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1.1 VACCINE PRODUCTS 
 

Vaccination 

Vaccination is the most effective way to prevent infection and to eradicate infectious 

diseases [1, 2]. The first documented effective vaccine origins from 1797 [3]. Edward Jenner 

developed and studied a cowpox-based vaccine against the smallpox virus [4]. The safety 

and efficacy of this vaccine could not be assured by biological and analytical methods but 

was based on trial-and-error studies in humans. Louis Pasteur was responsible for the 

second generation of vaccines and developed vaccines against anthrax, rabies and fowl 

cholera [5]. In the 19th century twenty-five effective vaccines were developed, however, only 

the smallpox virus has been eradicated so far. Ongoing programs target on the eradication 

of polio and measles [6]. 

A vaccine is a biological formulation that contains an agent that typically mimics an 

attenuated infection by a virus or bacteria. After administration of the agent to the human 

body, the immune system will prepare antibodies against the viral or bacterial antigens.  The 

next time the body is exposed to the bacteria or virus, the body recognizes the antigen and 

will instantly produce antibodies to combat the viral or bacterial infection. Most of the 

vaccines are prophylactic and are intended to protect the human body from infectious 

diseases. Examples are the seasonal flu vaccine, childhood vaccines (e.g. measles, 

diphtheria, tetanus, and pertussis), and most travel vaccines (e.g. hepatitis, rabies, yellow 

fever). In contrast, therapeutic vaccines are administered after infection to battle and/or 

cure a disease (e.g. HPV vaccine against cervical cancer) [8]. 

 

Types of vaccines  

It is important that the person receiving the vaccine doesn’t get sick from the administered 

agent. There are several ways to safely introduce the agent into the body, resulting in 

different types of vaccines [2, 8]: 
 

• Inactivated vaccines  

• Live attenuated vaccines  

• Subunit/conjugate vaccines  

• Recombinant vector vaccines 
 

Inactivated vaccines contain viruses or bacteria that were inactivated by a chemical 

treatment (e.g. formaldehyde) or heat. The agents cannot cause a disease; however, the 

body is still able to create antibodies to prepare for future infections. The advantage of this 

type of vaccine is that it can be stored deep frozen (no risk of losing infectivity since the 

vaccine is already inactivated). A drawback is that the immune response is often weaker 

compared to the immune response of an attenuated vaccine. Multiple (booster) 
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vaccinations are often needed to get full protection. Examples of bacterial vaccines are 

the typhoid and cholera vaccines and a viral vaccine is the polio vaccine [2, 8].  

Live attenuated vaccines contain a non-pathogenic live form of the virus or bacteria. The 

virus or bacteria will be too weak to cause a disease, but an immune response will be 

triggered after administration of the vaccine.  Booster injections are less frequently required 

in comparison to inactivated vaccines and a lifelong protection is often achieved after 1 or 

2 doses. The disadvantage of this type of vaccine is storage and stability of the vaccine. The 

vaccines often need to be stored in the fridge. Examples are measles vaccine, mumps 

vaccine, rubella vaccine, and live attenuated influenza vaccine [6, 8]. 

Subunit/conjugate vaccines are typically based on a specific molecule (e.g. protein or 

carbohydrate) from a virus or bacteria. The main advantage of this vaccine is that only a part 

of the pathogen is injected into the body which reduces the change of adverse effects 

significantly. However, it is challenging to isolate and stabilize a specific molecule from a 

pathogen. Examples of subunit/conjugate vaccines are hepatitis B, human papillomavirus 

(HPV) and meningococcal vaccines. 

Recombinant vector vaccines are often based on engineered poxviruses or adenoviruses 

that contain a piece of gene from a harmful pathogen. In short, after administration of the 

vaccine, the modified viral vector enters the host cell, releases it’s viral load (the genes) and 

expresses an antigen related to the harmful pathogen causing an immune response. The 

main advantage of recombinant vector vaccines is that the harmful pathogen (virus or 

bacteria) doesn’t have to be part of the vaccine which increases the safety of the vaccine. 

The disadvantage of the recombinant vector vaccines is that the body might start to develop 

an immune response against the vector itself after repetitive administration. This type of 

vaccines is currently in development against the following diseases: Ebola, HPV, RSV, HIV, 

rabies, and measles [1, 2]. 

 

Vaccine formulation 

The actual vaccine comprises the biological agent (e.g. virus) in a well-developed tailor-made 

formulation. The formulation has multiple purposes: e.g. to preserve the vaccine, to 

enhance the immune response, or to stabilize the vaccine (keep the vaccine homogenous). 

A typical formulation may contain a buffer to control the pH, salts to obtain an isotonic 

environment, an adjuvant to enhance immune responses, preservatives to prevent the 

growth of microorganisms, stabilizers to improve vaccine stability, or surfactants/emulsifiers 

to alter the surface tension of the formulation buffer [7]. 
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1.2 VIRUSES AND VIRAL PROTEINS 
Viruses are nanoscale infectious agents that can only replicate in living human, animal, or 

plant cells. Virus particles are approximately 20 to 400 nm in diameter and contain either 

DNA or RNA, surrounded by a protein coat to protect the genes. Some viruses also have a 

lipid envelope, built from host cell-phospholipids and proteins, that covers the protein 

capsid and prevents degradation outside the host cell. Glycoproteins are typically attached 

to the lipid envelope, allowing for receptor identification and binding on the host cell 

membranes [8].  

Influenza vaccines are typically based on an inactivated or attenuated influenza virus. The 

influenza virus is an enveloped helical-shaped virus with a diameter of approximately 

100 nm (Figure 1A).  The core of the virus particle consists of RNA and the nuclear protein 

(NP) and the matrix protein (M). The glycoproteins hemagglutinin (HA) and neuraminidase 

(NA) are embedded in the lipid bilayer of the particle [9]. The influenza proteins have 

molecular weights between 25 – 80 kDa dependent on the amount of glycans present. 

HA, a trimeric glycoprotein, is one of the most important proteins of the influenza virus since 

it plays a major role in the infection. Therefore, HA is often characterized and quantified to 

determine the potency of the vaccine product.   

Alternative influenza vaccines contain lipid-based virus-like particles up to 200 nm in 

diameter that only contain the antigenic proteins HA and NA (Figure 1B). Virosomes are 

prepared by mixing lipids with inactivated influenza virus in a multiple-step process [5,6]. 

These virosomes are not infectious, as they do not contain RNA and lack nuclear and matrix 

protein, which makes them a safe alternative of inactivated or attenuated influenza viruses.  

Adenoviruses, often used in recombinant vector vaccines, are non-enveloped viruses of  

70–90 nm with an icosahedral symmetry [10] (figure 2). The virus particle is built up of 

twelve different structural proteins that enclose the double stranded linear viral DNA. The 

protein capsid of the adenovirus consists of 240 trimers of protein II (hexon) and 60 copies 

of protein III (penton base). Hexon is the most abundant protein in the virus particle and is 

holds about 70% of the total weight. The fibre protein (IV) extends outwards from the 

surface of the adenovirus and it is alleged that protein IV plays a crucial role in entering the 

cells in the human body. The inner side of the capsid consists of 4 minor proteins IIIa, VI, VIII 

and IX and the core of the particle contains six different proteins V, VII, X, IVa2, the terminal 

protein (TP), and the adenovirus protease (AVP). The molecular weights of the adenovirus 

proteins range from 5 to 120 kDa [8]. 
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Figure 1: Simplified representation of A) the Influenza virus and B) the Influenza virosome 

  

 

 
Figure 2: Structure of adenovirus. A schematic depiction of the structure based on cryo-electron microscopy and 

crystallography. Figure copied from W. C. Russell, Adenoviruses: update on structure and function, Volume 90 (1), 

J. of General Virology [11]. Material available under Public License: Attribution 4.0 International  

(CC BY 4.0) 
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1.3 METHODOLOGIES FOR THE QUANTIFICATION OF VIRUSES 

AND VIRAL PROTEINS 
Ideally a viral vaccine consists of the correct DNA or RNA sequence surrounded by the right 

proteins with functional modifications (e.g. glycans). However, during manufacturing, 

transport and long-term storage, virus particles can undergo adverse modifications that 

could affect the integrity of the viral particles, due to e.g. temperature effects, agitation, or 

adsorption. A set of analytical, biological, and molecular biological methods is required to 

determine the identity, quantity, potency, and purity of the virus to assure the safety and 

efficacy of the vaccine product. The concentration of virus particles in a vaccine product is 

an important quality attribute. Often the virus particles concentration is used to optimize 

the yield in the manufacturing process, or it is used to set the safe dose of the vaccine 

product. Another important quality attribute is viral protein identity, heterogeneity and 

content in the virus particles, and this should be strictly monitored and controlled. If the 

incorrect proteins are expressed upon assembly of the virus particles, then this could lead 

to viruses with decreased biological activity. A risk is the presence of degraded or modified 

proteins in the viruses that could result in decreased potency and may induce adverse 

effects upon vaccine administration. 

Many techniques have been used for the analysis and characterization of virus-based 

products. The methodologies described in literature for the quantification of virus or viral 

proteins can be categorized as i) traditional methodologies and ii) analytical methodologies.  

Figure 3 shows a timeline of the categorized methods used from 1950 to 2010. The indicated 

date per methodology represents the first publication of a technique’s application. In this 

case, application is defined as a fully developed method, with known method performance 

(i.e. precision, accuracy, etc.) and a clear reportable result (e.g. concentration or purity).  For 

many techniques the proof of principle (POP) was already published up to 20 years before 

the application. For example, the POP for the analysis of viruses in CZE was published by 

Hjertén et al. in 1987 [12], while the first application of CZE for viruses was published 

12 years later by Okun et al. [13].  
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Figure 3: Timeline of traditional methodologies and analytical methodologies for the quantification of viruses or 

viral proteins. The dates represent the first appearance of an application for viruses or viral proteins published 

between 1950 and 2010. Orange: traditional methodologies for virus quantitation: plaque assay [14], transmission 

electron microscopy (TEM) [15], and TCID50 (50% tissue culture infective dose) [16]. Green: analytical 

methodologies for virus quantification: quantitative polymerase chain reaction (qPCR) [17], size exclusion 

chromatography (SEC) [18], field flow fractionation (FFF) [19], capillary zone electrophoresis (CZE) [13], anion 

exchange high-performance liquid chromatography (AE-HPLC) [20], and analytical ultra-centrifuge (AUC) [21].  

Blue: Traditional methodologies for viral protein quantification: Lowry [22], single radial immunodiffusion assay 

(SRID) [23], Bradford assay [24], SDS-PAGE (sodium dodecyl sulphate–polyacrylamide gel electrophoresis) [25], 

bicinchoninic acid assay (BCA) [26], and Western blot [27]. Red: analytical methodologies for viral protein 

quantification: ELISA (enzyme-linked immunosorbent assay) [28], capillary isoelectric focusing (cIEF) [29], capillary 

gel electrophoresis (CGE) [30], mass spectrometry (MS) [31], and reversed phase ultra-high performance liquid 

chromatography (RP-UHPLC) [32]. 
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1.3.1 TRADITIONAL METHODOLOGIES  

 

Virus quantification 

Traditional culture-based methodologies, such as the plaque assay, are used to determine 

the virus concentration as infectious dose [33]. In the plaque assay, cells are infected with 

the virus of interest in a semi-solid medium (e.g. agar) in petri-dishes. Infected cells form a 

plaque and subsequently the plaques can be counted to obtain a plaque forming unit (PFU), 

which is a measure of the virus particle concentration. Endpoint dilution assays, like TCID50 

(50% tissue culture infective dose) [16], are typically used as alternative of the plaque assay 

for viruses that do not form a plaque [14, 34]. Serial dilutions of the virus are added to the 

cells in a well plate and the number of infected cells is manually scored after infection. The 

TCID50 represents the number of infectious viruses needed to kill 50% of the infected cells. 

Both classical methods have a low throughput and are labour intensive. The time-to-result 

can be up to 2 weeks due to the lead time of cell infection. Both assays have many manual 

steps and the output of the assays is dependent on the type of virus and the  

cell lysis [33, 34]. 

Transmission electron microscopy (TEM) is used to determine the total amount of viruses, 

including non-infectious viruses [15, 21, 35, 36]. The samples need to be negatively stained 

(the background is stained to achieve more contrast) and be imbedded in a TEM grid, and 

the number of virus particles is determined by quantitative image analysis. With TEM, the 

morphology of virus particles can also be studied, however, TEM instrumentation is 

expensive, the analysis is low throughput and the sample preparation is operator  

dependent [37].  

 

Viral protein quantification 

The traditional protein-based assays that are used for quantification of viral proteins are 

single radial immunodiffusion assay (SRID) [23, 38] and non-specific colorimetric 

measurements, such as bicinchoninic acid assay (BCA) [26], Lowry protein assay [22] and 

Bradford protein assay [24]). 

SRID is based on an immunodiffusion reaction between hemagglutinin (HA), i.e. the antigen, 

and a polyclonal antibody. The interaction between HA and the antibody results in a circle 

of precipitation with a specific diameter that is directly proportional to the concentration of 

HA. Only antigenic HA is detected by SRID, which means that degraded or modified HA is not 

quantified when the antigenic structure is lost. SRID has a low throughput, is labour 

intensive, and requires expensive antibodies. 

The colorimetric-based methodologies quantify the total amount of protein from the virus 

sample. The principle of the total protein assays is the reduction of Cu2+ into Cu+ by the 

peptide bonds in the proteins. This reduction is directly proportional to the concentration 

of protein and can be quantified after the addition of a colour reagent that reacts with the 

Cu+ ions (e.g. Folin-Ciocalteu in the Lowry assay). Absorbance at visible wavelengths  
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(i.e. 562 or 600 nm) is used to either quantify the reduction (Lowry) or the increase (BCA) of 

the colour reagent complex. The colorimetric-based assays are very fast and useful to quickly 

determine the total amount of protein in vaccine samples, but the non-specific 

measurement can be biased by host cell proteins from the production process or other 

interfering matrix components. 

SDS-PAGE [39-42] and western blot (WB) [27, 43, 44] are typically used to obtain qualitative 

data for viral proteins (e.g. molecular weight and identity). Mass spectrometry (MS) is 

typically used for protein band assignment after in-gel trypsin digestion. However, protein 

modifications detected by MS could have been introduced by the harsh SDS-PAGE and  

pre-treatment conditions used for denaturation, digestion, reduction, and alkylation of the 

proteins.    

 

1.3.2 ANALYTICAL METHODOLOGIES 

The last 20 years has seen an increase in the use of analytical methodologies for the 

quantification of viruses and viral proteins (Figure 3, red and green arrows), with the aim to 

overcome the typical issues the traditional methods suffer from (Tables 1 and 2).  

Virus quantification 

Analytical techniques typically used for the quantification of viruses include quantitative 

polymerase chain reaction (qPCR), analytical ultra-centrifuge (AUC), field flow fractionation 

(FFF), anion exchange (AE)-HPLC, size exclusion chromatography (SEC), and capillary zone 

electrophoresis (CZE). 

Quantitative polymerase chain reaction (qPCR) [17]) has been used since the 1980s for the 

quantification of viruses as alternative for the traditional quantification methods described 

above. qPCR involves DNA amplification of a sequence specific for the virus and subsequent 

detection of the formed amplicon after fluorescent labelling. The concentration of virus 

particles can be determined by external calibration using a reference sample with a known 

concentration of virus particles. qPCR has been used for the quantification of adenoviruses 

[45], dengue virus serotypes [46], deformed wing virus [47], three viruses associated with 

canine viral enteric infections [48], and for hepatitis A virus and norovirus [49]. The 

drawbacks of qPCR are the need for expensive specific primers and probes that need to be 

developed and targeted for every new virus analysed. Another disadvantage of qPCR is the 

number of replicate measurements that are typically required to achieve acceptable 

precision. 

Physical separation techniques have been used to separate intact virus particles from their 

matrix components based on sedimentation coefficients or diffusion coefficients by 

respectively analytical ultra-centrifuge (AUC) or field flow fractionation (FFF) [19, 50-52].  

AUC is based on the sedimentation velocity of monomers and aggregates in an 

ultracentrifuge cell at a high centrifugal speed. The monomers and aggregates will settle to 

the outer side of the cell with different velocities, dependent on the molecular weight and 
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shape. Real-time optical detection is performed to obtain sedimentation profiles. Advanced 

software programs, based on mathematical algorithms, are used to translate the 

sedimentation profiles into quantifiable weight distribution profiles. The concentrations can 

then be determined based on the area under the curve and external calibration. AUC was 

mainly used to monitor the homogeneity of adenoviruses [21, 53]. The resolution of AUC 

allows for the separation of intact adenoviruses from incomplete viruses (lacking DNA). 

However, with AUC only six analysis-cells at the time can be used, run times can be up to 

24 hours and any kind of matrix components could affect the outcome of the analysis. 

FFF is based on the separation of molecules in a channel based on their diffusion 

coefficients. A laminar flow, with a parabolic flow profile, is pumped from the inlet to the 

outlet through a channel with a membrane. In addition, a cross-flow is applied towards the 

permeable membrane perpendicular to the parabolic flow. Larger species (e.g. aggregates), 

with smaller diffusion coefficients, will be pushed closer to the membrane by the cross flow 

compared to smaller species (e.g. monomers) with larger diffusion coefficients. Due to the 

parabolic flow, the velocities from the inlet to the outlet range from zero close to the 

membrane to a maximum in the centre of the channel. Therefore, smaller species will 

migrate faster and will be detected first. Detection is typically performed by UV, MALS or 

refractive index and external calibration is used to quantify the concentration of virus 

particles. A drawback of FFF is that viruses and their matrix components could adsorb to the 

membrane in the channel (typically methylcellulose-based) which affects the accuracy of 

the measurement 

Anion exchange chromatography is a common technique used for the purification of viruses 

on a preparative scale. AE-HPLC can also be used on an analytical scale to quantify virus 

particles. Virus particles can be separated from their matrix components based on their 

charge and their interaction with the positively charged stationary phase (typically a resin). 

Negatively charged species will be retained on the stationary phase and can be eluted by 

gradually increasing the salt concentration in the mobile phase. Detection is typically 

performed by UV absorbance and the virus concentration is determined by external 

calibration. AE-HPLC was used for the quantification of adenoviruses [20] in purified and 

crude samples. However, matrix components from the crude samples (i.e. cell debris, DNA 

and protein) tend to adsorb in the HPLC system causing carry-over and recovery issues. 

Another drawback of AE-HPLC is that the high salt concentration used might cause virus 

instability. 

SEC is a successful technology for the analysis of virus particles since it can be operated 

under near-native conditions that are in favour of virus stability. The virus particle 

monomers can be separated from fragments and aggregates based on their hydrodynamic 

volume. SEC has been used for the quantification of virus-like particles (100–150 nm in 

diameter) [54], for the quantification of hepatitis B virus particles [55] and for the size 

distribution analysis of influenza virus particles [56]. In all cases, SEC was used in 

combination with multi-angle light scattering (MALS) for direct quantification without the 
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need of an external calibrant. A disadvantage of SEC is that the large virus particles typically 

elute in the void volume fraction of the column and that the resolution between monomeric 

and multimeric virus particles typically is insufficient for accurate quantification. 

CZE is a very promising technique for virus quantification since an open tube (capillary) can 

be used in combination with any kind of BGE. This allows for BGE conditions  

(e.g. concentration, pH, and type) that are favourable for virus stability. The lack of an 

injector, valves and tubing makes it easier to control adsorption and carry-over in 

comparison to SEC and AE-HPLC. Adsorption can be prevented by proper rinsing, by dynamic 

and static capillary coatings and by the addition of additives to the BGE [57, 58]. CZE has 

been used for the analysis of the tobacco mosaic virus (TMV) [12], rhinovirus (RHV) [13], 

polio virions [59-65], intact virus‐like particles of human papillomavirus [66, 67]. Despite this 

large number of CZE publications for viruses, none of these methods have made it to a 

routine QC environment for the analysis of viruses. So far, typically only purified products 

were analysed, and for most of the publications the method performance (i.e. precision, 

accuracy, etc.) was not determined.   

 

Viral protein quantification 

The following analytical techniques were used for viral protein quantification: ELISA 

(enzyme-linked immunosorbent assay), LC-MS, RP-HPLC and capillary gel  

electrophoresis (CGE). 

ELISA (enzyme-linked immunosorbent assay) is based on the specific immunochemical 

reaction between an antibody (Ab) linked to an enzyme and the immobilized viral antigen 

(Ag). The Ab-Ag complex can be detected after addition of substrate that causes a colour 

change upon reaction with the enzyme. A spectrophotometer is used to measure an optical 

density (OD) value for a sample and the OD value is compared to a standard curve to obtain 

the concentration of protein. ELISA was applied for the quantification of equine arteritis 

virus in culture supernatant [68], non-structural and structural adenovirus Ags [69], hepatitis 

B virus surface Ag [70], hepatitis B virus subtypes [71], and cattle foot-and-mouth disease 

virus [72]. ELISA can only accurately quantify the protein amount in purified samples, the 

method requires expensive antibodies, and only measures a specific antigenic protein from 

a virus. 

LC-MS was used to quantify the viral envelope glycoprotein in Ebola virus-like particles based 

on target peptides obtained after digestion of the glycoprotein [73], and the concentration 

was determined based on a purified glycoprotein standard. Peptide mapping by LC-MS was 

also used to profile 13 proteins from the adenovirus and selected reaction monitoring (SRM) 

was used to quantitatively determine the stoichiometry of the different proteins [10]. Very 

often, the LC-separation conditions (e.g. addition of trifluoroacetic acid (TFA)) required for 

reproducible protein analysis are incompatible with efficient MS and, therefore, peptide 

mapping is performed instead of intact protein analysis [10, 74]. The downside of peptide 
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mapping is that protein modifications observed by MS could have been introduced by the 

digestion conditions. 

RP-HPLC [75-77] is an established technique for intact protein analysis. Proteins are typically 

separated from each other in an acetonitrile (ACN)-water gradients based on their 

hydrophobicity on a C4 or C8 column. RP-HPLC was used for the quantification of the 

influenza hemagglutinin protein (fragment HA1) and the quantification of the nucleocapsid 

protein in the severe acute respiratory syndrome (SARS) coronavirus [32]. In both cases, an 

extensive sample treatment was required to denature and reduce the viruses into stable 

measurable proteins. Although RP-HPLC is already an established technique for protein 

analysis, recent technology development especially improved the column chemistry  

(e.g. particle sizes down to 1.7 µm and pore sizes of 300 Å), allowing for more efficient 

separation of intact proteins [58]. Another technical improvement is the introduction of 

inert materials in the LC equipment limiting protein adsorption to e.g. injectors and tubing. 

This makes RP-UHPLC with sub-2 µm columns a very promising technique for intact protein 

analysis, especially if the sample treatment can be simplified. 

A more recently observed trend is the use of CGE for the analysis of viral proteins from 

viruses and virus-like particles. The viruses of interest are reduced by a reducing agent to 

obtain the viral proteins. SDS is added to the samples to achieve a uniform negative charge 

for all proteins and the separation takes place in a capillary filled with a replaceable liquid 

gel that acts as a sieve. A reversed polarity is applied so that the protein-SDS complexes 

migrate towards the detector and are separated based on their molecular weight. External 

calibration can be used to quantify the concentration of protein or the relative peak areas 

are used to monitor the protein content. CGE was used for the in-process testing of 

recombinant GB virus-C proteins [30], analysis of the VP7 glycoprotein of rotavirus [78], the 

determination of rotavirus-like particles [79], and the characterization of Western, Eastern, 

and Venezuelan equine encephalitis (WEVEE) virus like particles (VLPs) [80]. CGE is a 

powerful technique for the quantification of intact proteins (in particular MAbs), however, 

often run times are up to 45 min per sample and the efficiency is often insufficient to 

baseline separate all protein peaks. Another drawback is that deglycosylation is needed for 

glycoproteins and that can take up to 24 hours.   
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Table 1: Overview of traditional methodologies for the quantification of viruses or viral proteins 

Category Name of technique What is 

measured? 

