: 
1.1. To provide basic instructions for performing the BCA protein assay using the Pierce BCA 

Protein Assay Kit at NCSU BTEC. 
   

2. SCOPE: 
2.1. This procedure applies to all NCSU faculty, BTEC Analytical Lab staff and students that 

perform the BCA protein assay using the Pierce BCA Protein Assay Kit. 
 

3. DEFINITIONS: 
3.1. BCA (Bicinchoninic acid) - a biochemical assay for determining the total level of protein 

in a solution. The total protein concentration is exhibited by a color change of the 
sample solution from green to purple in proportion to protein concentration, which can 
then be measured using colorimetric techniques. 
 

4. RESPONSIBILITIES: 
4.1. NCSU students, faculty, and BTEC Analytical Lab staff are responsible for adhering to this 

procedure as it is written. 
  

5. SAFETY: 
5.1. Wear area specific personal protective equipment. 
5.2. Refer to the material safety data sheets (MSDS) located in the BTEC Analytical 

Laboratory for appropriate reagents. 
 
6. MATERIALS: 

6.1. Solutions/Reagents 
6.1.1. Protein samples to be tested.  If samples contain salt, consult an Analytical Lab 

employee to see if a desalt step will be necessary prior to beginning the assay. 
6.1.2.  Pierce BCA Protein Assay Kit (Fisher catalogue number 23225 or equivalent). 

6.1.2.1. BCA Reagent A 
6.1.2.2. BCA Reagent B 
6.1.2.3. BCA Kit standard (2mg/ml albumin standard) unless testing GFPuv 

samples.  If testing GFPuv samples, see step 6.1.2.4. 
6.1.2.4. GFPuv in-house standard, (1mg/ml, >99% pure). 

6.1.3. Sodium Phosphate Buffer, 50mM (pH 7.2) 
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6.1.4. Single and multichannel pipettes ranging in volume from 0.2µl - 1000µl 
6.1.5. Standard pipette tips 
6.1.6. 50ml Conical tube 
6.1.7. Plate sealers 
6.1.8. Lab timer 
6.1.9. Corning 96-well transparent, flat bottom microplates 
6.1.10. Reagent reservoirs 
6.1.11. Incubator set to 36 - 38⁰C 

6.1.12. Plate reader (Biotek Synergy®4 or equivalent) 
 
7. PROCEDURE: 

7.1. Standard and Sample Preparation 
7.1.1. Perform a 2-fold serial dilution of albumin standard or GFP standard.  Note: the 

albumin standard will begin at a concentration of 2mg/ml while the GFPuv 
standard is 1mg/ml. 
7.1.1.1. Using a multichannel pipette, fill wells B1-H12 of a 96-well 

microplate with 50 µl of 50mM Sodium Phosphate Buffer.    
7.1.1.2. Add 100 µl of either albumin standard or GFPuv standard into wells 

A1 and A2.   
7.1.1.3. Add 100 µl of samples to be tested in wells A3-A12.   
7.1.1.4. Using a multichannel pipette, aspirate 50 µl from row A and 

dispense into row B, mixing gently with pipette tip.   
7.1.1.5. Aspirate 50 µl from row B and dispense into row C, mixing gently. 
7.1.1.6. Repeat for rows D-G so that 7 serial dilutions are performed for 

each sample. 
7.1.1.7. Once row G is diluted, aspirate 50 µl from each well and eject tips 

(containing mixture) into tip waste. 
7.1.1.8. Row H should contain 50 µl of buffer only and will serve as blank 

samples. 
7.1.2. Suggested plate layout:  
7.1.3.  
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7.2. Prepare BCA Working Solution 

7.2.1. Fill a 50ml conical tube with 50ml of BCA Reagent A. 
7.2.2. Add 1000 µl BCA Reagent B to the tube.  Resulting solution will be green. 
7.2.3. Replace cap and vortex briefly to mix solution.   
7.2.4. Pour BCA Working Solution into a reagent reservoir. 

7.3. Loading the Analysis Plate 
7.3.1. Using a multichannel pipette, transfer 10 µl of diluted standards and samples 

from the dilution plate into each corresponding well of an empty microplate. 
7.3.2. Using a multichannel pipette add 200 µl BCA Working Solution to each well of 

the plate. 
7.3.3. Cover the plate with a plate sealer and gently shake the plate to mix the 

samples and BCA Working Reagent.   
7.3.4. Incubate plate at 37°C±1°C for 30 minutes or room temperature for 60 

minutes. 
7.4. Reading the Plate 

7.4.1. After incubating the plate, remove the plate seal and inspect the wells for 
bubbles.  Remove any visible bubbles prior to reading the plate. 

7.4.2. Place the plate on the plate reader loading tray. 
7.4.3. Open up the GEN5 software on the computer desktop. 
7.4.4. Under Create New Item, choose Experiment. 
7.4.5. Select BCA (562).prt. 
7.4.6. Select the Read Plate icon in the toolbar. 
7.4.7. Select OK in the Load Plate window that opens up. 
7.4.8. "Read in progress..." window will pop up - do not abort the read. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 1.0 1.0 Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Sample 
6 

Sample 
7 

Sample 
8 

Sample 
9 

Sample 
10 

B 0.50 0.50           

C 0.25 0.25           

D 0.125 0.125           

E 0.0625 0.0625           

F 0.0312 0.0312           

G 0.0156 0.0156           

H Blank Blank Blank Blank Blank Blank Blank Blank Blank Blank Blank Blank 
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7.4.9. If data is to be further analyzed and entered into a report, highlight all wells 
and right-click.  Choose “Copy to Clipboard”.   

7.4.10. Paste data into the blank BCA report form (on the desktop in the “Report 
Forms” folder) to generate a report containing protein concentrations for the 
samples analyzed. 
7.4.10.1. Note: The report is set up to analyze the albumin curve which 

begins at 2mg/ml.  If using GFPuv standard to generate a standard 
curve, the dilution series must be adjusted in the “raw data” 
section of the report spreadsheet. 

7.4.11. Save data using the file path: 
7.4.11.1. From the desktop, select Plate Reader Data. 
7.4.11.2. Select the appropriate folder for the data (for example, class 

number or project description). 
7.4.11.3. Save the file as: Data_BCA_MMDDYY_ initials (for example: 

Data_BCA_052010_rls). 
 

8. REFERENCES: 

8.1. Biotek Synergy™ 4 Plate Reader Operator’s Manual 
8.2. Thermo Scientific Pierce BCA Protein Assay Kit Instruction Manual 