Key aspects Detection  Reportable result Specific 

component? 

Throughput  

Q
u

an
ti

fi
ca

ti
o

n
  

o
f 

vi
ru

se
s 

Plaque assay [14, 33] Virus 

plaques  

• Cell infection in petri dishes  

• Cell lysis 

Visually or with a 

microscope 

pfu/mL No Low 

TCID50 [16] Infectious 

viruses 

• Serial dilutions 

• Incubation / cell infection 

Manual count of 

infected cells 

TCID50/ml No Low 

Transmission electron 

microscopy (TEM) 

Total 

amount of 

viruses 

• Placing sample in TEM grid 

• Negative staining required 

Quantitative image 

analysis 

Virus particles per mL (VP/ml) No Medium 

Q
u

an
ti

fi
ca

ti
o

n
  

o
f 

vi
ra

l p
ro

te
in

s 

 

Radial immunodiffusion 

assay (SRID) [23, 38] 

Immunoge

nic- specific 

proteins 

• Immunodiffusion in a semi-solid 

medium 

Manual measurement 

of precipitate ring’s 

diameter 

Protein concentration (in log10) Yes, 

antibodies 

Low 

SDS-PAGE [25, 39] Intact 

protein 

• Reduction / alkylation 

• Addition SDS and Incubation 

Coomassie- or silver-

stained bands on a gel 

• Presence of proteins 

• Molecular weights 

No Medium 

Western Blot [27, 44] Intact 

protein 

• SDS-PAGE 

• Membrane wash: 1st antibody 

• Addition of detection antibody 

Specifically stained 

(e.g. staining, 

immunofluorescence 

proteins) on a gel 

• Presence of specific proteins 

• Molecular weights 

Yes, 

antibodies 

Medium 

BCA, Lowry, Bradford 

[22, 24, 26] 

Total 

protein 

• reactions of copper ions 

• oxidation of aromatic protein residues 

UV absorbance Bulk protein concentration No High  
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Table 2: Overview analytical methodologies for the quantification of viruses or viral proteins  

Category Name of technique What is 

measured? 

Key aspects Detection Reportable result Specific 

component? 

Throughput 

Q
u

an
ti

fi
ca

ti
o

n
  

o
f 

vi
ru

se
s 

Polymerase chain 

reaction (qPCR) [17, 81] 

DNA/RNA • Serial dilutions  

• DNA/RNA amplification of a (specific) 

sequence and fluorescent labelling 

Fluorescence of 

formed amplicon 

Genome copies/mL Primers and 

probes 

Medium-low 

Analytical ultra-

centrifuge (AUC) [21, 53] 

Intact 

viruses or 

proteins 

• Dilution and introduction into 

centrifuge cell  

• Separation based on sedimentation 

Schlieren optics 

(refractive index), UV, 

and/or Rayleigh 

interference optics 

• A sedimentation-based peak profile (with 

sedimentation values   

• Semi-quantitative information on incomplete 

particles and aggregates or proteins 

Separation Low 

Field flow fractionation 

(FFF) [50-52, 82] 

Intact 

viruses or 

proteins 

• Dilution 

• Separation in membrane (in buffer) 

UV, refractive index 

and/or light scattering 

• A peak profile with size information (from MALS) 

and peak areas.  

Separation High 

Anion exchange liquid 

chromatography (AE-LC) 

[20, 83] 

Intact 

viruses or 

proteins 

• Sample dilution / pre-treatment 

• Separation in analytical column in 

buffer / high salts 

UV absorbance and/or 

MALS 

• Peak profile, peak areas. 

• Concentration of virus or protein (by calibration) 

Separation High 

Size exclusion 

chromatography (SEC) 

[54-56, 84] 

Intact 

viruses or 

proteins 

• Sample dilution / pre-treatment 

• Separation in analytical column in 

buffer / organics  

UV absorbance  • Peak profile, peak areas. 

• Information on aggregation (size and peak area) 

• Concentration of virus or protein (by calibration) 

Separation High 

Capillary zone 

electrophoresis (CZE) 

[12, 13, 85] 

Intact 

viruses or 

proteins 

• Dilution 

• Separation in BGE 

UV absorbance or 

fluorescence 

• Peak profile, peak areas. 

• Concentration of virus or protein (by calibration) 

Separation High 

Q
u

an
ti

fi
ca

ti
o

n
  

o
f 

vi
ra

l p
ro

te
in

s 

 

Enzyme-linked 

immunosorbent assay 

(ELISA) [28, 70, 72] 

Antigen 

(typically 

protein) 

• Specific or non-specific immobilization 

of antigen 

• Addition of detection antibody 

UV absorbance • Antigen concentration Antibodies High 

Mass spectrometry (MS) 

[31, 73, 86] 

Specific 

proteins or 

peptides 

• Separation (e.g. HPLC) or MALDI 

• Sample pre-treatment 

• Digestion and incubation 

Mass spectrometry • Exact masses of peptides or proteins 

• Identification 

Separation 

and specific 

peptide ions 

Medium 

Reversed phase liquid 

chromatography (RP-LC) 

[74-76] 

Intact 

proteins or 

peptides 

• Sample dilution / pre-treatment 

• Separation in analytical column in 

buffer / organics / ion-paring agents 

UV absorbance or 

fluorescence 

• Peak profile, peak areas. 

• Concentration of protein (by calibration) 

Separation High 

Capillary gel 

electrophoresis (CGE) 

[30, 80] 

Intact 

proteins 

• Reduction / alkylation 

• Addition SDS and Incubation 

UV absorbance or 

fluorescence 

• Peak profile, relative peak areas. 

• Molecular weights 

Separation High 
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1.4 THE CHALLENGE OF DEVELOPING ANALYTICAL TECHNIQUES 

FOR VIRUSES 
Several challenges arise when viruses need to be analysed. First of all, the instability of 

viruses outside the host environment makes it particularly difficult to select the right 

technology for the quantification of viruses or viral proteins. Viruses are specialized in 

surviving in the ideal host environment due to their efficient replication and great 

adaptability. Outside the host, however, viruses are more easily affected by pH, salt, or 

temperature changes, which might cause degradation or aggregation. Many technologies 

require a (complex) sample treatment to infect cells, to achieve antibody-antigen 

complexes, to reduce viruses into proteins, or to provide clean-up of the complex sample 

matrix of viral products (e.g. vaccine). In addition, many analytical methods require 

separation conditions, such as organic solvents, surfactants, ion pairing agents, silica-based 

stationary phases, which may be unfavourable for viruses inducing instability or 

modifications. Secondly, the adsorption of viruses and viral proteins may pose a serious 

challenge. Viruses and proteins tend to adsorb to sample vials and instrument parts, such as 

injector, valves, tubing, columns and capillaries. Finally, the matrix of the crude viral product 

is typically very complex and could contain host cell DNA and protein, cell debris, salts, 

surfactants in different ratios and amounts. There is a distinct challenge in separating the 

virus from these matrix components and preventing their interference with the analytical 

measurement.  

1.5 AIM AND SCOPE OF THE THESIS 
The research described in this thesis aims to extend the analytical toolbox for the 

characterization of vaccine products to overcome the issues typically observed for some 

‘golden standard’ methods, such as low throughput, insufficient precision and accuracy, and 

matrix incompatibility. We explored RP-UHPLC employing sub-2 µm particles with 300 Å 

pore size and CGE for the quantification of viral proteins from the adenovirus and the 

influenza virus. In addition, we set out to find an alternative technique for the quantification 

of intact adenovirus particles which could be applied throughout the whole production 

process. In order to be able to develop the proper techniques and to be sure that all the 

analytical requirements were met, an analytical quality by design (AQbD) approach was 

used. AQbD is a systematic approach used for method development to assure that an 

adequate method is developed for the right purpose (e.g. virus quantification or viral protein 

quantification) and that the sources of variation are known and under control during routine 

use of the method. The overall goal was to develop simple, fast, and accurate analytical 

methods for the quantification of viruses and viral proteins. 

The development of a CGE method for the identification and quantification of the 

hemagglutinin (HA) protein from the influenza virus is described in Chapter 2. The objective 
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was to achieve baseline separation of all the major proteins from the influenza virus to allow 

their quantification. The deglycosylation protocol was optimized to obtain reproducible 

deglycosylated HA within 4 hours. The gel buffer composition was studied to allow higher 

separation voltages and to improve the run time and resolution. The final method was 

validated for the quantification of HA in influenza vaccines products based on viruses or 

virus-like particles and was compared to the ‘golden standard’ method SRID.  

In Chapter 3, the development of an RP-UHPLC method for quantitative protein profiling of 

adenovirus-vector based vaccines is described. The method focus was to confirm the 

identity of the adenovirus based on the protein profile and to detect protein degradation 

and modifications. An AQbD approach was used to develop and implement this method. The 

analytical target profile (ATP) compromised baseline separation of all the adenovirus 

proteins in both adenovirus type 26 and type 35, intermediate precision of < 20% RSD on 

the relative peak areas, accuracy of 80 – 120% (as relative peak area recoveries), and a run 

time of < 30 min. The gradient composition, gradient time, the TFA concentration and the 

column temperature were studied and optimized by a screening design of experiments 

(DOE) followed by an optimization DOE. Adenovirus samples were stressed under different 

conditions to assess the ability of the RP-UHPLC method to pick up changes in the protein 

composition. The method was validated for quantitative protein profiling of adenovirus type 

26 and type 35 vector-based vaccine products.  

In Chapter 4, a CZE method was developed and validated for the quantification of intact 

adenoviruses in upstream processing (USP) and downstream processing (DSP) samples. The 

goal was to have one single method for the fast and accurate determination of the 

adenovirus concentration in the successive stages of the production process containing 

different levels of host cell DNA and protein, cell debris, detergents, additives, or buffer 

components. An AQbD approach was used and the ATP aimed for a precision of < 10% RSD 

on intact adenovirus particle concentration, an accuracy (as spiked recovery) between  

90 – 110% over a range of 0.5×1011 – 1.5×1011 virus particles per ml, and a time-to-result of 

less than 1 day. To prevent virus adsorption to the capillary wall, the capillary cassette 

temperature, the capillary conditioning, BGE buffer type, pH, and additives were studied. 

DOE was used to optimize the capillary effective length, the BGE composition and pH in 

order to achieve a baseline separation of the adenovirus and the possible matrix 

components. The final CZE method was validated and was compared to current AE-HPLC 

and qPCR methods.  

Chapter 5 describes in detail the AQbD process applied to the work described in Chapters 4 

and 6. An ATP was defined, including the objective of the analytical method and the quality 

requirements for the reportable result (e.g. precision and sensitivity of the method). A series 

of analytical technologies were selected (using information from literature and in-house 

knowledge) that could potentially meet the requirements as described in the ATP. The 
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various characteristics of the analytical methodologies were then compared and scored and 

the technique of choice for the specific ATPs was the one that met most of the requirements 

and at least the priority 1 requirements. Before method development was started, the 

(potentially) critical method parameters were defined for the techniques of choice by using 

a criticality assessment and risk assessment based on scientific knowledge and feasibility 

experiments.  Method development itself was focused on the critical method parameters 

with the greatest risk or impact (obtained from the risk and criticality assessments). Instead 

of the traditional single-variable approach, DOE was used. Three types of designs were 

applied: i) screening DOE, ii) optimization DOE and iii) robustness DOE.  

The last steps of the AQbD process are described in full detail in Chapter 6 and included the 

method validation and method life-cycle management. Chapter 6 describes how the 

developed CZE method from Chapter 4 was transferred to other laboratories and 

implemented as part of the life cycle management of the AQbD approach. An equivalence 

study was performed between CZE and the current qPCR method to demonstrate that both 

methods were interchangeable in practice. A thorough system suitability test, run prior to 

each sequence, was setup to control and monitor all the critical method parameters as 

defined during the AQbD process in Chapters 4 and 5. The implementation focused on an 

at-line testing approach were the adenovirus concentration of an important in-process 

control sample could be analysed and reported within 2 hours.  
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ABSTRACT 
Current methods for the identification and/or quantification of viral proteins in influenza 

virus and virosome samples suffer from long analysis times, limited protein coverage and/or 

low accuracy and precision. We studied and optimized capillary gel electrophoresis (CGE) in 

order to achieve faster and enhanced characterization and quantification of viral proteins. 

Sample preparation as well the composition of the gel buffer was investigated in order to 

achieve adequate protein separation in relatively short times. The total sample preparation 

(reduction and deglycosylation) could be carried out efficiently within two hours. 

Hydrodynamic injection, separation voltage, and capillary temperature were optimized in 

full factorial design. The final method was validated and showed good performance for 

hemagglutinin fragment 1 (HA1), hemagglutinin fragment 2 (HA2), matrix protein (M) and 

nucleoprotein (NP). The CGE method allowed identification of different virus strains based 

on their specific protein profile. B/Brisbane inactivated virus and virosome samples could be 

analysed within one day. The CGE results (titers) were comparable to single radial immune-

diffusion (SRID), but the method has the advantage of a much faster time to results. CGE 

analysis of A/Christchurch from upstream process demonstrated the applicability of the 

method to samples of high complexity. The CGE method could be used in the same analyte 

concentration range as the RP-HPLC method but showed better precision and accuracy. 

Overall, the total analysis time for the CGE method was much shorter, allowing analysis of 

100 samples in 4 days instead of 10 days for SRID.
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2.1 INTRODUCTION 
Influenza causes annual epidemics that are deadly to people in risk groups such as the 

elderly. Vaccines are available to protect against influenza virus infection and to reduce 

mortality rates.  However, the antigenic properties of the influenza virus change rapidly as 

a result of antigenic drift, which is caused by frequent mutations of the RNA genome of the 

virus. Consequently, antibodies will no longer be able to recognize the antigenic sites of 

hemagglutinin (HA) or neuraminidase (NA) -the membrane proteins exposed on the virus 

surface- and revaccination is required [1]. The World Health Organization (WHO) makes 

yearly recommendations regarding the composition of the vaccines. For vaccine production, 

this means yearly changes in the product and/or manufacturing process have to be made 

under significant time pressure [1,2,3,4]. 

Influenza is a helical virus with a diameter of 100 nm and consists of a lipid bilayer, which 

encloses the matrix protein (M), RNA and the nuclear protein (NP). The glycoproteins NA 

and HA are embedded in the bilayer and presented on the virus outer surface. Vaccines 

currently available consist of attenuated or inactivated virus. Alternative vaccines consist of 

virosomes i.e. virus-like particles, which contain the antigenic proteins HA and NA [5]. 

Virosomes are prepared from a combination of inactivated influenza virus and lipids in a 

multiple-step process [5,6]. These virosomes are not infectious, as they do not contain RNA 

and lack nuclear and matrix protein. 

The potency of influenza virus or virosome-based vaccines is typically measured by 

quantification of HA, either by reversed phase high performance liquid chromatography 

(RP-HPLC) [2,3,7] or by single-radial-immunodiffusion (SRID) [8,9], as indicated by the WHO 

guidance and European Pharmacopoeia Monograph [10]. In addition, identity and purity of 

influenza vaccines are characterized by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) [11-13]. Table 1 shows a comparison of selected properties of 

these three methods commonly used for the analysis of influenza vaccines.  SRID is based 

on an immunodiffusion reaction between the HA (antigen) and a specific polyclonal 

antibody. The interaction between HA and the antibody results in a circle of precipitation 

with a specific diameter, which is directly proportional to the concentration of HA. Only 

antigenic HA is detected by SRID, which means that degraded or modified HA are not 

detected. SRID has a low throughput, is labour intensive, and requires expensive antibodies. 

The annual modifications of the influenza glycoproteins in the prevalent influenza virus 

strains require the frequent development of new HA specific antibodies. This is a costly and 

time-consuming process [2,3,8,9].  Kapteyn et al. reported a fast RP-HPLC method [2,3], 

allowing determination of the HA concentration even when the antibodies required for SRID 

are not yet available. In this HPLC method, HA is cleaved by trypsin into a hydrophilic HA1 

and a hydrophobic HA2 fragment. With RP-HPLC, HA1 is well-resolved from other sample 

components. Detection is either by native fluorescence or UV absorption. Quantification is 

achieved by external calibration using viral reference material (e.g. national institute for 
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biological standards and control (NIBSC) standards) with (antigenic) HA concentrations 

previously determined by SRID. It is assumed that the concentration of HA1 determined by 

RP-HPLC is directly related to the concentration of HA in the vaccine. Unfortunately, the 

HPLC method often fails when complex samples from the early stage of vaccine 

development have to be analysed. In these cases, resolution is not sufficient and accurate 

determination of the HA1 peak area is not possible. Moreover, sample preparation for the 

HPLC method is laborious and time-consuming. 

SDS-PAGE is a well-known and established technique for the purity and molecular weight of 

viral proteins in influenza virus and vaccine samples [12]. The advantages of SDS-PAGE are 

the low costs and the uncomplicated analysis. However, this technique also has drawbacks, 

such as long analysis times, extensive sample preparation, and semi-quantitative results. 

In capillary gel electrophoresis (CGE), a cross-linked or linear polymer gel network is used 

which acts as a molecular sieve. Small molecules are less hindered by the polymer sieve and 

will migrate faster compared to larger molecules. The polymer gels used in most protein 

applications are able to separate proteins in a range between 10 and 250 kDa. A reversed 

polarity is applied so that all the negatively charged SDS-protein complexes will migrate 

towards the positive electrode. The migration time is proportional to the log of the 

molecular weight. In the biopharmaceutical industry, CGE is routinely used for quality 

control of antibody preparations [14-20] as a substitute for SDS-PAGE. Within the area of 

viral vaccines, CGE has been used for glycan analysis of influenza A virus [21], analysis of the 

VP7 glycoprotein of rotavirus [22], the determination of rotavirus-like particles [4] and for 

the in-process testing of recombinant Hepatitis G viral proteins [23]. In the present study, 

we investigated whether CGE can be used to identify and quantify not only HA1, but also 

HA2, M, and NP. Further, the advantages of CGE for viral protein analysis would be the 

possibility to analyse complex samples, and its specificity, which is achieved without 

monoclonal antibodies. 

The goal of the research was to develop an alternative method for RP-HPLC, SDS-PAGE, and 

SRID for fast and accurate determination of the HA concentration in virosome samples and 

in inactivated virus. The method should allow the identification and quantification of HA1, 

HA2, M, and NP in NIBSC reference material, inactivated virus, and virosomes.  
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Table 1: Overview of properties of three methods commonly used for the analysis of  

influenza vaccines [3,12]. 

  
SDS-PAGE HPLC SRID 

Separation mechanism Electrophoresis Hydrophobicity Immunodiffusion 

Analyte  All virus proteins HA1 only HA1 only 

Total time to analyse  
100 samples 

7 days 4 days 10 days 

Labour intensity  Medium Low-Medium High 

Precision on 
concentration 

NA ≤ 15% ≤ 10% 

Accuracy (as recovery) NA 80-120% 90-110% 

Remarks • No quantification 

 

• All major proteins 

identified 

• Quantification  

based on HA1 only 

• Measures both 

antigenic and  

non-antigenic HA1 

• Pharmacopeia method  

(golden standard) 

• Only antigenic HA 

detected 

 

2.2 MATERIALS AND METHODS 
 

2.2.1 CHEMICALS AND MATERIALS 

SDS-MW gel buffer (PN 390953), 10 kDa internal standard (PN A26487), IgG control standard 

(PN 391734), and SDS-MW size standard (PN A22196) were from AB Sciex (Nieuwerkerk aan 

den IJssel, the Netherlands). Acidic wash solution (0.1 M HCl), basic wash solution (0.1 M 

NaOH) and SDS-MW sample buffer were from AB Sciex as parts of the SDS-MW assay kit (PN 

390953) and the IgG purity and heterogeneity assay kit (PN A10663).  SDS 10 % solution (PN 

24730-020) was obtained from Invitrogen (Bleiswijk, the Netherlands), and N-glycosidase F 

(PN 11365169001) from Roche (Woerden, the Netherlands). Sodium phosphate buffer 

500 mM pH 7.5, prepared with di-sodium hydrogen phosphate dihydrate (PN 1.06580) and 

sodium dihydrogen phosphate monohydrate (PN 1.06346) obtained from Merck 

(Amsterdam Zuidoost, the Netherlands). Triton X100 (PN X100), dithiothreitol (PN D9163), 

and 2-mercaptoethanol (PN 63689) from Sigma Aldrich (Zwijndrecht, the Netherlands). All 

influenza antigen standards were purchased from NIBSC (Hertfordshire, U.K.). Inactivated 

virus and virosome samples were all manufactured at Crucell Holland (Leiden, the 

Netherlands). Bare-fused silica capillaries of 50 µm ID (375 µm OD), total length of 33 cm 

were obtained from Agilent Technologies (Waldbronn, Germany).  In the final method a 

diluted SDS-MW gel buffer was used. Volumetric pipettes were used to dilute the gel buffer 
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with Milli-Q-flitered water to 30, 50, 70, 80, 85, or 90% (v/v). Thereafter, the mixtures were 

vortexed and sonicated to remove air bubbles. 

2.2.2 SAMPLE PREPARATION 

The IgG control standard and SDS-MW size standard were prepared based on the protocols 

described in the AB Sciex IgG purity and heterogeneity assay kit and SDS-MW assay kit, 

respectively [24,25]. 20 µl of sample was mixed with 1 µl SDS solution (10% w/v) and 1 µl 

2-mercaptoethanol (or 3 µl of 500 mM dithiothreitol) and reduced at 100 °C for 10 min. 

Deglycosylation was performed by mixing 20 µl of reduced sample with 4 µl N-glycosidase F, 

4 µl phosphate buffer pH 7.5, and 4 µl Triton X-100 and incubating at 37 °C for 1 hour. Prior 

to analysis, 2 µl of SDS solution (10% w/v) was added to the deglycosylated sample. All 

samples had a final HA concentration between 7 and 76 µg/ml.  

2.2.3 INSTRUMENTATION 

All experiments were performed on an Agilent 7100 Capillary Electrophoresis system with a 

UV-Visible diode-array detector (Waldbronn, Germany). Data processing was performed by 

Chemstation software (B.04.03) supplied with the CE instrument. The analysis was 

performed on 50 µm ID bare-fused silica capillaries with a total length of 33 cm (24.5 cm 

effective length). Dri-block DB-2D of Techne (Staffordshire, UK) and Centrifuge 5417R of 

Eppendorf (Nijmegen, the Netherlands). Pipettes (Pipetman P2, P20, and P200) from Gilson 

(Den Haag, the Netherlands). 

2.2.4 CGE METHOD 

The analyses were performed by using 50 µm ID bare-fused silica capillaries with a total 

length of 33 cm (24.5 cm effective length). Preconditioning was performed with 0.1 M 

NaOH, 0.1 M HCl, water, and SDS-MW gel buffer at 4 bar for 10, 3, 2 and 10 min, respectively. 

Hydrodynamic injection was at 100 mbar for 100 s. Separation took place with an applied 

voltage of -20.0 kV at 32.5 oC with 2 bar pressure applied to both sides of the capillary. 

Signals were recorded at 214 nm (4 nm bandwidth).  

2.2.5 METHOD VALIDATION 

Specificity was verified during method development by comparing blank matrix samples 

with virus and virosome samples and by comparing shifts in migration time as a result of 

deglycosylation. The apparent molecular masses obtained by CGE were compared with 

SDS-PAGE results of the same samples. Robustness was derived from the multifactorial 

method development experiments. The injection repeatability was performed by six 

consecutive injections from one vial of a B/Brisbane virosome sample and was calculated 

based on HA1. The required injection repeatabilities were ≤ 5% RSD on HA1 corrected peak 

areas and ≤ 0.5% RSD on migration times. The method repeatability and linearity were 

determined based on 5 concentration levels (7, 15, 29, 51, 76 µg/ml HA) and three 

independent sample preparations and measurements. The method repeatability 
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requirements were ≤ 10% RSD on HA1, HA2, M, NP corrected peak areas and ≤ 1% RSD on 

migration times. The plot of the corrected peak area vs. the HA1 concentration should be 

linear with R2 ≥ 0.98 and the sum of residuals less than 15%. The accuracy was assessed by 

spiking a known amount of NIBSC B/Brisbane reference material to B/Brisbane virosome 

sample at three concentration levels covering the whole range (7, 29 and 76 µg/ml HA). The 

required accuracy was 90 - 110% recovery.  
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2.3 RESULTS AND DISCUSSION 
 

2.3.1 FEASIBILITY OF CGE FOR PROFILING OF VIRAL PROTEINS OF INFLUENZA 

The applicability of CGE for viral protein profiling was studied by comparing with SDS-PAGE. 

A commercial capillary CGE kit [24,25] developed for the analysis of monoclonal 

immunoglobulin G (IgG) antibodies was used as starting point. The CGE feasibility study was 

performed with B/Brisbane virosome, B/Brisbane and A/California NIBSC reference material, 

and A/Victoria inactivated virus. Peak assignment of the protein peaks was established by 

comparing the apparent molecular masses obtained by CGE and SDS-PAGE, and by 

evaluating the shifts in migration times as a result of protein deglycosylation. The study was 

performed using the separation conditions as prescribed by the SDS-MW assay kit and the 

SDS-PAGE sample preparation procedure as described by Harvey et al. [11,12]. Harvey’s 

results showed that reduction and deglycosylation were required to separate the influenza 

proteins and, therefore, we also performed reduction and deglycosylation prior to CGE 

analysis. Reduced non-deglycosylated samples were taken along for the purpose of peak 

assignment.  The major advantage of deglycosylation is a reduction of protein 

heterogeneity. An additional advantage is that the apparent molecular mass could be 

compared with the molecular mass calculated from the amino acid composition. 

First the injected amount of the sample was evaluated. The commercial kit suggests 

electrokinetic injection of 20 s at -5 kV. However, the electrokinetically injected amount of 

an analyte depends on the analyte’s effective mobility, concentration, sample matrix and 

local field strength. The virus material contains lipids, several salts, and other proteins, which 

impact the ionic strength and conductivity of the injection solvent, resulting in a lower 

protein amount injected. Electrokinetic injection had to be performed at -18 kV for 100 s to 

achieve good signal-to-noise ratios at sufficient resolution. These injection settings in 

combination with the default separation conditions from the SDS-MW assay kit were applied 

to the virosome-based material of B/Brisbane (Figure 1a). Analysis of the reduced virosome 

showed only HA2 in one peak.  HA1 was not detected probably due to a high degree of 

heterogeneity or too long migration times. After protein reduction and deglycosylation, the 

HA1 band appeared around 17.5 min (35-40 kDa) and HA2 migrated around 15 min  

(15-25 kDa), which is in agreement with Harvey et al. [11,12]. Narrower peak widths for HA2 

were observed after removal of the glycans as a result of reduced heterogeneity. The peak 

in front of HA1 around 30 kDa was assigned to glycosidase, based on the molecular weight 

and standard injection. The results were in line with results shown by Harvey et al. and Li et 

al. [13]. 

HA1, HA2, M, and NP are present in virus-based commercial NIBSC A/California and 

B/Brisbane, and inactivated virus A/Victoria. Differences in protein composition and 

glycosylation between the different strains might affect the migration time of specific 

proteins when analysed by CGE (Figure 1a, b and c). In all reduced samples, the M protein 
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was detected around 15-20 kDa. The peak migrating after the M protein was assigned to 

HA2 based on the apparent MW and by comparison to the virosome sample. HA1 was not 

detected in reduced virus-based material, which was in line with the data of the virosome-

based material. In the reduced and deglycosylated samples, HA1 migrated around 35 kDa 

and HA2 appeared in the low mass region (15-25 kDa) in front of the M peak. Results were 

in-line with SDS-PAGE results [11-13] confirming that deglycosylation is a requirement for 

peak assignment of the major influenza proteins by CGE. The apparent molecular masses 

for the reduced and deglycosylated proteins were similar for CGE and SDS-PAGE, but the 

resolution shown in the reduced samples was different. This difference may be caused by 

the fact that with SDS-PAGE a cross-linked polyacrylamide gel with permanent pores was 

used, whilst the SDS-MW/IgG kit uses a non-cross-linked linear dextran gel [26] with a 

dynamic sieving structure [27].  

The above feasibility study showed that CGE shows good potential for the analysis of 

influenza proteins in different strains of NIBSC material, virosomes, and inactivated virus, 

allowing distinction of different influenza strains based on their protein profile. Our ultimate 

goal was to develop a CGE method that provides quantification of the influenza proteins. In 

order to achieve this, we set out to optimize several parameters. The resolution between 

HA2 and M was insufficient (Rs ~ 0.6) to indisputably allow quantification. Additionally, the 

sample reduction and deglycosylation had to be optimized for the influenza material to 

improve signal-to-noise values for all influenza proteins, since the majority of the proteins 

had a signal-to-noise value close to the limit of detection.  Moreover, the total sample 

preparation was very long (i.e. two days due to the overnight incubation). Preferably this 

should be carried out within one day to achieve a much higher sample throughput. 
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Figure 1: CGE analysis of (a) virosome B/Brisbane, (b) NIBSC B/Brisbane, (c) NIBSC A/California, (d) 

inactivated virus A/Victoria, and (e) molecular weight marker. The samples were reduced (red traces) 

or reduced and deglycosylated (blue traces). Conditions: injection -18 kV for 100 s, applied voltage  

-16.5 kV, cassette temperature 25 °C. Other conditions: see Experimental section. 

 

2.3.2 PROTEIN REDUCTION AND DEGLYCOSYLATION CONDITIONS 

The reducing agents 2-mercaptoethanol (2-ME) and dithiothreitol (DTT) were compared. 

Upon reduction of influenza material with DTT, CGE analysis showed a broad interfering 

band at the migration time of NP and non-deglycosylated HA1. This band was not observed 

for samples reduced with 2-ME. No significant differences were found regarding peak areas 

and peak shapes after reducing with 2-ME or DTT. Further experiments were performed 

with 2-ME as reducing agent. 

A full factorial study was used to determine the optimal incubation time (5, 10 or 15 min) 

and temperature (60, 80 or 100 °C) in combination with the concentration of 2-ME (0.5, 0.7, 

0.9 or 1.8 M). CGE analysis of the inactivated A/Victoria virus with the conditions mentioned 

above always showed three main peaks (M, HA2, and NP). However, the peak areas were 

significantly lower for samples incubated at 60 or 80 °C, especially for the M and NP peaks. 
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The reduction efficacy at 100 °C showed to be independent of the tested 2-ME 

concentrations and incubation times. At 100 °C the sample preparation was robust for 

variation in incubation time and 2-ME concentration. Therefore, 10 min at 100 °C with  

0.9 M 2-ME were selected for reduction for influenza materials.   

The deglycosylation process was initially performed by overnight incubation at 37 °C with  

N-glycosidase F based on the conditions described by Harvey et al [11,12]. The sample 

preparation took two days in total, including overnight incubation. It was examined whether 

the total sample preparation time could be reduced. The N-glycosidase F concentration (3.5, 

7 or 14% (v/v)) and incubation time (16, 4, 2 or 1 hour) were studied in a full factorial design. 

The results showed that for all conditions of glycosidase concentration and incubation time, 

the peak area % of HA1, HA2, M, or NP did not change significantly. Therefore, a glycosidase 

concentration of 7% v/v was selected. Moreover, a deglycosylation time of 1 hour was 

selected and the total sample preparation consequently could be reduced to less than two 

hours. 

 

2.3.3 OPTIMIZATION OF CGE SEPARATION 

During the feasibility study it was shown that the resolution obtained between HA2 and M 

was only 0.6, which was insufficient to quantify these proteins. Therefore, in order to 

improve separation, the gel buffer concentration and applied voltage were investigated. A 

second aim was to speed up the analysis. The maximum applicable voltage with regard to 

Joule heating for the gel buffer was experimentally determined to be between -16 and  

-18 kV for the standard capillary (33 cm, 50 µm) [28]. The gel buffer was diluted in order to 

potentially allow higher voltages to shorten run time and improve efficiencies. The gel buffer 

was diluted with MilliQ-filtered water to 100, 90, 80, 70, 50, or 30% of the original 

concentration. The applied voltages were: -13.5, -16.5, -19.5, or -22.5 kV in a full factorial 

study. The different gel buffer dilutions and applied voltages were compared based on 

resolution between HA2 and M and the total run time. 

For analysis with 30% and 50% gel buffer, one peak was observed. Presumably, the polymer 

gel concentration was too low so that no suitable pores were formed. When diluting the gel 

buffer from 100% to 70% (Figure 2), the resolution gradually increased and the highest 

resolution (Rs ≥ 1.3) was found for the 70% gel buffer. Increasing the applied voltage did not 

significantly affect the resolution, but decreased migration times and therefore the total run 

time. By increasing the applied voltage from -13.5 to -22.5 kV the migration reduced by a 

factor of almost two (Figure 3). The 70% gel buffer solution in combination with -22.5 kV 

gave the best resolution (Rs ≥ 1.3) in the shortest time (12 min). 

Interestingly, when the gel buffer dilutions were used for IgG analysis, already at 90% gel 

buffer only one unresolved peak around 11 min was obtained for the light chain (LC), non-

glycosylated heavy chain (NG-HC), and the heavy chain (HC). The composition of the 

commercial kit is optimized for antibody analysis [24,25]. Use for other proteins might 

require reoptimization. 
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Figure 2: Effect of gel buffer dilution on separation of reduced and deglycosylated inactivated virus 

A/Victoria: (a) 100%, (b) 90%, (c) 70% of the original concentration of gel buffer. Other conditions: see 

Experimental section. 

 

 
Figure 3: Effect of applied voltage on separation of reduced and deglycosylated inactivated virus 

A/Victoria at (a) -13.5 kV, (b) -16.5 kV, (c) -19.5 kV, or (d) -22.5 kV.  Separation conditions: BGE: 

commercial gel buffer diluted to 70% of the original concentration. Further conditions: see material 

and methods section. 
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Hydrodynamic injection is less affected by sample matrix composition than electrokinetic 

injection, and it is often alleged that hydrodynamic injection has better precision [29]. To 

exclude analyte discrimination that may occur during injection and to allow accurate 

quantification of influenza proteins, we preferred to use hydrodynamic injection. For the 

conditions used during the feasibility study, hydrodynamic injection at 100 mbar for 100 s 

showed similar results (based on peak area, signal-to-noise ratios, and migration time) 

compared to electrokinetic injection at -18 kV for 100 s. However, when using the 70% gel 

buffer at 25 °C (Figure 4a) hydrodynamic injection induced a loss of resolution compared to 

electrokinetic injection. This might be explained by the fact that dilution of the gel buffer 

resulted in a lower viscosity, and consequently a larger sample plug was injected when 

applying the same injection settings as for undiluted gel buffer. This might cause sample 

overloading and/or band broadening. Additionally, the conductivity difference between the 

sample plug and gel buffer was reduced by dilution and as a consequence less sample 

stacking might occur. In order to improve resolution while maintaining a significant injection 

volume, the conditions were reoptimized for hydrodynamic injection varying gel buffer 

concentration (70, 85, or 100%) and temperature (25, 32.5, or 40 °C) in a full factorial design. 

The data showed that an increased temperature resulted in more resolution and faster 

separation as a result of lower BGE viscosity. On the other hand, lowering the gel buffer 

concentration from 100% to 70% resulted in reduced resolution, but the separation speed 

increased. At a gel buffer concentration of 85% and 32.5 °C (Figure 4b), the resolution and 

run time were comparable to using electrokinetic injection in combination with a 70% gel 

buffer at 25 °C. 

The final optimized CGE method comprised hydrodynamic injection at 100 mbar for 100 s, 

separation with 85% gel buffer, -20.0 kV applied voltage, and a capillary temperature of 

32.5 °C. 
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Figure 4: Optimization of gel buffer concentration and temperature for hydrodynamic injection. 

Inactivated virus B/Brisbane, reduced and deglycosylated. Conditions: Injection 100 mbar for 100 s, 

applied voltage -20.0 kV, (a) cassette temperature 25 °C, commercial gel buffer diluted to 70 % or  

(b) cassette temperature 32.5 °C, commercial gel buffer diluted to 85% (B). Other conditions: see 

Experimental section. 

 

2.3.4 METHOD VALIDATION  

The validation included method repeatability, accuracy, and linearity. Accuracy could not be 

assessed for HA2, M, and NP since no commercial standards are available. However, the CGE 

method is considered to be able to quantify HA2, M, and NP, since all proteins were 

separated. The precision of both the migration time and corrected area was calculated as 

injection repeatability (n = 6) and method repeatability. The injection repeatability for HA1 

was 1.2% RSD for the corrected peak area and 0.1% RSD for the migration time. The method 

repeatability (n = 15) was found to be between 0.4% RSD and 0.8% RSD for the migration 

time and between 8% and 10% RSD for the corrected areas. Repeatability of the method for 

quantification of HA1 was comparable to SRID (≤ 10%) and better than RP-HPLC (≤ 15%). 

Repeatability of the method for quantifications of HA2, M, and NP showed less than 0.9% 

RSD for the migration time and between 1.9 and 7.9% RSD for the corrected peak area. Both 

injection repeatability and method repeatability for all proteins met the requirements. 

Linearity of HA1 was demonstrated in the range of 7 to 76 µg/ml HA at 5 concentration levels 

with 3 independent replicates (n = 15). In that HA concentration range the responses for 

HA2, M, and NP were also linear. The coefficient of determination (R2) was 0.99 for all 

proteins, which met the requirement. The linearity and range of the method (7 to 76 µg/ml 

HA) was acceptable and comparable to that of RP-HPLC. 

The accuracy, calculated as recovery, was determined for NIBSC reference material (n = 6) 

and virosome samples (n = 6) in a range from 7 to 76 µg/ml HA. The calculated recoveries 
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for HA1 were between 93 and 109% (n = 13), which were within the predefined requirement 

of 90-110%. The accuracy was comparable to that of SRID (90-110%) and better than that 

of RP-HPLC (80-120%). Accuracy could not be calculated for HA2, M or NP due to the lack of 

standards. However, the ratio between the corrected peak area of HA2, M, or NP and the 

corrected peak area of HA1 was calculated for all concentration levels. The method 

repeatability for the area ratios was between 8.4% and 10.4% RSD for HA2, M, and NP, which 

indicated the ability of this method to quantify HA, M, and NP. 

Overall, all predefined requirements for the validation were met and the method is 

considered suitable for the determination of HA1 in virosomes and inactivated virus. The 

validation also showed that the method was considered suitable for quantification of HA2, 

M, and NP. In case commercial standards would be available, the CGE method would be able 

to determine the concentration for those proteins as well.  

 

2.3.5 APPLICATION OF THE CGE METHOD 

The CGE method was applied to B/Brisbane inactivated virus and B/Brisbane virosome 

(Figure 5). Both samples were diluted to approx. 15 µg/ml HA in MilliQ-filtered water. 

B/Brisbane NIBSC reference material was used as calibration standard in a range of 7 to  

76 µg/ml HA (Figure 5c, d and e). The results showed that HA2 and M were separated in 

NIBSC and the inactivated virus and the four major proteins, HA2, M, HA1, and NP, were 

detected. As expected, M and NP were absent in the virosome sample. The concentration 

of HA in the virosome sample was determined to be 183 µg/ml HA (n=6) and the 

concentration of HA in the inactivated virus bulk was 1.42 mg/ml HA (n=1), which 

corresponded very well with the SRID-determined titers of 186 µg/ml and 1.33 mg/ml HA, 

respectively. 

An A/Christchurch sample containing cell debri and cell lysate from the upstream process 

was analysed. Despite the complex matrix, it was possible to quantify HA1 with a method 

repeatability of  6% RSD on the corrected peak area. This demonstrated the applicability of 

the method to samples with complex matrices. 
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Figure 5: Application of the developed CGE method to the quantification of HA in real samples. The 

inactivated virus sample (a) and the virosome sample (b) were both diluted to15 µg/ml HA and 

analysed. B/Brisbane NIBSC was used as calibration standard, three levels are represented here, 

7 µg/ml HA (c), 29 µg/ml HA (d), and 76 µg/ml HA (e). Other conditions: see Experimental section. 

  



  | NEW CAPILLARY GEL ELECTROPHORESIS METHOD FOR FAST AND ACCURATE IDENTIFICATION AND 
QUANTIFICATION OF MULTIPLE VIRAL PROTEINS IN INFLUENZA VACCINES| 

| 53 | 

2.4 CONCLUSIONS 
A novel CGE method for the quantitative analysis of viral proteins in influenza virus and 

virosome samples is presented. The CGE method was developed and validated for the 

quantification of influenza proteins HA1, HA2, NP, and M and proved adequately linear, 

accurate and precise. CGE shows some distinct advantages with respect to the currently 

used methods for routine viral protein analysis, SRID, RP-HPLC, and SDS-PAGE. In contrast 

to SDS-PAGE, the CGE method allows identification of virus and virosome influenza strains 

based on their specific protein profile. As indicated by Harvey et al., SDS-PAGE provides 

insufficient resolution to detect the differences in molecular weight between influenza virus 

strains and subtypes [11,12].  The CGE results obtained for HA1 on virus and virosome 

samples corresponded quantitatively with results obtained with SRID, which is the 

established method for HA quantification. However, with CGE the total analysis time is much 

shorter than for SRID. Analysis of 100 samples takes 10 days by SRID, whereas with CGE it 

would take 4 days. The CGE method can handle complex samples containing cell debris and 

cell lysate, such as samples from upstream process. Such samples cannot be analysed 

directly with the current RP-HPLC method.  

In summary, the presented CGE method is robust and provides quantitative analysis of HA 

in both downstream and upstream processing samples in an accurate and precise manner. 

In addition, the CGE method allows identification of influenza strains based on their specific 

electophoretic profile. The CGE method is faster than SRID, and more precise and accurate 

than RP-HPLC. Provided that standards are available, the method would also be suitable for 

quantification of influenza proteins other than HA. 
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ABSTRACT 
A method for the quantitative determination of the protein composition of adenovirus-

vector based vaccines was developed. The final method used RP-UHPLC with UV 

absorbance detection, a C4 column (300 Å, 1.7 µm, 2.1 x 150 mm), and a water- 

acetonitrile (ACN) gradient containing trifluoroacetic acid (TFA) as ion-pairing agent. The 

chromatographic resolution between the various adenovirus proteins was optimized by 

studying the effect of the TFA concentration and the column temperature, applying a full 

factorial design of experiments. A reproducible baseline separation of all relevant 

adenovirus proteins could be achieved within 17 min run time. Samples containing 

adenovirus particles could be directly injected into the UHPLC system without sample pre-

treatment. The viruses reproducibly dissociate into proteins in the UHPLC system upon 

contact with the mobile phase containing ACN. The new RP-UHPLC method was 

successfully validated for protein profiling and relative quantification of proteins in vaccine 

products based on adenovirus vector types 26 and 35. The intermediate precision of the 

relative peak areas of all proteins was between 1% and 14% RSD, except for the peak 

assigned to protein V (26% RSD). The method proved to be stability indicating with respect 

to thermal and oxidation stress of the adenovirus-vector based vaccine and was 

successfully implemented for the characterization of adenovirus-based products. 
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3.1 INTRODUCTION 
Adenoviruses are non-enveloped icosahedral-shaped viruses of 70 – 90 nm, consisting of a 

protein capsid containing a double stranded DNA genome [1, 2]. Adenoviruses are promising 

vectors for intracellular delivery of DNA [3]. The Advac® technology in combination with the 

PER.C6®  technology [4, 5] allows for the production of adenovirus vectors in which the viral 

DNA can be modified to encode for an antigen of interest. For example, in the case of the 

Ebola vaccine the adenovirus vector is modified to encode for a certain glycoprotein from 

the Ebola virus [6]. Upon vaccination, this glycoprotein is expressed in the host cell and 

presented to the immune system, thereby expectedly eliciting a protective immune 

response against the Ebola virus. 

The adenovirus proteome is composed of different proteins in varying 

 stoichiometries [1, 7]. The adenovirus proteins are identified by numbers, in order of 

decreasing molecular weight as observed by SDS-PAGE [8]. The virus capsid consists of 

240 trimers of protein II (hexon) and 60 copies of protein III (penton base). The fiber protein 

(IV) is extending outwards from the penton bases and is considered essential in the binding 

of the adenovirus to the cell surface. Four minor proteins (IIIa, VI, VIII and IX) are located on 

the inner side of the capsid and are thought to act as cement proteins. The core of the 

particle contains six different proteins: V, VII, X, IVa2, the terminal protein (TP), and the 

adenovirus protease (AVP) [1]. 

The viral protein identity, heterogeneity and content in the adenovirus particles determine 

the identity of the particle, its interaction with the cell and, possibly, its stability. If the 

incorrect proteins are expressed or the virus particles are not correctly assembled, then this 

could lead to adenoviruses with decreased or no biological activity, and, therefore, a vaccine 

with decreased potency. In addition, degraded or modified proteins in the adenovirus vector 

particles could also result in decreased biological activity or adverse effects upon vaccine 

administration. 

It is a challenge to develop a suitable analytical method for the analysis of the adenovirus 

proteins due to the great dynamic range needed to measure all protein subunit 

concentrations simultaneously, and due to the large variability of protein sizes and charges 

[9]. The molecular masses of the adenovirus proteins range between 7 and 108 kDa, and the 

copy numbers per virus particle are between 2 (for the TP) and 720 (for the protein II 

monomer) [1, 10, 11]. An additional layer of complexity is added by the need to disassemble 

the adenovirus into stable and analysable protein before analysis. Typically, an extensive 

sample treatment is required to denature the viruses into proteins, to remove matrix 

components (e.g. surfactants) from the samples, or to concentrate the samples [12, 13]. 

Intact proteins in biopharmaceutical products are commonly analysed by spectrometry [14], 

electrophoresis [15], liquid chromatography [16, 17], or mass spectrometry [14, 18-20]. 

More specifically, viral proteins are typically analysed by SDS-PAGE [10, 21, 22], capillary gel 

electrophoresis (CGE) [23-25] or RP-HPLC [12, 13, 26].  
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SDS-PAGE has been extensively used for adenovirus protein analysis [27, 28]. The key 

proteins of the adenovirus are separated from each other by SDS-PAGE, and MS can be used 

after in-gel trypsin digestion for band assignment. Such methods do not allow for accurate 

quantification of the adenovirus proteins due to the poor separation on the gel. In addition, 

protein modifications (for example, detected by MS) could be introduced by the harsh 

SDS-PAGE and MS pre-treatment conditions. 

Capillary gel electrophoresis was applied for the analysis of recombinant GB virus-C proteins 

[29], the analysis of the four major influenza virus proteins [25], and the characterization of 

proteins from Western, Eastern, and Venezuelan equine encephalitis (WEVEE) virus like 

particles (VLPs) [23]. The downside of the capillary gel electrophoresis methods is the limited 

molecular weight range. The method has a low efficiency for proteins with sizes lower than 

15 kDa or larger than 100 kDa resulting in insufficient resolution. Another drawback is the 

extensive sample treatment that is required to denature, reduce and alkylate the virus 

samples before analysis by CGE. 

Liquid chromatography-based methods for analysis of intact proteins in virus and virus-

based vaccines have been reported in the literature. Although RP-LC is already an 

established technique for protein analysis, recent technology developments especially 

improved the stationary phases (i.e. particle sizes down to 1.7 µm with pore sizes of 300 Å) 

allowing for even better, more reproducible separation of intact proteins [14]. Another 

technical improvement is the introduction of low-binding materials in the LC equipment that 

decreased artefacts such as adsorption to injectors, tubing etc. [14]. 

RP-HPLC was used for analysis of the nucleocapsid protein (N-protein) from the severe acute 

respiratory syndrome (SARS) coronavirus [13]. Separation was on a reversed phase C18 

column (5 µm particle size and 300 Å pore size) with ACN/water and trifluoroacetic acid 

(TFA) as mobile phase. Prior to analysis, the samples were dialyzed, lyophilized, and 

concentrated. The method did not achieve baseline resolution between the analyte of 

interest and interfering peaks from the sample matrix. The N-protein could only be identified 

after fraction collection and MALDI-TOF analysis. RP-HPLC [12, 30, 31] was also used for 

quantification of the influenza hemagglutinin protein (HA) from the influenza virus. HA is 

cleaved by trypsin into a hydrophilic HA1 and a hydrophobic HA2 fragment. With RP-HPLC, 

fragment HA1 is well-resolved from other sample components and a quantitative method 

with external calibration has been reported in the literature [31]. The sample preparation in 

this method is laborious and time-consuming and the other major proteins from the 

influenza virus, HA2, M and NP, could not be detected. 

An RP-HPLC with UV absorbance detection, based on Lehmberg et al. [26] and Liu et al. [10], 

is being used for quality control of the protein profile of adenovirus vaccine products, see 

Figure 1 for an example chromatogram. Disadvantages of the RP-HPLC method are its 

inadequate resolution for certain proteins (e.g. protein II and IX) and the insufficient 

repeatability of the retention times and peak areas. Therefore, reliable quantification of all 

proteins by RP-HPLC is not possible. Another drawback of the RP-HPLC method is its very 
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long run time of 130 min, which limits the throughput to 10 samples per sequence (including 

controls and blanks) as sample instability is observed after sample storage for 18 hours in 

the auto sampler. 

This paper describes the development and validation of an RP-UHPLC method for protein 

profiling of adenovirus serotype 26 (Ad26) and 35 (Ad35) in adenovirus vector-based vaccine 

products. The method has two purposes: confirm identity of the test sample and detect 

protein modifications or degradation products of the adenovirus vector. For identity 

purposes, the protein profile of the test sample is compared to the profile of a reference 

sample based on the relative retention times and relative peak areas. By calculating the 

relative peak areas of all peaks in the chromatogram and identifying new peaks in the 

chromatogram, the method also allows the detections of degradation products in the 

sample Additional requirements for the method development were: a chromatographic run 

time of less than 30 min, baseline separation of all relevant adenovirus proteins allowing for 

their quantification, and an increased method robustness. 

 

3.2 MATERIALS AND METHODS 
 

3.2.1 CHEMICALS 

Acetonitrile UHPLC /MS grade (PN 01204101) from Biosolve (Valkenswaard, the 

Netherlands), Acetonitrile gradient grade (SN 34851-2.5L), Trifluoroacetic acid 99+% (PN 

302031) and cytochrome-C (PN C2506) from Sigma-Aldrich (Zwijndrecht, the Netherlands), 

methanol (PN 106008) and Milli-Q water from Merck Millipore (Amsterdam-Zuidoost, The 

Netherlands). Formulation buffer, Ad35 reference material (with transgenes B and C), Ad26 

reference material (with transgenes A and B) and Ad26 process samples were from Janssen 

Vaccines (Leiden, the Netherlands). Ammonium bicarbonate (PN 40847) from Honeywell 

(Bucharest, Romania), Trypsin (PN V5111) from Promega (Madison, WI, USA), formic acid 

(PN 06914143) and water UHPLC /MS grade (PN 23214B1) from Biosolve (Valkenswaard, 

the Netherlands), Q-Tof Qualification Standards Kit (PN 700003276) and leucine encephalin 

(PN 186006013) from Waters Corp. (Milford, MA, USA).  

 

3.2.2 LIQUID CHROMATOGRAPHY 

A Waters Acquity H-class UHPLC system equipped with a quaternary solvent manager, 

autosampler, and PDA detector (Waters Corp., MA, USA) was used. Data processing was 

performed by Empower 3 software. Various settings were tested in method development; 

the settings for the final, validated method were as follows. The analytical column was an 

Acquity UHPLC Protein BEH C4 Column (300 Å, 1.7 µm, 2.1 x 150 mm). New analytical 

columns were preconditioned with 3 injections (30 µl each) of 10 mg/ml cytochrome-C 

followed by 3 injections (30 µl) of Milli-Q water to prevent unwanted protein adsorption 

with the stationary phase. Solvent A was 5% v/v acetonitrile (ACN) in Milli-Q water, solvent 
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B was 100% ACN, and solvent C was 1% w/v TFA in 5% ACN. From A, B and C a linear elution 

gradient was formed from 20% ACN to 60% ACN containing 0.175% w/v TFA in 17 min. The 

flow rate was 0.6 ml/min, the injection volume was 30 µl, the column temperature was  

50 ˚C, the auto sampler temperature was 8 ˚C, and for detection UV-absorbance was 

monitored at 280 nm. After analyses, the system was flushed with 30% v/v ACN in Milli-Q, 

the needle wash was with 20% v/v ACN in Milli-Q, and pump seal wash was with 10% v/v 

methanol in Milli-Q. 

 

3.2.3 MS-BASED PROTEIN PEAK ASSIGNMENT 

For preparative runs intended for peak assignment, samples of selected AdVac vaccines 

were first concentrated in 1.5 ml Eppendorf® LoBind microcentrifuge tubes Protein 

(Hamburg, Germany) by centrifugation in an Eppendorf 5417R microcentrifuge at 17000 g 

for 30 min at 4 ˚C and removal of the supernatant. Concentrated samples were analysed by 

the RP-UHPLC method on a Waters Acquity H-class UHPLC system (method as described in 

Section 2.2). Fractions were collected every 10 s for 16 min in Eppendorf twin.tec PCR Plates 

LoBind using the fraction collector of a TriVersa NanoMate® (Advion, Ithaca, NY, USA). The 

fractions were dried in a vacuum centrifuge without heating for 4 h. The pellets were 

resuspended in 6 µl of 30% ACN, then 12 µl of trypsin solution (20 µg/ml in 50 mM 

Ammonium bicarbonate) was added, and samples were incubated overnight at 37 ˚C. The 

tryptic digests were again dried in a vacuum centrifuge and resuspended in 18 µl of  

20% ACN with 0.1% formic acid. The trypsin digests were analysed by LC-MSE on a Waters 

Acquity H-class UHPLC system coupled to a Waters Synapt G2-SI mass spectrometer (Waters 

Corp., MA, USA). The analytical column was an Acquity UHPLC Protein BEH C18 Column 

(300Å, 1.7 µm, 2.1 x 150 mm). Solvent A was 0.1% formic acid in Milli-Q water and solvent 

B was 0.1% formic acid in 100% ACN. Elution was by a linear gradient from 2% B to 35% B in 

45 min. The flow rate was 0.2 ml/min, the injection volume was 10 µl, the column 

temperature was 40 ˚C, the autosampler temperature was 6 ˚C. For MSE conditions were: 

collision energy, 20 – 40 V (ramped); lock-mass solution, leucine enkephalin (2 ng/ml) in 

1:1 ACN-Milli-Q water with 0.1% formic acid; lock-mass flow, 5 µl/min; capillary voltage, 

3.0 kV, sample cone temperature, 25 ˚C; source temperature, 120 ˚C; desolvation gas, 

800 L/h; cone gas flow rate, 20 L/h; employing resolution mode with 1 scan per s. 

 

3.2.4 PREPARATION OF STRESSED SAMPLES  

Samples of adenovirus vector type 26 based vaccine were first diluted to 2.0 x 1011 virus 

particles (vp)/ml in formulation buffer and then the following stress conditions were applied: 

thermal stress by incubation at 50 ˚C for 45 or 120 min; oxidative stress by addition of 30% 

v/v hydrogen peroxide and incubating for 4 hours. The stressed samples were analysed by 

capillary zone electrophoresis (CZE) according to Van Tricht et al. [32], by potency assay 

according to Ma et al. [33], and by RP-UHPLC as described above (section 2.2.). To compare 

the different techniques recoveries between stressed samples and non-stressed samples 
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were used (i.e. total peak area recovery for RP-UHPLC, potency recovery for the potency 

assay or virus particle concentration recovery for CZE). 

 

3.2.5 METHOD VALIDATION 

Specificity was demonstrated during development for Ad26 and Ad35 proteins by MS-based 

peak assignments and by demonstrating absence of the viral proteins in the formulation 

buffer. The method repeatability, accuracy, intermediate precision, and linearity were 

determined for 5 concentration levels in the range of 0.5 x 1011 – 2.0 x 1011 VP/ml with 

3 replicates at each concentration level, repeated on 3 different days by two operators on 

two analytical columns, and two LC instruments. The method repeatability requirements 

were ≤ 15% RSD for relative peak areas and ≤ 1% RSD for relative retention times. The 

intermediate precision was determined based on the method repeatability and linearity 

data on three different days and the limits were ≤ 20% RSD for relative peak areas and 

≤ 2.0% RSD for relative retention times. The linearity requirements were r2 ≥ 0.98 and the 

sum of residuals less than 5%. The accuracy requirement was recoveries of 80 – 120% for 

relative peak areas.  The limit of quantification (LOQ) was determined as the lowest 

concentration level that met the requirements for accuracy and precision. Robustness was 

derived from the results of method development obtained with design of experiments. 
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3.3 RESULTS AND DISCUSSION 
 

3.3.1 TRANSLATION FROM HPLC TO UHPLC AND DETERMINATION OF CRITICAL METHOD 

PARAMETERS 

In the original RP-HPLC method, based on Lehmberg et al. [26] and Liu et al. [10], the 

adenovirus proteins were separated on a C4 column (5 µm, 2.1 x 250 mm) with a water-ACN 

gradient, with three segments of different slopes, from 20% to 60% ACN containing 

0.1% TFA in 110 min, see Figure 1. The adenovirus samples are directly injected into the 

UHPLC system without sample pre-treatment (e.g. denaturation, reduction or dilution) and 

the viruses dissociate into proteins upon coming in contact with the water-ACN mobile 

phase in the UHPLC system. Dissociating the viruses into proteins prior to the UHPLC analysis 

resulted in irreproducible chromatograms (data not shown) [26]. This method was 

transferred to an UHPLC X-bridge BEH 300 C4 column (1.7 µm, 2.1 x 150 mm). The linear 

gradient with three slopes was replaced by a single-slope linear gradient to improve elution 

reproducibility and the flow rate was increased from 0.2 to 0.6 ml/min, thereby decreasing 

the separation time from 110 min to 22 min. 

 

 
Figure 1: RP-HPLC-UV chromatogram of an adenovirus vector type 26 sample. Method based on 

Lehmberg et al. [26] and Liu et al. [10]. Column, Vydac 214TP C4 300 Å, 5 µm, 2.1 x 250 mm. Solvent 

A, 5% ACN in milli-Q with 0.1% TFA; solvent B, 0.1% TFA in 99% ACN. Linear gradient with 3 slopes, 

20% to 34% solvent B at 37 min, 34% to 46% solvent B at 85 min, 46% to 60% solvent B at 110 min. 

Injection volume, 100 µl; flow rate, 0.2 ml/min; column temperature, 40˚C; sample tray temperature, 

8 ˚C; UV absorbance detection at 280 nm. 

 

The critical method parameters of the RP-UHPLC method were studied in a screening design 

of experiments to assess their impact on the method’s run time and the resolution between 

the adenovirus proteins.: The following conditions were evaluated: gradient start 

composition (0–20% solvent B), gradient end composition (45–65% solvent B),  
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gradient run time (17–25 min), TFA concentration (0.04–0.12%), and column  

temperature (40–70 ˚C). JMP statistical software was used to fit a model based on standard 

least squares using the main effects of the parameters.  The response that was chosen to 

study the effect of the tested parameters was the best resolution between the maximum 

number of protein peaks with the shortest run time. From a Pareto-analysis with 

standardized parameter estimates it was concluded that the TFA concentration and the 

column temperature had the strongest impact on the response. The peaks between 

approximately 6 and 8 min (proteins V, VII and VIII) and between 13 and 15 min (proteins 

IIIa and IX) were most influenced by the column temperature and the TFA concentration 

(Figures 2A – C and G – J). The best resolution between the different peaks was obtained at 

the highest concentration of TFA (0.12%) and a column temperature of 50 ˚C (Figure 2B). 

The gradient start and end composition and the gradient time were not critical regarding 

resolution or elution order, provided the gradient start composition was above 10% ACN to 

assure complete dissociation of the virus particles and the end composition was above 45% 

ACN to allow elution of all adenovirus proteins.  Based on this feasibility experiment, the 

gradient start composition was fixed at 20% B and the end composition at 50% B, with a 

gradient time of 17 min. These settings resulted in the shortest run time with the best 

resolution possible. 

Initially, solvents A and B were prepared with 0.04 – 0.12% TFA, however, allowing this range 

of TFA concentration caused day-to-day variability (i.e. shifts in retention time), indicating 

that the TFA concentration is a critical method parameter which needs to be tightly 

controlled. Figure 2A – C shows that TFA has a significant effect on the separation even with 

slight changes from 0.09% to 0.12% TFA. The method robustness with respect to this 

parameter was examined specifically by design of experiments (see below, section 3.1.1). In 

addition, to increase the reproducibility of the mobile phase composition, the gradient 

mobile phase preparation method was changed as follows: Solvent A was 5% ACN in water, 

solvent B was 100% ACN, and solvent C was 1% TFA in 5% ACN. The  

UHPLC -system was then used to mix the three solvents to reproducibly obtain constant 

concentrations of TFA in the mobile phase throughout the gradient. 
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Figure 2: RP-UHPLC-UV of Ad26 sample measured with different TFA concentrations using a column 

temperature of 50 °C (A – F) and Ad26 sample measured with different column temperatures with 

0.1% TFA (G – J). TFA concentration in solvent B: 0.09% (A), 0.10% (B and G – J), 0.12% (C), or 0.15% 

(D), 0.175% (E), or 0.20% (F) TFA. Column temperature: 45 °C (G), 50 °C (H and A – F), 60 °C (I), or 70 °C 

(J). The Ad26 sample was diluted in formulation buffer to a concentration of 2.5 x 1011 VP/ml. Column, 

Xbridge BEH 300, C4, 300 Å, 1.7 µm, 2.1 mm x 150 mm. Solvent A, 5% ACN in Milli-Q water; solvent B, 

variable amounts of TFA (see above) in 99% ACN; gradient, 20% to 50% solvent B in 17 min. Injection 

volume, 30 µl; flow rate, 0.6 ml/min; sample tray temperature, 8 ˚C; UV absorbance detection at 280 

nm. 

 

Design of experiments – optimization of TFA concentration and column temperature  

The effects of the TFA concentration in the mobile phase and the column temperature were 

studied by a 3141 full-factorial design (1 factor at 3 levels and 1 factor at 4 levels) with the 

aims to reduce the total run time of the analytical method and to improve the separation of 

critical peak pairs: V-VIII(1), VIII(1)-VII, VII-VI(2) (Ad35 only), VI(2)-VI(3) (Ad26 only), II-IX, and 

IX-IIIa. The selected factors were: TFA concentration, 0.150, 0.175, or 0.200%; column 

temperature, 40, 50, 60, or 70 ˚C. The study was executed by analysing both Ad26 and Ad35 

samples. The responses that were considered to evaluate the effects were the retention 

time of protein II (used as indicator of the method’s run time) and the separation of the 

critical peak pairs (see above). As the protein peak widths did not significantly change under 

the tested conditions, the differences in retention times of the critical peak pairs were used 

instead of the resolution as indicator for separation. A protein retention difference of 

0.3 min or higher corresponded with baseline separation. The data were processed by JMP 

statistical software based on the factor main effects and interaction effects. 

For both adenovirus type 35 (Figure 3A) and type 26 (Figure 2E and Figure 3B) critical peak 

pairs were baseline separated in 17 min using 0.175% TFA and a column temperature of 
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50 ˚C. The contour plot in Figure 4 summarizes the results of this design of experiments. 

Peak pairs II-IX and V-VIII(1) were baseline separated at all tested conditions, with a 

retention time difference of  > 0.6 min (Figures 2D – F). For column temperatures between 

40 and 55 ˚C, the separation of peak pair VI(2)-VI(3) (Ad26 only) was compromised 

(resolution 0.8) at a TFA concentration of 0.2% (Figure 2F), but remained acceptable 

(baseline resolution) for the other peak pairs. Column temperatures of 55 ˚C or higher 

resulted in insufficient separation for three out of five peak pairs at all TFA.  

 
Figure 3: RP-UHPLC-UV of A) adenovirus vector type 35 samples and B) adenovirus vector type 26 

samples at optimum separation conditions. AI) Adenovirus vector type 35 with transgene C,  

AII) Adenovirus vector type 35 with transgene B. BI) Adenovirus vector type 26 with transgene A,  

BII) Adenovirus vector type 26 with transgene B. Column, Xbridge BEH 300, C4, 300 Å, 1.7 µm, 2.1 mm 

x 150 mm. Solvent A, 5% ACN in Milli-Q water; solvent B, ACN; solvent C, 1% TFA in 5% ACN; gradient, 

20% to 50% ACN in 17 min with TFA concentration of 0.175%. Injection volume, 30 µl; flow rate, 

0.6 ml/min; column temperature, 50 ˚C; sample tray temperature, 8 ˚C; UV absorbance detection at 

280 nm. 
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Figure 4: Contour plot showing (A) retention time of protein II and (B-E) baseline separation of critical 

protein peak pairs as function of the TFA concentration of the mobile phase and the column 

temperature as obtained during RP-UHPLC of adenovirus type 26.   

A) dotted line represents a retention time of 13.3 min; green area, retention time > 13.3 min   

B-E) peak pairs VI(2)-VI(3) (B), III-II (C), VIII(1)-VII (D), and IX-IIIa (E); dotted lines represent baseline 

separation; red area, no baseline separation; peak pairs II-IX and V-VIII(1) are not depicted as these 

were baseline separated at all tested conditions. Cross indicates optimum conditions based on a least-

squares fit. 

 

The robustness of the method for small changes in the TFA concentration was studied by 

assessing the reproducibility of the retention times and peak areas. An Ad26 sample was 

analysed at four different TFA conditions (with three independent analysis per tested TFA 

concentration): 0.170, 0.175, 0.180, or 0.185% TFA in the mobile phase (Figure 5). The 

retention times and peak areas for 1.70, 0.180 and 0.185% TFA were compared to the 

retention times and peak areas for the default conditions (0.175% TFA). The critical peak 

pairs were always baseline separated and the peak areas and retention times at 1.70, 0.180 

and 0.185% TFA did not deviate more than 5% as compared to the optimal system 
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employing a TFA percentage of 0.175% in the mobile phase. Based on the results it was 

concluded that the method is robust within the concentration range of 0.170 to 0.185% TFA, 

provided the mobile phase is prepared as described above in section 3.1.  

 
Figure 5:  RP-UHPLC-UV of Ad26 sample (three chromatograms overlaid for each %TFA, which were 

0.170% (A), 0.175% (B), 0.180% (C), or 0.185% (D). The Ad26 sample was diluted in formulation buffer 

to a concentration of 2.5 x 1011 VP/ml. Other conditions: See Figure 3. 

 

3.3.2 PROTEIN PEAK ASSIGNMENT  

Peaks were assigned to the respective adenovirus proteins by separate LC-MS analysis. Due 

to the presence of TFA in the mobile phase, it was not possible to attain accurate mass data 

form the intact adenovirus proteins by online coupling to MS. Therefore, fractions were 

collected from the RP-UHPLC chromatograms of Ad26 and Ad35, which were digested by 

trypsin and subsequently analysed by RP-HPLC-MSE in order to identify the proteins by 

peptide mapping. Peaks observed for both Ad26 and Ad35 (Figures 3 and 5) could be 

assigned to proteins II, III, IIIa, V, VI, VII, VIII, IX, and X. Multiple fragments from cleavage of 

proteins VI and VIII were identified, marked VI(1), VI(2), VI(3) (only in Ad26), VIII(1), and 

VIII(2) (only in Ad26). Indeed, maturation of adenovirus into complete, infectious virus 

particles involves proteolytic cleavage of capsid and core proteins by the adenovirus 

proteinase (AVP), and the results of peak assignment indicate that the Ad26 sample contains 

mature adenovirus particles, The fiber protein (IV) was also identified and had a retention 

time of 12.0 min, but the peak height was very close to the limit of detection of the RP-

UHPLC-UV method. The terminal protein could not be identified in the RP-UHPLC-UV 

chromatogram, probably because of its low copy number (n = 2) in the virus (for 

comparison: the copy number for protein II is 720). Proteins 52.55k (1) and (2), assigned in 
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the last two peaks of the RP-UHPLC chromatogram (Figure 3B), are associated with 

maturation of the virus particles and reported only present in immature virus  

particles [34, 35]. Preliminary data showed that the peak area ratios of 52.55K/III, VIII(1)/III 

and VIII(2)/III are a measure of the relative concentration of immature adenovirus particles, 

which is in line with observations by Takahashi et al. [27] and Vellekamp et al. [28].  

 

3.3.3 RP-UHPLC METHOD VALIDATION 

The optimized RP-UHPLC-UV method is intended for protein profiling of Ad26 and Ad35 

vector-based vaccine products. The protein profile of the test sample was compared to the 

profile of a reference sample based on the relative retention times and relative peak areas. 

The first purpose of the comparison was to confirm the identity of the adenovirus vector 

(Type 26 or 35) based on matching relative retention times of the detected adenovirus 

proteins in the test sample versus the reference (i.e. protein fingerprinting). The second 

purpose was to detect potential protein modifications and degradation products of the 

vaccine product, by monitoring the relative peak areas of all peaks in the chromatogram, 

including any previously unidentified peaks. To validate the method for these two purposes, 

the specificity, precision, accuracy, linearity, and LOQ were assessed. The specificity of the 

method for the adenovirus proteins was demonstrated by MS during method development 

(see Section 3.2) and by demonstrating absence of peaks assigned to the viral proteins in 

the chromatogram of the formulation buffer (blank). Precision was evaluated as method 

repeatability and intermediate precision of the relative peak areas and relative retention 

times. The method repeatability of the relative retention times of all proteins was between 

0.1 and 1% RSD. The method repeatability of the relative peak areas was between 1 and 

14% RSD, which was a significant improvement compared to the current RP-HPLC method 

with a method repeatability of 6 – 26% RSD (Table 1). The intermediate precision of the 

relative retention times was 0.1 – 2.0% RSD and 1 –  14% RSD for the relative peak areas 

(Table 1), which met the acceptance criterion for method validation (≤ 20% RSD), except for 

the relative peak area for protein V (9 – 26% RSD), which was higher than obtained for other 

proteins and did not meet the acceptance criterion for method validation. Linearity was 

demonstrated for samples diluted with formulation buffer within a range of 1.0 x 1011 to 

2.5 x 1011 VP/ml. The determination coefficients for the peak areas were between 0.98 and 

1.00, based on five concentration levels with three replicates at each level. The accuracy of 

the absolute peak areas could not be determined by spiked recovery due to unavailability of 

pure adenovirus protein standards. Therefore, the accuracy was determined as percentage 

recovery of the measured relative peak area against the expected relative peak area at all 

concentration levels, based on dilutional linearity of the highest concentration level. The 

recoveries of the relative peak areas were between 79 – 108% for all adenovirus proteins. 

The LOQ of the method, the lowest concentration level within the linear range with 

acceptable precision and accuracy, was 1.0 x 1011 VP/ml. The RP-UHPLC-UV method was not 

validated for the quantification of protein V since the peak area repeatability was higher 
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than the criterion. Protein IV, VI(3), VIII(2), 52.55 K (1), 52.55 K (2) could not be quantified 

because their peak areas were below the limit of detection. 

In summary, the method was validated for the quantification of the relative peak areas of 

adenovirus proteins II, III, IIIa, VI(1), VI(2), VII, VIII(1), VIII(2), IX, and X and for the detection 

of adenovirus proteins IV, V, VI(3), VIII(2), 52.55 K (1), 52.55 K (2) in adenovirus type 26 and 

type 35 vector-based vaccine products. 

 

3.3.4 STABILITY INDICATING ABILITY OF THE RP-UHPLC -UV METHOD 

To assess if the RP-UHPLC-UV method can pick up changes in the protein composition that 

may occur during product storage, Ad26 samples were stressed under different conditions 

and characterized by several physicochemical and biochemical methods. The stress 

conditions comprised oxidation with peroxide or temperature stress at 50 °C for 45 and 

120 min. The stressed samples and a non-stressed control sample were analysed by  

RP-UHPLC-UV and the chromatograms of the stressed samples were compared to the 

control sample based on the relative retention times and relative peak areas. The same 

stressed samples were also analysed by capillary zone electrophoresis [32] and by a potency 

assay, for determination of the concentration of virus particles and the infectivity, 

respectively. Thermal stress at 50 ˚C for 45 min resulted in overall RP-UHPLC peak area 

decreases of approximately 17%. Thermal stress for 120 minutes resulted in 56% decrease 

in overall peak areas and, consequently, some proteins were close to the limit of 

quantification. The relative peak areas of the proteins, however, were the same in both 

temperature-stressed samples compared to the non-stressed sample. The CZE analysis of 

the temperature-stressed samples showed a decrease in virus particle concentration of 25% 

at 45 min and 74% at 120 min, which was in line with the peak area decrease of the RP-

UHPLC chromatograms (Figure).  This suggests that temperature stress resulted in loss of 

virus particles rather than specific degradation of adenovirus proteins. For the same 

samples, the infectivity decreased by 22% and 91% for stress times of 45 and 120 minutes, 

respectively. Oxidative stress resulted in the loss of almost all adenovirus proteins  

(approx. 91% overall chromatogram peak area decrease) and a number of new peaks were 

observed in the chromatogram, which were tentatively assigned to oxidized adenovirus 

proteins. The relative peak areas did change after oxidation stress due to the new peaks. 

The virus particle concentration measured by CZE decreased by 88% and the infectivity 

decreased by 99%, which indicated that almost all the adenovirus particles were degraded 

in the oxidized sample. The RP-UHPLC method is sensitive for temperature stress and 

oxidative stress. 
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Figure 6: Forced degradation of an adenovirus serotype 26 sample as studied by three analytical 

methods: CZE, RP-UHPLC and a potency assay (infectivity). The bars show the percentage recovery of 

the stressed samples in comparison with the non-stressed control sample (for CZE virus particle 

concentration recovery, for the potency assay infectivity recovery and for RP-UHPLC total peak area 

recovery). The error bars represent the standard deviations. 

 

3.3.5 APPLICATION OF RP-UHPLC METHOD TO ADENOVIRUS PROCESS SAMPLES 

The validated method was implemented for the analysis of adenovirus-based products. 

Some examples are provided in Figure 7 and further described below. 

Figure 7A shows the chromatogram of an Ad26 process intermediate sample which was 

stored for 9 months at 5 ˚C (normal storage condition of final product is -80 ˚C). All peak 

areas decreased by a factor of 3 compared to the reference sample (Figure 7D). Moreover, 

a degradation product was observed as shoulder of the peak of protein II at 12.9 min. This 

peak was identified by MS as intact protein II with oxidation and deamidation modifications. 

Figure 7B shows a partially purified sample from downstream processing. Additional peaks 

were detected in the RP-UHPLC chromatogram at 2 and 9 min. The DAD spectra of these 

peaks did not show the typical protein spectrum characteristics. Fractions containing these 

peaks were collected and analysed by GC-MS and LC-MS. The peaks at 2 min and 9 min were 

assigned to 2,4-dimethylbenzaldehyde and 2,4 di tert-butylphenol, respectively. These could 

be leachables from the disposable container bags used in the process. Trace C in Figure 7 is 

from another partially purified process intermediate sample with high concentrations of 

host cell protein impurities. The DAD spectra of the additional peaks showed typical protein-
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spectra, however the relative peak areas of the adenovirus proteins were unchanged 

compared to the reference sample. In this case, fractions of the additional peaks were 

collected and analysed by LC-MS. The unknown peaks between 11 and 13 min were assigned 

to host cell proteins, which were present at high concentrations and could therefore be 

detected by the RP-UHPLC method. 

 

Table 1: Summary of method repeatability and intermediate precision of the previous method  

RP-HPLC [26] and RP-UHPLC. The precision is given as overall precision in RSD% including all 

concentration levels and all tested proteins. 

  RP-HPLC  RP-UHPLC 

 

Peak 

area% RRT 

 Peak 

area% RRT 

Method repeatability (% RSD)      

   Overall (all proteins, all concentration levels) 6 – 26 1 – 2  1 – 14 0 – 1 

   Overall, except Protein V 6 – 21 1 – 2  1 – 7 0 – 1 

Intermediate precision (% RSD)      
   Overall (all proteins, all concentration levels) 8 – 42 1 – 4  1 – 26 0 – 2 

   Overall, except Protein V 6 – 27 1 – 4  1 – 14 0 – 2 
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Figure 7: RP-UHPLC-UV chromatograms of process intermediate samples A) Adenovirus type 26 

process intermediate stored at 5 ˚C for 9 months. B) Adenovirus type 26 process intermediate sample 

with unknown peaks detected at 2 and 9 min. C) adenovirus type 26 process intermediate sample with 

unknown peaks detected between 11 and 13 min. D) Adenovirus type 26 reference sample. 

Conditions: See Figure 3. 

 

3.4 CONCLUSIONS 
An RP-UHPLC method was developed and validated for protein profiling of adenovirus type 

26 and type 35 proteins. Compared with a currently used RP-HPLC method, the method’s 

run time was decreased from 110 min to 17 min, allowing for the analysis of up to 

50 samples per day instead of 10. 

Protein profile changes were observed upon oxidative stress of adenovirus samples, 

indicating that the method can be used to monitor stability of adenovirus vector-based 

vaccines. Analysis of process intermediate samples showed the ability of the RP-UHPLC 

method to detect and possibly quantify protein degradants, leachables, and host cell protein 

impurities. 

Future method development will be directed towards enhancing the sensitivity of the  

RP-UHPLC method to be able to accurately quantify protein IV (the fiber protein). For 

example, alternative detection modes such as fluorescence will be explored. 

The new RP-UHPLC method is a useful addition to the analytical toolbox for the analysis of 

adenovirus-based products, as it allows for the rapid and accurate quantification of the 

adenovirus protein profile and any protein degradation products.  
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ABSTRACT 

During development of adenovirus-based vaccines, samples have to be analysed in order to 

either monitor the production process or control the quality and safety of the product. An 

important quality attribute is the total concentration of intact adenoviruses, which currently 

is determined by quantitative polymerase chain reaction (qPCR) or anion exchange-HPLC. 

Capillary Electrophoresis (CE) was evaluated as alternative to the current methods with the 

aim to have one single method that allows reliable and fast quantification of adenovirus 

particles throughout the full process. Intact adenoviruses samples from downstream 

processing and upstream processing were analysed directly by CE with UV-detection at 

214 nm. Only the samples with high amounts of DNA required a simple sample pre-

treatment by benzonase.  Adenovirus particles were separated from matrix components 

such as cell debris, residual cell DNA, and/or proteins on a PVA-coated capillary using a BGE 

consisting of 125 mM Tris, 338 mM tricine and 0.2% v/v polysorbate-20 at pH 7.7. Full 

factorial design of experiments was used for method optimization as part of the analytical 

quality by design (AQbD) method development approach. The method was validated for the 

quantification of adenoviruses on five representative samples from the manufacturing 

process in the range of 0.5 x1011 to 1.5 x1011 adenovirus particles per ml (~80 – 250 pmol/l). 

The CE method showed intermediate precision of 7.8% RSD on concentration and an 

accuracy (spiked recovery) of 95 to 110%. CE proved highly useful for process development 

support and is being implemented for in-process control testing for adenovirus vaccine 

manufacturing.
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4.1 INTRODUCTION 
Adenoviruses are non-enveloped viruses with icosahedral symmetry (252 capsomers) and 

diameters of 70 – 90 nm [1, 2]. The virus particle is built up of ten different structural 

proteins, with molecular weights ranging from 5 to 120 kDa, which form the capsid. The 

capsid encloses double stranded linear viral DNA. The total molecular weight of an 

adenovirus is about 150 MDa. Adenovirus-based vaccines currently under development 

make use of the ability of the virus to function as a vector for intracellular delivery of DNA. 

The viral DNA can be modified to encode for e.g. specific proteins that, upon expression, 

function as vaccine antigens. The Advac® [3, 4] vectors are modified by inserting in the viral 

genome a piece of DNA that encodes for the antigen of interest, e.g. the envelope protein 

of human immunodeficiency virus (HIV) or the Ebola virus [3]. This insert will be expressed 

in the host cell upon vaccination and the corresponding protein is expected to induce a 

protective immune response against HIV or Ebola. The use of adenovirus serotype 26 (Ad26) 

and serotype 35 (Ad35) as vectors for vaccines is preferred with respect to the more 

common adenovirus type 5 (Ad5), since most people have neutralizing antibodies against 

this serotype [5, 6]. Ad5, Ad26, and Ad35 differ in protein and DNA composition and, 

therefore, have different physicochemical properties [7]. 

 During development of adenovirus-based vaccines on and for production of clinical trial 

material, samples have to be analysed in order to either monitor the production process or 

control the quality, safety and efficacy of the product. An important quality attribute is the 

total concentration of intact adenoviruses, which currently is determined by quantitative 

polymerase chain reaction (qPCR) or anion-exchange HPLC (AEX-HPLC) [8, 9]. The qPCR 

method consists of DNA amplification of a sequence specific for the adenovirus and 

subsequent detection of the formed amplicon after fluorescent labelling. An adenovirus 

reference sample with a known concentration of virus particles is used for calibration. qPCR 

is an expensive (due to cost price of chemicals) and laborious technique. The time-to-result, 

which is the total time it takes from sampling until reporting the processed and reviewed 

analytical result, can be three to four days, since several replicates are required to attain 

acceptable precision [9]. 

AEX-HPLC with UV detection yields a charge-based separation of intact adenoviruses from 

sample matrix components. Quantification is by external calibration using an adenovirus 

reference standard. The AEX-HPLC method suffers from carry-over and recovery issues for 

real samples containing cell lysate and/or high salt concentrations, and is therefore not 

suitable for the accurate and precise determination of the concentration of adenoviruses 

throughout the entire production process. 

In order to support process development for adenovirus-based vaccines, it would be 

beneficial to have one single method that allows reliable and fast quantification of 

adenovirus particles throughout the full process. An analytical technique that could meet 

these targets is CE in which analytes are separated in an electric field based on their charge-
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to-size ratio. CE can provide high efficiency and resolution for diverse analytes, from small 

molecules to macromolecules (e.g. peptides and proteins) and even particles [10-12]. CE has 

proven to be suitable for the characterization of intact poxvirus [13], human  

rhinovirus [14-16], vesicular stomatitis virus [17], tobacco mosaic virus [18, 19] and influenza 

[20]. Notably, most reported virus concentration analyses by CE involved indirect 

quantification by measuring viral protein or DNA/RNA content and not the intact virus 

particles. Mann et al. [21] analysed intact adenovirus type 5 (Ad5) particles by CE, using a 

PVA coated capillary with a phosphate buffer of pH 7. Samples were filtrated and buffer 

exchanged prior to sample analysis. The authors showed the potential of CE for intact Ad5 

analysis, however, the accuracy and precision of the method were not assessed. Moreover, 

the suitability of the CE method for different samples met in the successive stages of the 

production process was not evaluated.  The different matrices may contain, for instance, 

different levels of cell debris, cellular proteins, DNA, detergents, additives, or buffer 

components. Oita et al. [22-27] developed a CE method for analysis of the poliovirus in 

samples from downstream processing. The main challenge in these studies was the matrix 

effect on the analytical result and Oita concluded that the sample matrix ideally should have 

a constant composition [27]. 

In this paper, we describe the development of a CE-based method which should allow 

precise and accurate analysis of adenovirus samples containing variable amounts of cell 

debris, cell lysate, host cell proteins, host cell DNA, salts, detergents, and/or additives. An 

analytical Quality by Design (AQbD) methodology was used for method development.  

QbD is a scientific, risk-based, holistic and proactive approach originally defined for product 

development. QbD works with predefined objectives and emphasizes product and process 

understanding and process control. This is just as valid for analytical method development 

and AQbB has been adapted for several years in the (bio)pharma industry. The objective of 

the current method development was to obtain a reliable, efficient and robust cost-saving 

method for the quantification of intact adenovirus types Ad26 and Ad35 particles in 

upstream processing (USP) and downstream processing (DSP) samples. The analytical target 

profile (ATP) compromised a precision of < 10% RSD on intact adenovirus particle 

concentration, an accuracy (as spiked recovery) between 90 – 110% over a range of 0.5 x1011 

to 1.5 x1011 adenovirus particles per ml (~80 – 250 pmol/l), and a time-to-result of less than 

1 day. A representative set of samples was selected from USP and DSP and was used to 

optimize separation between the intact adenovirus particles and the matrix components. 

The BGE buffer, pH and additives, and capillary temperature, coating and conditioning were 

studied to prevent virus adsorption to the capillary wall. The sample pre-treatment was 

investigated for samples containing high amounts of cellular DNA. The CE method 

development was finalized with a validation study including a comparison with qPCR. 
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4.2 MATERIALS AND METHODS 
 

4.2.1 CHEMICALS AND MATERIALS 

Extended light path PVA capillaries (PN G1600-61239) of 50 µm id with a total length of 

64.5 cm and bare-fused silica capillaries (PN G1600-63211) of 50 µm id with a total length 

of 33 cm were from Agilent technologies (Waldbronn, Germany), and eCAP neutral capillary 

50 μm id with 67 cm total length (PN 477441) from Beckman Coulter (Woerden, the 

Netherlands). Tris(hydroxymethyl)aminomethane (PN 1083861000), ortho-Phosphoric acid 

85% (PN 100573), Polysorbate-20 (PN 655204), and Benzonase (PN 1.01697) were from 

Merck Millipore (Amsterdam-Zuidoost, The Netherlands). Tricine (PN 93356), Triton X-100 

(PN X100), polybrene (PN 107689), dextran sulfate sodium salt from Leuconostoc spp.  

(PN D8906), 2-mercaptoethanol (PN 63689), and phthalic acid (PN P39303) were obtained 

from Sigma Aldrich (Zwijndrecht, the Netherlands). SDS 10% solution (PN 24730-020) was 

obtained from Invitrogen (Bleiswijk, the Netherlands). Adenovirus Type 5 Reference 

Material (PN VR-1516) from ATCC (Wesel, Germany). Formulation buffer, MgCl 1 M solution, 

and Ad26 crude harvest, Ad26 lysed harvest, Ad26 clarified harvest, Ad26 anion-exchange 

product, Ad26 diafiltration/ultrafiltration product, Ad26 drug substance, Ad35 crude 

harvest, Ad35 reference material and Ad26 reference material were from Crucell Holland 

(Leiden, the Netherlands). Forward primer (CMV, MGB) 5’-TGGGCGGTAGGCGTGTA-3’ (PN 

4304972), reverse primer (CMV, MGB) 5’-CGATCTGACGGTTCACTAAACG-3’ (PN 4304972), 

and probe (CMV-2, MGB) 5’-VIC-TGGGAGGTCTATATAAGC-MGB-NFQ-3 (PN 4316032) were 

obtained from Applied Biosystems (Gent, Belgium).  

 

4.2.2 INSTRUMENTATION AND CE METHOD 

All CE experiments were performed using an Agilent 7100 Capillary Electrophoresis system 

comprising a UV-Visible diode-array detector (Waldbronn, Germany). Data processing was 

performed on Chemstation software (B.04.03). In the final method extended light path PVA-

coated capillaries of 50 µm id (375 µm od) were used, cut to a total length of 33 cm. Capillary 

preconditioning was performed prior to each run with 10 mM phosphoric acid and BGE at 

2.5 bar for 1 min each. The BGE consisted of 125 mM Tris – 338 mM tricine (1,51 g tris and 

6,72 g tricine in 100 ml water), and 0.2% polysorbate-20. Exact amounts are weighted and 

dissolved in water to achieve pH 7.7, without the need of pH adjustment. Sample injection 

was at 50 mbar for 5 s at the short end of the capillary (8.5 cm effective length). The 

separation voltage was -25 kV and the capillary was thermostated at 15 oC. UV-absorbance 

detection was at 214 nm (4 nm bandwidth). 

All samples were diluted with proprietary formulation buffer to an adenovirus concentration 

of 1x1011 VP/ml. 
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4.2.3 CE METHOD VALIDATION 

Specificity for Ad5, Ad26 and Ad35, absence of matrix interference and peak assignments 

were established during method development. The method repeatability and linearity were 

determined based on 5 concentration levels in the range of 0.5 x 1011 - 1.5 x 1011 adenovirus 

particles per ml with 3 replicates at each concentration level. The linearity requirements 

were R2 ≥ 0.99 and the sum of residuals less than 5%. The method repeatability 

requirements were ≤ 10% RSD for corrected peak area and ≤ 1% RSD for migration time. The 

intermediate precision was determined based on the method repeatability and linearity 

data on three different days and the limits were ≤ 10% RSD for corrected peak area and 

≤ 2.5% RSD for migration time. The accuracy was assessed by spiking known amounts of 

adenovirus reference material into lysed harvest (LH) and anion-exchange product (AEX) 

samples. The spiked concentrations were at 3 levels between 0.5 x 1011 – 

1.5 x 1011 adenovirus particles per ml, with 3 replicates at each level. The required accuracy 

(as spike recovery) was 90% – 110%. Robustness was derived from the method development 

design of experiments (DoE). 

 

4.2.4 CE METHOD APPLICATION AND COMPARISON WITH QPCR 

Ad26 lysed harvest (LH), clarified harvest (CH), anion-exchange product (AEX), 

diafiltration/ultrafiltration product (DF), drug substance (DS), and Ad26 reference material 

were analysed by both qPCR and CE. Three replicates per sample were performed by qPCR 

on 3 days. One replicate per sample was analysed by CE on 3 different days.  The qPCR 

analysis was performed according to Ma et al [9]. The specific primers and probe are 

described in the chemicals and materials section. The LH and AEX CE-samples were treated 

with benzonase (0.2 units benzonase per ml in 31 mM MgCl, and incubated for 1 hour at 

room temperature). 
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4.3 RESULTS AND DISCUSSION 
 

4.3.1 CE METHOD DEVELOPMENT 

Adenovirus samples taken during production vary heavily with respect to particle 

concentration and complexity of the matrix. The adenovirus sample may contain DNA, 

proteins, surfactants, adjuvants, salts, and/or cell debris. The CE method should enable 

reproducible separation of the intact adenovirus particles from the matrix components. The 

initial experiments were performed analysing purified adenovirus reference material and 

two representative adenovirus samples from the production process containing either high 

concentrations of salts (AEX sample) or cell debris and lysate (crude harvest (CR) sample). 

Samples from the early stages of USP and DSP were diluted with formulation buffer to 

approx. 1 x 1011 adenovirus particles per ml. In this manner, the effect of variable sample 

matrices is reduced and quantification will be performed in a narrower range. 

The applied conditions were evaluated by examining the separation between the virus peak 

(if detected) and any sample-matrix related peaks. The pI of the adenovirus was estimated 

to be between 5 and 6. Since adenoviruses aggregate at pH lower than 5, a pH > 5 was 

preferred. To obtain an overall negative charge for the adenovirus, a BGE comprising of 

200 mM Tris and 200 mM tricine, was selected as starting point. This buffer has a pH of 8.1 

without the need of adjusting the pH. This means that the ionic strength is easy to reproduce 

for each preparation of the buffer. A constant ionic strength generally results in a more 

reproducible method. Tricine has pKas of 2.3 and 8.15, and Tris has a pKa of 8.07. The BGE 

pH close to the pKas of tricine and Tris as well as the relative high concentrations provide a 

strong buffer with both a buffering co-ion as well as a buffering counter-ion. The 

electrophoretic mobilities of tricine and Tris at pH 8.1 are relatively low, avoiding high CE 

currents and excessive Joule heating and allowing the application of high electric field 

strengths. The high buffer concentration may also reduce virus particle aggregation and 

adsorption, and aid analyte stacking as its ionic strength is higher than that of the samples. 

The adenovirus and/or matrix components (e.g. proteins, detergents) may adsorb to the 

inner wall of bare-fused silica capillaries, and therefore a number of charged and neutral 

capillary coatings were tested in order to prevent adverse adsorption effects. Successive 

multiple ionic polymer layer (SMIL) coatings have shown effective in preventing protein 

adsorption [28] and their usefulness was investigated. Fused-silica capillaries were coated 

to obtain anionic double-layer coatings of polybrene (PB) and dextran sulphate or PB and 

poly(vinyl sulfonate). Unfortunately, no adenovirus peaks were observed when anionic SMIL 

coatings were used. This might be due to a low effective mobility of the adenovirus in the 

presence of an EOF when anionic coatings were used at pH 8.1.  Best results were obtained 

with neutrally-coated capillaries. The electropherogram of the reference standard showed 

an adenovirus peak around 10 min, and the internal standard, phthalic acid, was detected 

at 3 min (Figure 1a). Peak assignment was based on three different principles. Firstly, sample 
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electropherograms were compared with electropherograms obtained for adenovirus 

reference material. The migration times observed for the samples were similar to the 

migration times observed for the reference material. Moreover, the adenovirus spectra of 

the samples were compared to the UV spectrum of the reference material. Match factors of 

99% or higher were observed for all samples. Secondly, the 260 nm/280 nm ratio shows the 

ratio between the nucleic acid and protein absorbance and is specific for adenoviruses. 

A260/A280 ratios of 1.2 to 1.3 are expected for pure adenoviruses and this was confirmed 

for all samples tested. Thirdly, centrifugation was used to indirectly assign the adenovirus 

peak. Adenovirus particles can be pelleted by centrifugation for 30 min at 4 oC at ~21x103 g 

to physically separate them from soluble matrix components. The re-suspended pellet 

showed a peak around 1.3 min, previously assigned as adenovirus type 35. The adenovirus 

peak was not present in the supernatant sample, as expected. No other co-migrating peaks 

were observed with Ad35. Similar observations were made for Ad26.  Ad35 and Ad26 had 

different migration times, which can be explained by their difference in amino acid 

composition of the capsid proteins and consequently in their charge-to-size ratios. The AEX 

sample, which contains high salt concentrations, showed an additional peak from HEPES 

(Figure 1b). HEPES and chloride peaks were assigned by spiking and based on their 

electrophoretic mobility. The Ad35 CR sample containing cell debris and lysate, revealed 

extra peaks and spikes (Figures 1c, 1d and 2A). The extra peaks observed between 4 and 

6 min and between 9 and 12 min probably originated from peptides and nucleotides present 

in the sample. Spikes in the electropherogram were mainly observed for samples containing 

cell debris and lysate, and were probably related to particulate matter [17] that is more 

prevalent in the complex samples taken at the start of the downstream process.  Repeated 

injections of the CR sample resulted in a loss of the adenovirus peak (Figure 1d), and the 

effect of repeated injections of adenovirus material on peak area is further illustrated in 

Figure 2A. The results on the Beckman Coulter eCAP neutral capillary and the Agilent PVA 

capillary were comparable. However, the eCAP neutral capillary needs careful handling and 

is sensitive to contact with air. The Agilent PVA capillary was therefore selected for further 

development. 
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Figure 1: Typical electropherograms obtained during method optimization for (a) Ad26 reference 

material, (b) Ad26 AEX sample, (c) Ad35 CR sample, and (d) Ad35 CR sample after repeated injection. 

Conditions: BGE 200 mM Tris – 200 mM tricine (pH 8.1), PVA-coated capillary with effective length of 

24.5 cm; applied voltage, -15 kV. Other conditions: see experimental section.  

 

The peak area decrease was more prevalent for samples containing cell debris and high 

amounts of cellular DNA, which affected all samples analysed subsequently, regardless of 

their type (Figure 2B). This implies that the peak area decrease was more likely caused by 

matrix components, rather than the adenovirus itself. The peak area decrease and migration 

time shifts of the adenovirus might result from adsorption initiated by either degradation of 

the PVA coating or by adsorption of matrix components to the capillary wall. To prolong the 

capillary coating life time the pH was reduced to pH 7.6 by mixing 125 mM Tris with 375 mM 

tricine (no pH adjustment). This had no significant effect on the separation. 

Adsorption might be prevented by the addition of detergents to the BGE [29]. SDS could not 

be used as BGE additive, since adenovirus degrades in the presence of SDS. The flushing 

procedure and the addition of additive to the BGE were examined to prevent adsorption or 

clean capillaries in-between runs. The repeatability of the migration time and corrected peak 

area of the adenovirus peak were evaluated for the CH and AEX sample using different 

flushing procedures. Triton was not able to prevent or reduce adsorption, as the peak area 

decrease after addition of Triton to the BGE was similar to BGE without Triton. When 

polysorbate-20 was added in the range of 0.02 – 0.3 % v/v, the virus peak area for the CR 

sample decreased with 19% after 12 sample injections as compared to a 66% decrease for 

the BGE without polysorbate. 
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In-between-run rinsing of the capillary with milli-Q water, diluted mercaptoethanol or 

formulation buffer did not prevent virus migration time shifts or virus peak area decrease. 

SDS solution was tested for capillary rinsing in order to remove adsorbed adenoviruses.  

However, SDS negatively affected the repeatability of the virus migration time and corrected 

peak area. A major improvement was achieved by rinsing of the capillary with phosphoric 

acid from outlet to inlet. Rinsing for 1 min (2.5 bar) with 10 mM phosphoric acid prior to a 

1 min (2.5 bar) rinse with BGE resulted in an adenovirus peak area decrease of only 4% 

(n = 12), which is within the margins of peak area repeatability of the method (see below). 

Kiesel et al. [30] described the influence of temperature on the adsorption or desorption of 

proteins in a pure buffer or in protein solution. Therefore the cassette temperature was 

reduced to 15 °C in addition to improved conditioning. The relative standard deviation (RSD) 

for corrected peak areas improved to 4% (n = 12 injections) at 15 °C compared to 11% for 

(n = 12 injections) at 25 °C. 

The following preliminary conditions were selected: PVA-coated capillary with a BGE of 

125 mM Tris – 375 mM tricine (pH 7.6) containing polysorbate-20 (0.2% v/v), a capillary 

cassette temperature of 15 °C, and in-between run rinsing with 10 mM phosphoric acid. 

Under these conditions it was possible to run more than 400 samples on one capillary 

without loss of adenovirus peak area. The repeatability of the virus peak area was < 5% RSD 

(n = 30) for samples containing cell debris and lysate, and < 2.5% (n = 60) for samples 

containing high salt concentrations (Figure 3A), thereby meeting the pre-defined ATP 

requirements of < 10% for precision and demonstrating the potential of CE for the 

reproducible analysis of representative samples from the adenovirus production process. 
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Figure 2:  The effect of capillary exposure to crude harvest material. (A) Repeated CE analysis of Ad35 

CR sample. (B) Repeated CE analysis of A26 reference material after capillary exposure to CR sample. 

Conditions: BGE 200 mM Tris – 200 mM tricine (pH 8.1), PVA-coated capillary with effective length of 

24.5 cm; applied voltage, -15 kV. Other conditions: see experimental section. 

 

As part of the AQbD process, the Tris concentration, the tricine concentration, the 

separation voltage and the capillary effective length were tested in a full factorial design to 

optimize the separation efficiency for the adenovirus and to reduce the total run time. 

Additionally, the design gives information on the robustness of the selected conditions and 

on the method operable design region (MODR). The Tris concentration was varied between 

113 and 138 mM and the tricine concentration was varied between 338 and 413 mM. The 

applied voltage was simultaneously tested at -15, -20, -25, and -30 kV. The study was 

performed at an effective capillary length of 24.5 cm (long-end) or 8.5 cm (short-end). The 

injected amount was not adjusted for the capillary effective length. Therefore the same 

injected volume meant that approx. 2% of the capillary effective length was injected on long-

end and approximately 6% on short-end. The requirements for the responses were a 

resolution of adenovirus from the matrix components greater than 2.5, S/N ratios of 100 or 

higher, and a total run time shorter than 10 min. The data were processed by JMP statistical 

software based on a least squares method, including cross functions between different 

variables and quadratic terms. 

In general, increasing the Tris concentration and increasing the separation voltage resulted 

in improved separation between the adenovirus peak and the HEPES peak. The resolution 
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decreased at the highest tricine concentration of 413 mM, but was still sufficient (Rs > 2.5). 

The maximum applicable voltage was -25 kV as separations at -30 kV resulted in currents up 

to 90 µA, associated with excessive Joule heating and instable baselines. 

The best results, regarding separation efficiency, signal-to-noise ratios, and total run time, 

were obtained at 125 mM Tris, 338 mM tricine (pH 7.7), analysed with an effective capillary 

length of 8.5 cm (figure 3B). The contour plot at the selected optimum is shown in Figure 4. 

The resolution between Ad26 and HEPES at the selected condition was 5.3, the S/N of the 

adenovirus was 210, and the migration time was shorter than 6 min. The separation 

between the adenovirus peak and the matrix components is robust for variations in the Tris 

concentration (113 – 138 mM) and in the tricine concentration (338 – 413 mM) and for the 

separation voltage (-15 – -25 kV). The pH was between 7.5 and 7.7 at all tested conditions. 

The total run time was decreased from 15 min to 3.5 min, which decreased the time-to-

result significantly. 

 

 
Figure 3: (A): Overlaid repeated analysis (n = 15) of the Ad26 AEX sample. Conditions: BGE 125 mM 

Tris – 375 mM tricine buffer (pH 7.6), and 0.2% v/v polysorbate-20, PVA-coated capillary with effective 

length of 24.5 cm, applied voltage -15 kV. (B): Electropherogram of AEX sample after method 

optimization. Conditions: 125 – 338 mM Tris - tricine buffer (pH 7.7) and v/v 0.2% polysorbate-20, 

PVA-coated capillary with effective length of 8.5 cm, applied voltage: -25 kV. Other conditions: see 

experimental section. 
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Figure 4: Contour plot of the selected optimum (cross marker). A least squares fit of the Tris and tricine 

concentration at an applied voltage of -25 V. The output variables were migration time, S/N, and 

resolution. The red contour is resolution with a value of 2.5, the green contour is the S/N with a value 

of 150, and the blue contour is the migration time (run time) with a value of  

6 min.     

 

Analysis of CR or LH samples sometimes resulted in interferences on the adenovirus peak 

(data not shown). These interferences were no longer observed in later stage samples such 

as CH. During the clarified harvest process step, DNA is removed by precipitation. Therefore, 

it was assumed that the interference peaks detected in CH and LH samples were DNA 

related.  Consequently, sample pre-treatment with benzonase was investigated. Benzonase 

is an enzyme that cuts DNA in smaller fragments. The sample treatment with benzonase 

resulted in a shift in migration time of the co-migrating interference peaks, which confirmed 

the presence of nucleotides in the CR and LH samples. AEX and DS samples were also treated 

with benzonase, but no change was observed. To optimize the benzonase treatment, a full 

factorial design was performed, investigating the incubation temperature (RT and 37oC), the 

benzonase concentration (0.2, 1.6, or 8 units/ml), and the MgCl concentration (1.5 or 

30 mM). Increasing the benzonase concentration up to 8 units/ml increased the migration 

time of the interfering peaks and thereby the separation between the adenovirus peak and 

the additional peaks improved. The same was observed for decreasing the MgCl 

concentration from 30 mM to 1.5 mM and increasing the temperature from RT to 37 oC. The 

adenovirus peak and previously interfering peaks were baseline separated with 8 units/ml 

benzonase, 1.4 mM MgCl, and incubation for 30 min at 37 oC. Interestingly, the additional 

peaks were still present under all tested conditions since the benzonase treatment only 

resulted in a shift of the interfering peaks to later migration times. This means that the 
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analytes reduced in charge/size ratio, that is, they were either larger or had reduced charge 

or both. The robustness of the selected benzonase sample preparation settings was tested 

in another full factorial design:  7 – 9 U/ml benzonase, 1 – 1.8 mM MgCl, and incubation 

time of 25 – 35 min at 37oC.  The separation time between the end of the adenovirus peak 

and the potentially interfering peaks was between 0.7 and 1.0 min for all tested conditions. 

The sample treatment was robust at the selected conditions.  

The validation of the CE method included accuracy, linearity, method repeatability, and 

intermediate precision.  Specificity was already demonstrated in the development study. 

Additionally, Figure 5 shows the electropherograms of three different adenovirus serotypes 

with different inserts. The adenovirus types differ in protein content and therefore in 

charge-to-size ratio and were separated in CE. In contrast, the transgene insert which is 

typically incorporated in the DNA of the adenovirus, does not change the charge-to-size ratio 

of the virus particles and as expected the Ad26 particles with different inserts migrated at 

the same time (Figures 5e-h). 
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Figure 5: Electropherograms of adenovirus serotypes 5, 26, and 35 with different inserts. (a) Ad 5 

reference material, (b) Ad35 DS with insert A, (c) Ad35 DS with insert B, (d) Ad35 AEX sample with 

insert A, (e) Ad26 DS with insert C, (f) Ad26 DS with insert D, (g) Ad26 DS with insert B, (h) Ad26 DS 

with insert A, and (i) Ad26 AEX sample with insert A. 

Conditions: 125 mM Tris – 338 mM tricine buffer (pH 7.7) and 0.2% v/v polysorbate-20, PVA-coated 

capillary with effective length of 8.5 cm, applied voltage: -25 kV. Other conditions: see experimental 

section. 
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The precision of the CE method was determined as method repeatability and intermediate 

precision. The method repeatabilities (n = 18) were between 2.1 – 4.8% RSD for the 

corrected peak area and between 0.55 – 0.82% RSD for the migration time. The method 

repeatability of the adenovirus was better than qPCR and AEX-HPLC for which we observed 

precisions between 10 and 25% RSD. The intermediate precision (n = 18) was found to be 

7.8% RSD for the corrected peak area and 2.5% RSD for the migration time. Both method 

repeatability and intermediate precision met the requirements. Linearity was demonstrated 

in the range of 0.5 x 1011 to 1.5 x 1011 virus particles per ml (VP/ml) with three replicates at 

five concentration levels. The accuracy was determined as recovery of spiked adenovirus in 

matrix in the range from 0.5 x 1011 to 1.5 x 1011 VP/ml. The calculated recoveries were 

between 95 to 110% (three replicates at three levels). In conclusion, all predefined 

acceptance criteria were met and the method is considered suitable for the quantification 

of the adenovirus concentration in vaccine products. 

Representative samples from the process (see Figure 6) were analysed in parallel with CE 

and qPCR . This study was set up to verify the accuracy of the CE method by comparing the 

results obtained by CE to those measured by qPCR. Nine replicates per sample for qPCR and 

three replicates per sample for CE were tested. The results are presented in Figure 7. In 

general the qPCR method (n = 9) showed higher variability compared to CE (n = 3). The 

precision of the qPCR method was between 6 and 25% RSD and for CE this was between  

2 and 6% RSD. The virus particle concentrations obtained by qPCR were equivalent to these 

obtained by CE. Currently the CE method is being implemented as method to support the 

production process in our labs. 
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Figure 6: A) Electropherograms of Ad26 samples from USP and DSP (a) benzonase-treated CR, (b) 

benzonase-treated LH, (c) CH, (d) AEX, (e) DF, and (f) DS. Conditions: BGE: 125 mM Tris – 338 mM 

tricine (pH 7.7), and 0.2% polysorbate-20, PVA-coated capillary with effective length of 8.5 cm, applied 

voltage: -25 kV. All samples were diluted to 1x1011 VP/ml.  Other conditions: see experimental section. 

B) Flowchart of the USP and DSP manufacturing process steps with the representative samples.  

 

 
Figure 7: Comparison of CE and qPCR results for quantification of the adenovirus concentration in LH, 

CH, AEX, DF, and DS. The error bars represent the standard deviations. 
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4.4 CONCLUSIONS 
An AQbD method was developed for the quantification of adenovirus particles throughout 

the production process. The method demonstrated to be compatible with USP and DSP 

samples harvested during production, including those containing cell lysate, cell debris 

and/or high salt concentrations. This is a great advantage of the CE method over the  

AEX-HPLC method. The latter is only suitable for purified samples such as drug substance. 

Adsorption issues, typically observed for AEX-HPLC, were initially to a certain extend also 

observed in CE. But after adding polysorbate-20 to the buffer, reducing the capillary 

temperature, and introducing pre and in-between run flushing with phosphoric acid, 

adsorption could be prevented. A multifactorial design was used to study the total run time 

per sample, allowing its reduction down to 5 min (including pre-conditioning). The fast run 

times resulted in an overall time-to-result of less than 4 hours for 30 samples, compared to 

3 days by qPCR. The precision and accuracy of the CE method were also improved as 

compared to the qPCR and AEX-HPLC methods. CE showed precision on adenovirus 

concentration of ≤ 5% RSD and accuracy (as spike recovery) of 90 to 110%, while qPCR and 

AEX-HPLC have precisions of 10 to 25% RSD and accuracies of 70 – 130%. Moreover, the 

virus particle content obtained for five representative process samples measured by CE and 

qPCR showed equivalency. This means that CE is a suitable technique to implement next to 

qPCR as a fast, accurate and precise method with a very short time-to-result. The better 

precision of the CE method makes it possible to improve the production process, since small 

improvements in yield can be detected with sufficient statistical confidence. Additionally, 

preliminary data showed the ability of CE to determine not only the virus particle 

concentration but also impurities and degradation products, which will be further 

investigated. 
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ABSTRACT 

Analytical Quality by Design (AQbD) is a systematic approach used for method development 

to assure that the right method is developed for the right purpose. The six defined steps 

from the AQbD process were fully applied and the approach and tools were designed and 

optimized to ensure a structured and trailer-made approach for method development. 

An analytical target profile (ATP) was defined upfront, including the objective of the 

analytical method and the quality requirements for the reportable result. A method was 

requested to quantify the adenovirus particle concentration in all process intermediates 

(with variables matrices) of the vaccine production process and the final product in a range 

of 1010–1012 VP/ml with a precision of < 10% CV, a bias of < 10%, and a time-to-result of 

either < 4 h for in-process control (IPC) tests or < 2 days for other sample types. CZE was 

selected as the method of choice for adenovirus analysis after comparison of six analytical 

methodologies by using a technology selection tool. Before method development was 

started, the (potentially) critical method parameters were defined for the technique of 

choice by using a criticality assessment and risk assessment based on scientific knowledge 

and feasibility experiments. Instead of the traditional single-variable approach, Design of 

Experiments (DOE) was used. Three types of designs were applied: i) screening DOE,  

ii) optimization DOE and iii) robustness DOE. Ultimately, all method parameters were 

defined as either non-critical or critical method parameters and for each critical method 

parameter mitigations were in place to control them. The CZE method was validated using 

a total error approach which gives a 90% probability that future results will also adhere to 

the requirements as defined in the analytical target profile.
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5.1 INTRODUCTION 
Analytical Quality by Design (AQbD) is a systematic approach used for method development 

to assure a fit-for-purpose and robust analytical method [1-6].  AQbD consists of six defined 

steps [2, 7, 8]:  

1. Definition of the analytical target profile (ATP) describing the objective of the test 

and the requirements  

2. Technology selection  

3. Definition of the critical method parameters by a criticality (risk) assessment  

4. Method development by design of experiments (DOE)  

5. Method validation and control strategy 

6. Method maintenance or method life cycle management 

In 2016, a Stimuli article was published describing the framework of a proposed chapter of 

the United States Pharmacopeia (USP): The Analytical Procedure Lifecycle [9]. The purpose 

of the proposed chapter was to define concepts that can be used to control analytical 

methods during their entire lifetime and are consistent with the well-established Quality by 

Design (QbD) principles applied in pharmaceutical product development according the 

International Conference on Harmonisation (ICH) as described in ICH Q8 R2 (Pharmaceutical 

Development) [10], ICH Q9  (quality risk management) [11], and ICH Q10  (pharmaceutical 

quality system) [12]. The AQbD principles will also be described in a new ICH2 guideline Q14: 

Analytical Procedure Development Guideline [13]. The current thinking of the ICH 

implementation working group and the USP Validation Expert Panel is very much in line with 

the Analytical Quality Design Approach described in literature [1-5] and it is expected that 

this approach will be recommended by the USP in the future [9, 13]. 

 

Examples describing (aspects of) application of AQbD in capillary electrophoresis (CE) are 

the development of a method for the determination of dextromepromazine and 

levomepromazine sulfoxide [7], the determination of the chiral purity of dextromethorphan 

[14], the determination of captopril, hydrochlorothiazide and their impurities [15], the 

quantification of ciprofloxacin [16], the analysis of zolmitriptan and its impurities [17], the 

analysis of almotriptan and its impurities [18], and the analysis of monoclonal antibody size-

heterogeneity [19]. Liquid chromatography applications of AQbD include UHPLC-UV and 

UHPLC-MS method development for protein analysis [20], a RP-UFLC method for 

quantification of lansoprazole [21] and multivariate optimization for simultaneous 

determination of aspirin and simvastatin by RPLC [22]. 

In this thesis, AQbD was applied and evaluated for the work described in Chapters 4 and 6. 

The aim of the present chapter is to describe the applied AQbD approach in more detail. 

 



| CHAPTER 5 |  

| 110 |  

5.2 RESULTS AND DISCUSSION 
 

5.2.1 STEP 1: THE ANALYTICAL TARGET PROFILE  

The analytical target profile (ATP) is used to capture the purpose of the test method, the 

method requirements, and the reportable result(s) [9, 23]. The purpose of the method 

comprises not only the type of method, such as concentration or purity determination, but 

includes also specific descriptions of the analyte(s), sample matrix and expected 

concentration range. The analytical target profile is defined upfront and results from 

agreement of the analytical method developer and the method requester, and should give 

clear direction to method development, validation and transfer. The ATP should assure that 

the method requirements are based on the quality requirements of the product in order to 

guarantee the safety or efficacy rather than the analytical capabilities of the method. 

Preferably the ATP is independent of the applied analytical technique and can be used as 

input for technology selection (i.e. the next AQbD step).  

The ATP used for the work described in Chapter 4 and 6 is summarized in Table 1. In short, 

within Janssen Vaccines and Prevention a method was requested to quantify the adenovirus 

particle concentration in all process intermediates (with variables matrices) of the vaccine 

production process and the final product in a range of 1010–1012 VP/ml with a precision of  

< 10% CV, a bias of < 10%, and a time-to-result of either < 4 h for in-process control (IPC) 

tests or < 2 days for other sample types. The time-to-result for the IPC is an important 

requirement since the production process is typically on hold during an IPC test. Long 

analysis times could lead to product degradation during this hold. Figure 6 in Chapter 4 and 

Figure 2 in Chapter 6 show an overview of the production process and the process 

intermediates. 

Commonly, the ATPs described in literature [2, 20] only describe the method requirements 

as listed in ICH Q2 R1 [24], such as linearity, precision, accuracy, and LOQ. We suggest to 

also include business requirements like development timelines, availability of equipment, 

and budget. These factors may play a critical role in the technology selection process. We 

also recommend to prioritize the requirements are evaluated in that order during the 

technology selection. 
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Table 1: The analytical target profile for the adenovirus particle assay described in  

Chapters 4 and 6. 

 
 

5.2.2 STEP 2: TECHNOLOGY SELECTION 

The main goal of the technology selection is to choose the techniques for method 

development that meet the requirements of the ATP [1], and therefore adhere to the quality 

requirements of the product. The technology selection should prevent that certain common 

technologies are chosen automatically because they are at hand or most 

knowledge/experience is available in-house, whereas other technologies might be superior 

for the task at hand. 

The first step of the technology selection includes mapping as many technologies as possible 

that might be suitable to meet the ATP requirements. Sources for suitable techniques are 

e.g. pharmacopoeia, in-house methods, contract research organizations (CROs), prior 

knowledge, and literature (including presentations and posters). Every potential technique 

is then scored for each ATP requirement. Often, multiple techniques meet the ATP 

requirements. In that case, feasibility experiments might help to get more knowledge about 

the applicability of the techniques and allow rational rescoring. For high priority projects it 
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is advised to perform method development with multiple technologies in parallel to lower 

the risk of not delivering a fit-for-purpose method in time. 

 

Based on the ATP from Table 1, six analytical technologies that could potentially meet the 

requirements for adenovirus particle analysis were selected using information from 

literature and in-house knowledge (Table 2):  

• Quantitative-polymerase chain reaction (Q-PCR)  

• Anion-exchange chromatography (AEX-LC)  

• Capillary zone electrophoresis (CZE)  

• Size exclusion chromatography (HP-SEC)  

• Reversed phase liquid chromatography (RPLC) 

• Absorbance spectrophotometry at 260 nm (OD260) 

The techniques were scored against the ATP requirements, in order of priority, based on a 

theorical assessment and/or feasibility experiments. Colours were used to indicate the risk 

to not meet the requirement (high, medium, low). 

All six techniques were able to directly or indirectly quantify the adenovirus concentration 

and met the first ATP requirement ‘Ad26 and Ad35 concentration in VP/ml’. However, direct 

quantification (intact virus particles) was preferred over indirect quantification (measuring 

the DNA content or a viral protein) since indirect quantification required assumptions about 

DNA or protein content per virus particle, potentially introducing an additional error. Two 

out of the six techniques met the priority 1 ATP requirements ‘Production process 

intermediates’ and ‘Sample matrix’, meaning that only qPCR and CZE were possibly able to 

quantify the adenovirus concentration in all process intermediates and the final product, 

independent of the sample matrix (see Figure 2 in Chapter 6 for an overview of the process). 

The qPCR method was available in-house, but the time-to-result, the precision and accuracy 

did not meet the ATP requirements. The CZE method theoretically met all the requirements 

of the ATP and was the technique of choice to continue method development [25]. The CZE 

method development had to be started from scratch. This comprised a risk, and therefore 

the qPCR method was optimized in parallel as a back-up scenario.  
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Table 2: Technology selection based on the ATP from Table 1. Techniques: quantitative-polymerase chain reaction (q-PCR), anion-exchange chromatography 

(AEX-LC), capillary zone electrophoresis (CZE), size exclusion chromatography (SEC), reversed phase liquid chromatography (RPLC) and absorbance 

spectrophotometry at 260 nm (OD260). The colours represent the risk to not meet the ATP requirements: red, high risk; orange, medium risk; green, low risk. 
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5.2.3 STEP 3: DEFINING THE CRITICAL METHOD PARAMETERS 

A critical method parameter (CMP) is a method parameter (e.g. the pH of the BGE) that 

has a significant impact on one or more of the ATP requirements (e.g. precision or 

accuracy) [26]. If the CMP is not well controlled or optimized, there is a severe risk that 

the robustness of the method and the quality of the result will be compromised. 

Consequently, CMPs need to be optimized (e.g. find the optimal column temperature) 

or need to be controlled (e.g. the wavelength of detection is fixed at 214 nm) to reduce 

the risk that the CMP impacts the ATP requirements. 

In the traditional method development approach, CMPs are typically found during 

method development by screening experiments or extensive testing [27]. AQbD makes 

use of a risk-based approach so that the key parameters affecting the analytical method 

performance, i.e. the CMPs, are defined prior to method development [1, 2]. First, all 

the method parameters are mapped in a fishbone diagram or mind map [20, 22]. 

Generally, a risk assessment [11] is performed to score the impact (severity), probability 

(occurrence) and detectability of the method parameters on every ATP requirement 

separately. A risk score (Severity × Occurrence × Detectability) is defined for each 

parameter and mitigations are proposed to lower the probability and therefore the risk 

[1]. In our approach, we first performed a criticality assessment and subsequently focus 

on the potential critical method parameters (pCMPs) and CMPs only in the risk 

assessment. In this way, time-consuming efforts on irrelevant method parameters are 

avoided. 

The critical method parameters of the CZE method used in Chapters 4 and 6 were 

identified following the process depicted in Figure 1. The mind map, criticality and risk 

assessment are described in detail in the following paragraphs. 

Mind map 

A mind map was used to visually map all method parameters, such as the 

materials/chemicals, sample treatment conditions, the separation conditions, and data 

processing parameters, but also other parameters like the temperature in the lab and 

the sample matrix. For the CZE method (Chapters 4 and 6), a total of approximately  

60 parameters were mapped (Figure 2). The mind map was initiated during step 3 

(defining the critical method parameters) and was updated before step 6 (method 

maintenance) to include all the final method parameters. 
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Figure 1: The process of defining the critical method parameters. A) A mind map lists all method parameters B) A criticality assessment is performed to score 

for each parameter the overall impact on the ATP and the certainty of that assessment in order to define the critical method parameters (CMPs), the potential 

critical method parameters (pCMPs), and non-critical method parameters (nCMPs), C) in a risk assessment, the pCMPs and CMPs are scored on every ATP 

requirement separately for their impact and the probability of happening. A risk score between 1 (low risk) and 100 (high risk) is defined for each parameter 

and mitigations are proposed to lower the probability and therefore the risk) D) The mitigations proposed to lower the probability and the risk of the CMPs 

and pCMPs are stage dependent.    
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Figure 2:  A part of the mind map of the CZE method parameters for the determination of adenovirus particles as described in Chapters 4 and 6. 
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Criticality assessment 

The AQbD process described in literature typically includes a fishbone to capture all the 

method parameters and makes use of a failure mode effect analysis (FMEA), i.e., a risk 

assessment, to identify the critical method parameters [1, 2]. The CZE method from 

Chapters 4 and 6 consisted of 60 method parameters (Figure 2) and the ATP contained nine 

requirements (Table 1). This means that the FMEA could consist of 60 x 9 = 540 individual 

risk assessments (each method parameter could impact any of the ATP requirements). Since 

it was impossible and irrelevant to assess all the parameters from the mind map, a criticality 

assessment was performed in between (Table 3 and Figure 1B) as a tool to limit the number 

of parameters that should be considered for the risk assessment and method development 

and optimization. The goal of the criticality assessment in this step was to identity each 

parameter as a critical method parameter (CMP), potential critical method parameter 

(pCMP), or non-critical method parameter (nCMP). Each method parameter was scored 

based on the overall impact (1– 5, negligible– catastrophic) on any of the ATP requirements 

and the certainty (high, medium, low; see Table 4). For example, the capillary coating was 

scored as high impact with high certainty, since it could impact the accuracy and precision 

due to adenovirus adsorption and was therefore a CMP. 

In case there was a lack of knowledge, the certainty was scored at low and feasibility 

experiments were performed to gain more knowledge after which re-scoring was 

performed. The criticality assessment was re-evaluated every time when new knowledge 

was gained that changed the impact or certainty. At the final stage of AQbD, sufficient 

knowledge on the specific method is available and all method parameters have become 

either CMP or nCMP. 

The nCMPs (44) were no longer considered for method development and no risk assessment 

(e.g. FMEA) was needed due to their low impact on the ATP requirements. Typically, the 

conditions/settings of the nCMPs are fixed (e.g. a capillary diameter of 50 µm is used, 

although a diameter of 25 or 75 µm could also have been selected) or a wide range of 

settings is allowed (e.g. sample tray temperature may be between 5 °C and 25 °C). All the 

pCMPs (2) and CMPs (14) have medium to high impact on the ATP, based on the criticality 

assessment, and should therefore be optimized and/or controlled. Before method 

development was started, a risk assessment was performed (see Figures 1C and D), to 

prioritize the pCMPs and CMPs according to their risks and to define the initial experiments. 

With this approach the number of required risk assessments was reduced from 540 to 

maximally 144, since 44 nCMPs were identified and excluded in an early stage during AQbD. 
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Table 3: Some parameters scored in the criticality assessment of the CZE method. Orange: CMP, 

yellow: pCMP, and green: nCMP. 

 

Table 4: Scoring table for criticality assessment.  Orange: CMP, yellow: pCMP, and green: nCMP. 
 

 CERTAINTY 

High Medium Low 

IM
PA

C
T 

1 Negligible nCMP nCMP pCMP 

2 Minimal nCMP pCMP pCMP 

3 Marginal CMP pCMP pCMP 

4 Significant CMP CMP pCMP 

5 Catastrophic CMP CMP CMP 

Method parameters Impact on ATP 

negligible - catastrophic 

(1-5) 

Certainty 

high/medium/low  

Risk 

assessment 

required? 

Score 

Buffer pH 5 high Yes CMP 

Buffer type 5 high Yes CMP 

Capillary coating 5 high Yes CMP 

Capillary conditioning 5 High Yes CMP 

Sample type and matrix 5 high Yes CMP 

Detection wavelength 5 high Yes CMP 

Injection mode 4 high Yes CMP 

Capillary storage 4 high Yes CMP 

Cassette temperature 4 high Yes CMP 

BGE degassing 4 medium Yes CMP 

BGE filtration 4 medium Yes CMP 

Injection volume 3 high Yes CMP 

Applied voltage 3 high Yes CMP 

Sample tray temperature 3 high Yes CMP 

Sample treatment (remove DNA) 4 low  pCMP 

Benzonase storage 4 low  pCMP 

CE vials 1 high  nCMP 

CE lamp equilibration time 2 high  nCMP 

Pipette step for sample transfer 1 high  nCMP 

Capillary length 2 high  nCMP 

Capillary diameter 2 high  nCMP 

Capillary alignment interface 2 high  nCMP 

Buffer concentration 2 high  nCMP 

Benzonase type 2 high  nCMP 
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Risk assessment  

The risk assessment is a recurrent activity that is performed at multiple stages of the AQbD 

process [1]. The purpose of the risk assessment in each step is summarized in Table 5.  The 

risk assessment helps to reduce the risks and therefore the occurrence (probability) of the 

possible effect (impact) of a method parameter deviation on the ATP requirements. The 

impact of a method parameter can never be changed, but the risk of happening (probability) 

can be reduced. Understanding the impact of a certain method parameter on precision, 

accuracy or robustness also influences the choices being made during method development. 

  

Table 5: Risk assessment, when and purpose.  

Step When? Purpose? 

Step 3: Defining the 

critical method 

parameters 

After technique selection 

and the criticality 

assessment, at the start 

of method development 

To prioritize the CMPs and pCMPs based 

on the probability of the impact.  

Step 4: Method 

development by design 

of experiments 

During method 

development (when 

knowledge is gained), at 

the end of method 

development prior to 

method validation 

Define the method parameters for 

which you want to test the impact on 

the robustness of the method 

Step 6: Method 

maintenance 

Prior to method transfer 

and implementation, 

before routine use 

To define the control strategy for each 

CMP (system suitability test, trending, 

training) 

 

Fourteen CMPs, 2 pCMPs, and 44 nCMPs were identified for the CZE method (Chapters 4 

and 6) in the previous step by using a criticality assessment (Table 3). In the risk assessment, 

the probability and the impact were scored for each CMP and pCMP for every individual ATP 

requirement (Figure 1C). It is common to score the severity (impact), probability 

(occurrence) and the detectability in risk assessment like FMEA [1, 20]. However, in many 

cases it was difficult to score the detectability and often the overall risk score did not change 

significantly by addition of the detectability score. Therefore, in this specific case only the 

probability and impact were scored on a scale from 1 to 10. For example, the pH of the BGE 

has high impact on both the bias and the selectivity. If the pH is too low or too high, this 

could cause virus degradation, impacting the concentration determination and thus 

resulting in a bias. The pH is also the major parameter for separation in CE and thus impacts 

the selectivity between the adenovirus and the matrix components. The risks of the pH on 

bias and selectivity were assessed separately to be able to focus on both aspects and since 

the impact and probability can be different (#2 and #3 in Table 6). 

The final risk score is the multiplication of the probability and the impact and can be between 

1 (very low risk) and 100 (very high risk) when scoring each between 1 and 10. In this stage, 
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prior to method development, exploratory or screening experiments were proposed to gain 

more knowledge about a method parameter’s effect on e.g. the bias and limit of detection. 

The risk scores were sorted and the method parameters with the highest risk scores were 

optimized first in the method development stage by DOE. The capillary coating, buffer type, 

buffer pH, and the sample type and matrix were defined as the CMPs with the highest risk 

and were first studied in step 4, method development. After the experiments were 

performed, the risks (impact times probability) were scored again. The final aim was to lower 

the risks of all CMPs and pCMPs by having mitigations in place. 

As example, the capillary coating was identified as a CMP with a high risk (score: 80) because 

the adenovirus could adsorb to capillary inner wall impacting the bias or precision (Table 6 

row #1). Therefore, multiple capillaries and coatings were tested and evaluated in 

combination with different BGEs. The tested capillaries were neutral-coated capillaries, 

polyvinyl alcohol (PVA)-coated capillaries, fluorocarbon capillary, and bare-fused silica 

capillaries in combination with the following additives: triethylenetetramine (TETA), sodium 

dodecyl sulphate (SDS), and polysorbate-20. The capillaries were compared based on th 

detection and potential separation of the adenovirus. In general, capillaries with a neutral 

coating in combination with tris/tricine (pH 8.3) or phosphate (pH 7.0) provided the best 

results. The PVA-coated capillary from Agilent was selected as a mitigation since this 

capillary showed good virus recovery and separation. The PVA-capillary was chosen over the 

other neutral-coated capillaries due to the availability of a high sensitivity bubble cell 

(improved S/N) and easiness of operation (precut capilllaries and no storage in water to 

prevent contact with air). The risk score after mitigation was reduced from 80 to 20 by 

selecting the PVA-coated capillary (Table 6 row #1) [25]. 
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Table 6: A selection of risks from the risk assessment during steps 3 and 4 of AQbD. The risk is scored before and after the mitigation. The impact is scored 

from 1 (low impact) to 10 (high impact). The probability is scored from 1 (low probability) to 10 (high probability). 

Red: High risk score, orange: medium risk score: pCMP, and green: low risk score. 
 

    Risk score before mitigation   Risk score after mitigation 

# CMP  ATP 

requirement 

impacted 

Possible cause of 

impact  

Impact 

(1-10) 

Probability 

(1-10) 

Score 

(before 

mitigation 

Proposed 

experiments 

Mitigation Impact 

(1-10) 

Probability 

(1-10) 

Score 

(after 

mitigation 

1 Capillary 

coating 

Bias and 

precision 

Virus adsorption 

to the capillary 

wall could impact 

bias and precision 

10 8 80 Test multiple 

capillaries and 

coatings and select 

capillary + coating 

with good virus 

recovery 

A PVA coated capillary 

was selected to 

prevent adsorption of 

the adenovirus  

10 3 30 

2 Buffer pH Bias A pH that is too 

low or too high 

could cause virus 

degradation 

10 8 80 Find the optimal pH 

range for adenovirus 

stability 

The optimal pH range 

was determined as 

pH 6.0 – 8.5. 

10 1 10 

3 Buffer pH Specificity / 

selectivity 

and bias 

The pH of the BGE 

could impact the 

selectivity and 

therefore the 

separation of the 

adenovirus from 

its matrix 

components 

7 10 70 Screen several buffer 

types (with different 

pH) to evaluate the 

impact on the 

selectivity. Select a 

BGE and pH and 

perform a robustness 

design 

A BGE containing 

125 mM tris and 338 

mM tricine at pH 7.7. 

was selected and 

optimized. This BGE 

and pH allowed for 

baseline separation of 

all peaks and could be 

reproducibility 

prepared (robust). 

10 1 10 

 

Table 6 continues on the next page 
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Table 6 continued: A selection of risks from the risk assessment during steps 3 and 4 of AQbD. The risk is scored before and after the mitigation. The impact 

is scored from 1 (low impact) to 10 (high impact). The probability is scored from 1 (low probability) to 10 (high probability).  

Red: High risk score, orange: medium risk score: pCMP, and green: low risk score. 

    Risk score before mitigation   Risk score after mitigation 

# CMP  ATP 

requirement 

impacted 

Possible cause of 

impact  

Impact 

(1-10) 

Probability 

(1-10) 

Score 

(before 

mitigation 

Proposed 

experiments 

Mitigation Impact 

(1-10) 

Probability 

(1-10) 

Score  

(after 

mitigation 

4 Buffer pH Precision Variations in the 

BGE pH might 

impact the 

migration time 

precision of the 

method  

6 10 60 Prepare the BGE in 

such a way that the 

pH is reproducible 

Tris and Tricine at 

fixed concentrations 

(instead of titrated) to 

reduce the pH 

variation  

6 1 6 

5 Sample 

type and 

matrix 

Bias and 

precision 

Sample matrix 

components like 

DNA, protein, or 

salts could impact 

the precision and 

bias 

10 8 80 Evaluate whether a 

sample treatment 

is required for a set 

of representative 

samples from DSP 

and USP 

A sample treatment 

was implemented for 

crude samples to 

remove residual DNA. 

The precision and bias 

were determined and 

acceptable for three 

representative 

samples: CH, AEX, and 

DS 

10 3 30 

6 Detectio

n 

waveleng

th 

LOD and LOQ If the wrong 

detection 

wavelength is 

selected, this 

could result in low 

S/N values. 

10 8 80 Evaluate and select 

a wavelength that 

allows for 

adenovirus 

detection and 

quantification 

A wavelength of 

214 nm was selected 

to analyse adenovirus.  

10 1 10 
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5.2.4 STEP 4: METHOD DEVELOPMENT BY DESIGN OF EXPERIMENTS 

Method parameters are often optimized during method development by an OFAT  

(one-factor-at-a-time) approach [28], meaning that one parameter is varied while keeping 

the other parameters are kept at a fixed value. The disadvantages of such an approach is 

that it is unlikely that the real optimum is found, that possible interaction effects (optimum 

of one parameter depends on the setting of another parameter) of parameters are not 

considered, and that robustness is not part of the method development [28, 29]. Design of 

experiments (DOE) is an alternative approach to study the effect of multiple parameters at 

the same time on a response in one design. The advantages of DOE are 1) it requires less 

resources (less experiments and time), 2) interaction and quadratic effects can be studied, 

3) the model of the DOE can be used to predict the effect of a parameter of a response, and 

4) the estimated effects are more precise since most data from the design can be used for 

prediction, compared to only 1 or 2 data points in the OFAT approach [28]. 

Three types of DOEs were used throughout the work described in this thesis: i) screening 

designs, ii) method optimization designs and iii) robustness designs. The purpose of a 

screening design is to gain knowledge about method parameter effects in case of 

knowledge. In Chapter 4, a screening design was used to assess the impact of the capillary 

coating, buffer type, and buffer pH on a set of representative samples from DSP and USP 

[25]. The screening showed that a capillary coating was crucial to prevent virus adsorption 

following sample matrix adsorption, and that a pH between 6.0 and 8.5 had to be selected 

to prevent virus degradation. A combination of Tris and tricine was selected as buffer type 

for multiple reasons. The buffer could be prepared without the need of adjusting the pH, 

meaning that the ionic strength was easy to reproduce for each buffer preparation. A BGE 

pH close to the pKas of tricine and Tris in combination with high concentrations provided a 

strong buffer. Moreover, the electrophoretic mobilities of tricine and Tris were low, which 

avoided high CE currents and excessive Joule heating and allowed for high voltages to be 

applied. The risk assessment was re-evaluated after the experiments were performed and 

mitigations were addressed. Table 6 shows that the initial risks (scores between 70 and 80) 

were significantly reduced to scores of 6-30. 

Optimization DOEs were used to study synergism and antagonism between the CMPs and 

to define the optimal range for 3 to 5 CMPs. The final result was typically a design space 

were the behaviour of parameters and the combination of parameters could be predicted 

by a statistical model. In Chapter 4 (paragraph 3.1), an optimization DOE was used for the 

CZE method development [25]. The Tris concentration, the tricine concentration, the 

separation voltage and the capillary effective length were studied in a full factorial design to 

optimize the separation efficiency for the adenovirus and to reduce the total run time. A 

second DOE was used to optimize the benzonase sample pre-treatment to eliminate 

possible peak interference from DNA with the adenovirus [25]. The sample treatment 

conditions were studied and optimized in a broad range using a full factorial design, 

investigating the incubation temperature (RT or 37 °C), the benzonase concentration  
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(0.2, 1.6, or 8 units/ml), and the MgCl2 concentration (1.5 or 30 mM). The adenovirus peak 

and previously interfering peaks were baseline separated using 8 units/ml benzonase, 

1.4 mM MgCl2, and incubation for 30 min at 37 °C. 

Subsequently, the robustness of the selected conditions was tested in a third DOE. Method 

robustness DOEs are used to evaluate the effect of the method parameters on the results 

when small variations are applied. A full factorial design was used to study 7 – 9 U/ml 

benzonase, 1 – 1.8 mM MgCl2, and incubation time of 25 – 35 min at 37 °C [25]. The 

robustness DOE showed that the sample treatment conditions were robust at the selected 

conditions for small variations due to operator errors or day-to-day variance. 

 

5.2.5 STEP 5: METHOD VALIDATION 

The implementation of AQbD has channelled an ongoing discussion about method validation 

[9]. For some time, there have been shifting views on validation from “the best you can do” 

towards realistic expectations on performance for the life-time of a method. With AQbD, 

requirements on a method performance are set in the ATP ahead of method development 

and during development the focus is to fulfil these requirements for the method to be fit for 

purpose [1, 9]. Thus, the traditional validation according to ICHQ2 is not in line with the 

current thinking. Rather, the combination of ATP, method development, method 

qualification and life cycle management will constitute and assure the validated status of 

the method. Currently, ICHQ2 is being revised and a new guideline, ICHQ14, is being 

developed [13]. These new guidelines are expected to reflect the current thinking on 

method validation for predictive life-cycle expectations rather than conformational 

validation as in the currently valid ICHQ2. 

In method validation according to ICH guideline Q2-R1 [24], dependent on the purpose of 

method, various method characteristics are assessed, including specificity, precision, bias, 

linearity, LOD, LOQ and range. After a method validation, it can be concluded that the 

method performance, in terms of precision, bias etc., was acceptable in those validation 

experiments. However, the validation experiments do not give any guarantee that future 

results obtained by the method have the same quality [30]. Hubert et al. [30-33] proposed 

an alternative statistical methodology to predict the quality of the method’s future results 

by assessing the total error of an analytical method. The total error, which is the sum of the 

random error (precision) and the systematic error (bias), of an analytical method, evaluates 

the method’s ability to produce accurate results and can be assessed using accuracy profiles. 

In contrast to ICH validation experiments, the total error approach assures, with a certain 

probability (β), that the future results of the analytical method have the proper quality. 

The accuracy profile (Figure 3) shows the relative bias of the method, the calculated  

β-expectation tolerance intervals and the acceptance limits. The β-expectation tolerance 

intervals, calculated from the intermediate precision and bias of the analytical method, are 

statistical intervals in which it is expected that each future result will fall with β probability 

(typically 90%). The accuracy profiles also allow for the evaluation of ICH parameters LOQ, 
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range and linearity. The LOQ and range of the method can be determined by selecting the 

lowest and/or highest concentration levels with β-expectation tolerance intervals that are 

within the acceptance limits. The linearity of the method is integrated in the accuracy 

profile, since the method can only produce accurate results if the linearity of the method 

was sufficient. 

 

 
Figure 3: Accuracy profile of the adenovirus concentration determination. The orange line represents 

the relative bias. The blue lines represent the 90% β-expectation tolerance intervals (prediction for 

future results) and the dotted black lines represent the acceptance limits of 20%. 

 

The CZE method in Chapters 4 and 6 was validated according ICH guideline Q2-R1, and in 

addition the total error of the method was assessed. Figure 3 shows the accuracy profile for 

the adenovirus concentration determination in drug substance by CZE. The β-expectation 

tolerance intervals were < 20% (acceptance limits) at all concentration levels from  

2.5 x 1010 – 2.0 x 1011 VP/ml. There is 90% chance that future results will have a result with 

< 20% total error. Based on the accuracy profile the LOQ was set at 2.5 x 1010 VP/ml and the 

range was 2.5 x 1010 – 2.0 x 1011 VP/ml for drug substance. In Chapter 6, the use of a system 

suitability control (SSC), consisting of drug substance material at 1.0 x 1011 VP/ml, is 

described and the acceptance criterion for the SSC was 1.0 x 1011 VP/ml ± 15% based on the 

accuracy profile shown in Figure 3. 
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5.2.6 STEP 6: METHOD MAINTENANCE 

The method maintenance is the phase wherein the method is implemented, e.g. by transfer 

from analytical development to the executing lab. A control strategy is defined for the critical 

method parameters, to assure method performance according to requirements during 

routine use of the method. At the start of this phase the criticality and risk assessments were 

reviewed to determine if any critical method parameter of the CZE method was not yet 

adequately controlled (Table 5). 

The capillary coating was a CMP with a high risk (score: 80) to impact the precision and bias 

of the adenovirus concentration. Although the probability was reduced from 8 to 3 by 

selecting a PVA-coated capillary, the risk score was still 30 after method optimization and 

validation (see #1 in Table 7). The capillary coating fouls upon exposure to the adenovirus 

sample matrix containing cell debris, proteins, and DNA. In addition, lot-to-lot variation was 

observed for different capillary batches. The degree and rate of degradation could not be 

predicted and was variable. Some capillaries could handle over 300 sample injections and 

others stopped performing after 10 injections. Table 7 (1.1, 1.2 and 1.3) shows the risks of 

the lot-to-lot variations (risk of 50) and the exposure to the sample matrix (risk factors of 

100). To control the lot-to-lot variation, the incoming batches were tested to verify the 

precision and bias for specific capillary lots and only specifically selected lots were used. This 

approach is also common for LC columns. Selecting approved lots reduced the probability 

from 5 to 1 and, therefore, the risk from 50 to 10 (1.1 in Table 7). The risk of adsorption of 

sample matrix components by exposure to the capillary coating was further mitigated by 

capillary conditioning and controlled by the implementation of a thorough system suitability 

test (SST) (see Section 3.1 chapter 5). The SST was performed prior to each run (sequence) 

to assure a total error of < 15% on an adenovirus system suitability control of 1x1011 VP/ml 

and a precision of < 5% RSD (n = 6) on the adenovirus peak area (see Figure 4 in Chapter 6). 

In addition, a system suitability control sample (SSC) was analysed throughout the sequence, 

after every 5 injections, to check the total error during the run.  An additional mitigation 

measure to verify capillary performance was monitoring the migration time and peak area 

RSD% (n = 6) of the adenovirus peak, and the concentration of the SSC sample within defined 

control limits (see Figure 6 in Chapter 6). The mitigations reduced the risk scores from 100 

to 10 by reducing the probability of fouling of the CMP capillary coating (1.2 and 1.3 in Table 

7). The SST and trending of critical data from the CZE method assured that after 525 

analytical runs (sequences), over two years, the precision and the bias of the method still 

adhered to the original requirements from the analytical target profile. Chapter 6 describes 

the method maintenance phase in detail for the CZE method. 
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Table 7: Risk assessment for the capillary coating during step 6 of AQbD. The risk is scored before and after the mitigation. The impact is scored from 1 (low 

impact) to 10 (high impact). The probability is scored from 1 (low probability) to 10 (high probability). Red: High risk score, orange: medium risk score: pCMP, 

and green: low risk score. 

    Risk score before mitigation  Risk score after mitigation 

# CMP ATP 

requirement 

impacted 

Possible cause of impact  Impact 

(1-10) 

Probability 

(1-10) 

Score 

(before 

mitigation 

Mitigations 

 

Impact 

(1-10) 

Probability 

(1-10) 

Score 

(after 

mitigation 

1 Capillary 

coating 

Bias and 

precision 

Virus adsorption to the 

capillary wall could impact 

bias and precision 

10 8 80 A PVA coating capillary was 

selected to prevent 

adsorption 

10 3 30 

1.1 Capillary 

coating 

Bias Lot-to-lot variation of the 

capillaries and the coating.   

10 5 50 Test incoming new batches 

and use one specific lot  

10 1 10 

1.2 Capillary 

coating 

Bias Fouling of the capillary coating 

due to adsorption of 

adenovirus sample matrix 

containing cell debris, DNA 

and protein 

10 10 100 Improved capillary 

conditioning and check of 

the total error prior to 

each analytical run and 

during the run. Monitor in 

control charts 

10 1 10 

1.3 Capillary 

coating 

Precision Fouling of the capillary coating 

due to adsorption of 

adenovirus sample matrix 

containing cell debris, DNA 

and protein 

10 10 100 Improved capillary 

conditioning and check of 

the precision prior to each 

analytical run and during 

the run. Monitor in control 

charts 

10 1 10 
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5.3 CONCLUDING REMARKS 
An AQbD strategy was evaluated and used for the work described in Chapters 4 and 6. The 

first challenge encountered was the lack of guidelines or work instructions describing the 

application of AQbD in practice. Typically, only the vision, the rationale and a high-level 

approach of AQbD are described in literature, and therefore tailor-made tools had to be 

created and developed for most of the AQbD steps. 

The first step of the AQbD process we adjusted was the definition of the ATP to describe the 

method requirements, the scope and the purpose of the requested method. The initial ATP, 

based on literature [1, 2, 9], was complemented with business requirements (including time-

to-result, availability of equipment, development time). Although these requirements are 

not strictly analytical, they help to focus on the ultimate goal of the method and guide 

selections during method development. Defining the ATP stimulated discussions and 

alignment between the analytical developer and the requester (the client) and served as a 

contract (agreement) prior to method development. These discussions also helped to avoid 

intuitive selection of previously used techniques. The technology selection, the second step 

of the AQbD process, helped to further align and match the expectations of the client with 

the method requirements by creating an overview of all possible techniques and capturing 

the rationale for selecting a specific technology. The ATP and draft technology selection 

were presented to and shared with fellow scientists for scientific review. The technology 

selection was also shared with the client to allow involvement with the technology selection 

and to have a final agreement on the selected technique(s). The added prioritization of the 

ATP requirements was crucial to perform a good technology selection. Techniques were no 

longer evaluated when priority 1 ATP requirements were not met, which saved time and 

effort. Two major challenges were encountered in the technology selection. Firstly, 

technologies from literature that were not available in-house or technologies for which in-

house knowledge was unavailable, were often not selected as the technique of choice. 

Secondly, for high priority projects it was too risky to focus on development of one method 

only, especially when method development had to be performed from scratch. In this 

respect, performing feasibility experiments (internally or externally) for new technologies is 

advisable in order to have additional information for technology selections. Additionally, for 

high-urgency projects we recommend to focus on two or more techniques at the same time, 

to increase the chance to deliver a method that adheres to the ATP requirements in time. 

After technology selection, the critical method parameters (CMPs) were defined in step 3 of 

the AQbD process. It is common to capture the method parameters in a fishbone diagram 

and to perform a FMEA to define the CMPs [1, 20, 21]. The risk of each method parameter 

is scored for every ATP requirement. In case of CZE, there were 60 method parameters and 

9 ATP requirements, which makes up for 60 x 9 = 540 risk assessments. This was practically 

daunting and undesirable, and therefore a criticality assessment was introduced before the 

risk assessments in order to reduce the parameters that should be considered for the FMEA. 
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The criticality assessment did not only identify the CMPs in an early stage, but also the non-

CMPs and the pCMPs. The major advantage of the criticality assessment was that the non-

critical method parameters (n = 44 for this particular CZE method) were not taken along in 

the FMEA, significantly reducing the number of required risk assessments. All the knowledge 

from the CMPs was captured in the FMEA including their possible failure effects, and 

proposed experiments were captured (reusable/shareable) and could be sorted/prioritized 

based on their risks for further method development. 

Method development, with focus on the CMPs with high risks, was performed by DOE 

instead of OFAT in step 4 of the AQbD process. The main advantages of the DOE approach 

were that multiple CMPs could be optimized in one design, interaction effects between 

several method parameters could be studied, and predictions of the responses could be 

made for conditions that were not even part of the design, all in a reduced number of 

experiments. Moreover, the design space allowed to select optima for the method 

parameters that were robust towards small changes. The risk of DOE is that the selected 

optimum is found on the edge of the design space, which would require additional 

experiments for full understanding. Another risk is that no data is obtained at the extremes 

of the design space (e.g. incomplete electropherograms or non-resolved peaks). In case no 

data is obtained, the DOE software cannot generate a complete model and cannot predict 

the response of a factor. Therefore, it is advised to perform feasibility experiments prior to 

a DOE to assure quantifiable data will be obtained at all tested conditions. 

The CZE method was validated in step 5 of the AQbD process accordingly ICH guideline  

Q2-R1 conforming the specificity, precision, bias, linearity, LOD, LOQ and range. This 

approach showed that the all method characteristics met the acceptance criteria, but it did 

not give an expectation for the error that can be expected for individual future 

measurements. Therefore, the total error or total measurement uncertainty (TMU) for 

future measurements was additionally calculated. The major advantage of the total error 

approach was that the predicted error for future measurements was based on probability 

(β) and that it considers additional future variation that was not accounted for in method 

validation. Another advantage was that method linearity, the LOQ and the specifications for 

the SST could be derived from the total error profile. The drawback of the total approach is 

that it is difficult to set acceptance limits as there is little experience yet, and limits could 

not be set for the total error and precision and bias at the same time [34]. Additionally, the 

ICH Q2-R1 validation parameters are still expected from the governmental regulatory bodies 

(e.g. FDA) and therefore the total error was only reported for information for the CZE 

method. 

The last step of the AQbD process was the method maintenance phase. The criticality and 

risk assessment were revised. The advantage of the FMEA in this stage was that it was clear 

which CMPs/risks were not yet mitigated and required a control strategy (e.g. SST or 

monitoring). The AQbD process with its tools assured that the method requirements, as 
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captured in ATP, could be guaranteed over many years by checking the CMPs prior to sample 

analysis in an SST and by monitoring them over time in control charts. 

Before AQbD was used and implemented, there was a lack of standardization that resulted 

in long lead times for method development and some methods suffered from robustness 

issues causing redevelopment and troubleshooting. These issues were overcome by using 

the AQbD process. AQbD offered a structured risk-based approach for method 

development. The knowledge and decisions made were captured and were shareable and 

reusable. As a result, training of new operators is more focused and there are fewer invalid 

analyses when the method is applied to real samples. 
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ABSTRACT 
A CZE method was validated and implemented for fast and accurate in-process 

determination of adenovirus concentrations of downstream process samples obtained 

during manufacturing of adenovirus vector-based vaccines. An analytical-quality-by-design 

(AQbD) approach was embraced for method development, method implementation, and 

method maintenance. CZE provided separation of adenovirus particles from sample matrix 

components, such as cell debris, residual DNA and proteins. The intermediate precision of 

the virus particle concentration was 6.9% RSD and the relative bias was 2.3%. In comparison, 

the CZE method is intended to replace a qPCR method which requires three replicates in 

three analytical runs to achieve an intermediate precision of 8.1% RSD. Given that, in 

addition, the time from sampling till reporting results of the CZE method was less than 

2 hours, whereas qPCR requires three days, it follows that the CZE method enables faster 

processing times in downstream processing (DSP).
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6.1 INTRODUCTION 
Modified adenoviruses are being developed as gene-delivery vectors in vaccines against 

infectious diseases [1-3]. The viral DNA can be altered to render the virus non-replicating 

and to encode for the vaccine’s antigen of interest, for example against human 

immunodeficiency virus (HIV) or Ebola [4, 5]. Upon vaccination, the antigen will be expressed 

in the human cells and presumably trigger an immune response which will subsequently 

confer protection against the infectious disease. The adenovirus vectors made by the 

AdVac® technology were modified such that they can not replicate in human cells but can 

be replicated to high titers using the modified PER.C6® human cell line [4, 5]. Downstream 

processing (DSP) for recovery and purification of adenovirus is described in [6]. In short, the 

DSP process comprises cell lysis, clarification and filtration, purification by anion exchange 

chromatography, and a buffer exchange step [7]. The purification steps aim to remove host 

cell DNA, non-encapsidated viral DNA, host cell proteins and viral proteins, and to achieve a 

high concentration of adenovirus [6, 7]. The virus particle concentration of an adenovirus 

vector-based vaccine product is an important quality attribute that should be monitored and 

controlled throughout the production process [7, 8]. The concentration of virus particles is 

often used to optimize and adapt DSP. In-process control (IPC) testing of the virus content 

is performed during manufacturing, in order to select DSP settings for subsequent most 

efficient purification [8, 9]. The virus particle concentration is an essential parameter to 

determine or adjust the virus load prior to anion exchange chromatography and to dilute 

the final product to the target concentration [7]. 

The concentration of adenovirus particles in vaccine process intermediates can be 

determined using anion exchange (AEX) HPLC [10-12], quantitative polymerase chain 

reaction (qPCR) [13], or capillary zone electrophoresis (CZE) [14, 15]. qPCR measures the 

amount of encapsidated viral DNA after amplification and fluorescence labelling of a 

sequence specific for the adenovirus. CZE and AEX-HPLC, on the other hand, measure the 

amount of intact virus particles (with or without DNA). AEX-HPLC is relatively fast, but the 

method suffers from serious matrix effects when the test samples contain high salt 

concentrations or cell debris. Therefore, qPCR and CZE are the current methods of choice 

for the quantitative analysis of adenovirus in process intermediates [7, 13-15]. 

The analytical method for IPC testing of the virus content ideally should meet the following 

requirements: 1) accurate and precise, 2) compatible with the complex matrices of process 

intermediate samples, and 3) the time-to-result (i.e. the time between sampling and 

reporting of the analytical result) should be as short as possible. Imprecise or inaccurate 

measurement of the virus content could lead to, for example, overloading of the AEX column 

or an incorrect dilution of the final product [7]. As the production process is typically on-

hold during an IPC test, long analysis times could lead to product degradation during this 

hold. Our research focused on an at-line testing approach which allows the adenovirus 

concentration of an in-process control (IPC) sample to be analysed and reported within 4 h. 
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For this, we implemented a CZE method providing fast determination of the virus particle 

concentration in DSP intermediates. The CZE method was aimed to replace a standard qPCR 

method, which takes at least one day to achieve a reliable result for one sample. Incomplete 

adenovirus particles (without viral DNA or incomplete DNA) can only be detected by CZE and 

not by qPCR causing a possible bias between the two methods. However, process 

characterization has shown that the number of incomplete virus particles is consistent in 

the USP and DSP samples and the calibrant. Therefore, the concentration obtained by qPCR 

and CZE should theoretically be equivalent. In order to replace the qPCR method for IPC 

testing by CZE, equivalence between the CZE and qPCR methods was assessed by statistical 

methods.  

An analytical-quality-by-design (AQbD) approach was embraced for the development, 

validation and implementation of the CZE method.  AQbD consists of six defined steps [16, 

17]: 1) definition of the analytical target profile (ATP) describing the objective of the test and 

the requirements, 2) technology selection, 3) definition of the critical method parameters 

by a criticality (risk) assessment, 4) method development by design of experiments (DOE), 

5) method validation, and 6) method maintenance. Upon completion of the first five steps, 

a previously validated CZE method was proposed as an alternative to qPCR for the 

quantification of intact adenovirus particles in samples from upstream processing (USP) and 

DSP [14]. The ATP described an intermediate precision of < 10% RSD of the adenovirus 

particle concentration for the IPC control, a bias of < 10%, and a time-to-result of less than 

4 h. This paper describes the last step of the AQbD process for the CZE method: the method 

maintenance. In this phase, the method is installed (i.e. transferred to the executing lab and 

implemented for routine use) and a control strategy is defined for the critical method 

parameters, to assure method performance according to requirements during routine use 

of the method. 
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6.2 MATERIALS AND METHODS 
 

6.2.1 CHEMICALS AND MATERIALS 

Tricine (BioUltra grade, ≥99.5%) was obtained from Sigma Aldrich (Zwijndrecht, the 

Netherlands), tris(hydroxymethyl)aminomethane (pH Eur grade, >99%), polysorbate-20 

(Molecular Biology Grade, specific gravity: 1.100-1.110), Milli-Q® Ultrapure Water, and 

benzonase (activity: ≥250 units/µl) were from Merck Millipore (Amsterdam-Zuidoost, 

the Netherlands). Extended light path PVA capillaries of 50 µm id with a total length of 

64.5 cm were from Agilent Technologies (Waldbronn, Germany). Formulation buffer, 1 M 

magnesium(II) chloride solution, and adenovirus crude harvest, lysed harvest, clarified 

harvest, anion-exchange product, diafiltration product, drug substance, drug product, and 

reference material (i.e. calibrant) were from Janssen Vaccines and Prevention BV (Leiden, 

the Netherlands). Forward primer (CMV, MGB) 5’-TGGGCGGTAGGCGTGTA-3’ (PN 4304972), 

reverse primer (CMV, MGB) 5’-CGATCTGACGGTTCACTAAACG-3’ (PN 4304972), and probe 

(CMV-2, MGB) 5’-VIC-TGGGAGGTCTATATAAGC-MGB-NFQ-3 were obtained from Applied 

Biosystems (Gent, Belgium). 

 

6.2.2 INSTRUMENTATION AND CZE METHOD 

All CZE experiments were performed on an Agilent 7100 Capillary Electrophoresis system 

comprising a UV-Visible diode-array detector (Waldbronn, Germany). Data processing was 

performed with Agilent Openlab CDS software or Empower 3 Chromatography Data 

Software. Extended light path PVA-coated capillaries of 50 µm id (375 µm od) were cut to a 

total length of 33 cm. Capillary preconditioning was performed prior to each injection with 

10 mM phosphoric acid and BGE at 2.5 bar for 1 min each. The BGE consisted of 125 mM 

Tris, 338 mM tricine (pH 7.7), and 0.2% polysorbate-20. Sample injection was at 50 mbar for 

5 s at the short end of the capillary (8.5 cm effective length). The separation voltage was -

25 kV, the run time was 3.5 min, the capillary was thermostated at 15 °C, and the sample 

tray was thermostated at 5 °C with a Huber Minichiller 3006.0015.99 (Offenburg, Germany). 

UV-absorbance detection was at 214 nm (4 nm bandwidth).   

Prior to every CZE run (i.e. sequence) a system suitability test (SST) is performed (see below, 

section 3.3.). The SST starts by filling the capillary with BGE and applying a voltage of -25 kV 

without performing an injection. This step is performed to check if the capillary is freely 

accessible for BGE and should provide a current between 40 and 60 µA. Subsequently, two 

blanks (i.e. formulation buffer) are analysed to check for system contamination. Next, an 

adenovirus system suitability control (SSC) sample with a concentration of  

1.0 x 1011 adenovirus particles per ml (VP/ml) is injected 6 times to verify peak area 

repeatability, migration time repeatability, and the concentration response. The adenovirus 

concentration of the control sample should be within 0.85 and 1.15 x 1011 VP/ml, which is 

based on the total error (≤15% for 1.0 x 1011 VP/ml) of the CZE method. All these 
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requirements need to be met to pass the SST. Most of the adenovirus samples could be 

analysed directly without dilution. Some adenovirus samples, typically drug substance, with 

a concentration between 7.3 x 1011 – 2.0 x 1012 VP/ml were diluted with formulation buffer 

to comply the validated range of 0.5 x 1011–7.3 x 1011 VP/ml. The adenovirus concentrations 

of the samples were determined by one-point calibration with an adenovirus reference 

material (i.e. calibrant) at 7.3 x 1011 VP/ml. 

 

6.2.3 METHOD VALIDATION AND DETERMINATION OF THE TESTING FORMAT FOR 

CLARIFIED HARVEST IPC SAMPLE 

The method repeatability (variation within a run), intermediate precision (sum of the 

variation within a run and the variation between runs) and the bias for the clarified harvest 

IPC samples were determined for CZE and qPCR at 5 concentration levels in the range of 

0.25 x 1011–2.0 x 1011 VP/ml, with 3 measurements at each concentration level, repeated 

on three different days by two different operators (Table). Known amounts of adenovirus 

calibrant were spiked into the clarified harvest sample matrix at levels in the range of 0.25 x 

1011 – 2.0 x 1011 VP/ml. The intermediate precision acceptance criterion was ≤ 10% RSD for 

the adenovirus concentration. The bias acceptance criterion was < 10% relative bias 

(difference between the measured concentration and the expected reference 

concentration). 

The intermediate precision depends on the number of measurements and on the number 

of analytical runs, according to Equation 1.  

𝑆𝐷𝐼𝑃 = √
𝑉𝑎𝑟_𝐵

𝑝
+

𝑉𝑎𝑟_𝑊

𝑛∗𝑝
      (Equation 1) 

                       

Where Var_B represents the variance between runs (variance of the day and operator 

combined), Var_W represents the variance within runs, p is the number of runs, and n is the 

number of measurements. 

 

6.2.4 EQUIVALENCE STUDY  

Table 2 gives an overview of the process intermediates and final product tested in the 

equivalence study. Three measurements per sample in 1 analytical run (3 x 1 testing format) 

were performed by qPCR and one measurement per sample in 1 analytical run (1 x 1 testing 

format) was performed by CZE. The qPCR analyses were performed according to Ma et al. 

[13], with specific primers and probe as described above. The CZE analyses were performed 

according to van Tricht et al. [14]. The crude harvest and lysed harvest samples were treated 

with benzonase (0.2 units benzonase per ml in 31 mM MgCl2 and incubated for 1 h at room 

temperature). 

Correlated Bivariate Least Squares (CBLS) regression [18] was used to demonstrate the 

equivalence of the CZE and qPCR method. CBLS is a regression model that takes as 
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dependent variable the differences between two measurements of the same sample 

performed with both methods and as predictor the mean of the measurements. Then the 

95% prediction interval of the differences in virus particle concentration between qPCR and 

CZE are calculated for the entire concentration range. The prediction interval is the interval 

in which 95% of the future observations will fall. The CZE and qPCR methods were 

considered equivalent or interchangeable in practice if the prediction interval calculated for 

the differences in virus particle concentration fell within the equivalence limits of  

[-0.2–0.2] log10 VP/ml for the entire concentration range (i.e. the difference in concentration 

between CZE and qPCR for future measurements is maximally 0.2 log10 VP/ml). The 

BivRegBLS package in the R v.3.5.1 statistical software was used for the analyses.  
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6.3 RESULTS AND DISCUSSION 
A typical result for CZE analysis of a clarified harvest IPC sample is shown in Figure 1a. The 

adenovirus at 2.2 min is baseline separated from sample matrix components, such as cell 

debris, residual DNA and proteins. The paragraphs below describe the implementation of 

the CZE method, the determination of the testing format, the equivalence between CZE and 

qPCR, the reduction by of the time-to-result, and the method performance of the CZE 

method in routine use (over 500 runs/sequences). 

 

Figure 1: Electropherograms of a clarified harvest IPC sample (1.3 x 1011 VP/ml) (a), a blank formulation 

buffer (b), an adenovirus system suitability control (SSC) sample (1 x 1011 VP/ml), 6 repeated analyses 

(overlaid) (c), and an adenovirus calibrant / assay control (7.3 x 1011 VP/ml) (d).  

Conditions: BGE: 125 mM Tris and 338 mM tricine (pH 7.7) with 0.2% polysorbate-20; PVA-coated 

capillary with effective length of 8.5 cm; applied voltage, -25 kV. Other conditions: see Materials and 

Methods.   

 

6.3.1 ESTABLISHING THE TESTING FORMAT BASED ON METHOD VALIDATION DATA 

Up till now, qPCR was the standard method for the determination of the concentration of 

virus particles in IPC samples from the clarified harvest. Figure 2 gives an overview of the 

DSP. The adenovirus concentration determined in the IPC sample (Figure 2c) serves two 

purposes. Firstly, the concentration is needed to determine the number of purification 

cycles for AEX chromatography (Figures 2d and e). If the virus particle concentration is 

underestimated due to e.g. method bias or lack of precision of the reported value, then the 

AEX column might be overloaded and/or clogged. Secondly, the determined virus 

concentration is used to dilute the diafiltration product (Figures 2f and g) with formulation 
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buffer to the target concentration of the drug substance (Figure 2h). If the total error (sum 

of the bias and the intermediate precision) of the IPC measurement is too large, then the 

drug substance will be too diluted or too concentrated and fails the concentration 

acceptance criterion. 

 

 

Figure 2: Overview of the DSP from crude harvest (a) to drug substance (h). The IPC result (c) is used 

to determine the number of purification cycles for the AEX chromatography (d and e) and the dilution 

of the diafiltration product (f and g) with formulation buffer to achieve the target concentration of the 

final drug substance (h). 

 

Based on the requirements in the ATP, the method to determine the virus particle 

concentration in the IPC sample should have an intermediate precision of  10% RSD and a 

bias of < 10% in order to enable a reliable determination of the number of AEX purification 

cycles needed and to accurately dilute the final diafiltration product. Method repeatability 

(i.e. within-run variation), between-run variation, intermediate precision (sum of the within-

run and between-run variation), and bias of the concentration of virus particles were 
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assessed in method validation (Table 1A) for both CZE and qPCR. In addition, CZE results 

were compared to those of qPCR obtained for the same IPC sample (clarified harvest). The 

results obtained by qPCR are log-normally distributed and therefore the precisions were 

calculated in log10 VP/ml for both methods, to allow direct comparison (Table 1A and C). 

The intermediate precisions of the CZE and qPCR method were 6.9% RSD and 15.9% RSD, 

respectively (Table 1B). Based on the between-run and within-run variances determined in 

the method validations, 3 measurements are needed by qPCR in 3 analytical runs to obtain 

a result with a precision of 8.1% RSD (equation 1).  With CZE, a single measurement is 

sufficient to have a precision of 6.9% RSD (Table 1B). It takes up to 3 days to perform the 

required 3 qPCR analyses, which means that the production process is on-hold for 3 days 

awaiting the qPCR results. With CZE, the holding time is much shorter since the analysis is 

faster and only a single measurement needs to be performed. The relative biases were 2.3% 

and 13.9% for CZE and qPCR, respectively. Hence, the CZE method meets the ATP 

requirement for intermediate precision of < 10% RSD, when employing a testing format of 

1 measurement in 1 analytical run. CZE also meets the ATP requirement for bias (< 10%). 

The total error (sum of the bias and the intermediate precision) of the CZE method for a 

single measurement was estimated to be < 15% based on the intermediate precision and 

the relative bias according to [19].  
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Table 1: Overview of the between run, within run (method repeatability) and total variance 

(intermediate precision), the intermediate precision per testing format, and the bias of CZE and qPCR 

analysis of a clarified harvest sample (IPC). A) Between-run variance, within-run variance and total 

variance in log10 VP/ml of the CZE and qPCR methods for the determination of the adenovirus particle 

concentration. B) Intermediate precision in %RSD for different testing formats using CZE and qPCR.  

C) Bias (log10 VP/ml) and relative bias (%) of the CZE and qPCR method for adenovirus particle 

concentration. 

 

A)  VARIANCES PER TEST METHOD IN LOG10 VP/ML 
 

Variances CZE qPCR 

Between run 1.5E-04 3.1E-03 

Within run (method repeatability) 7.4E-04 1.6E-03 

Total (intermediate precision) 8.8E-04 4.7E-03 

   

B)  INTERMEDIATE PRECISION PER TESTING FORMAT IN %RSD 
 

Testing format CZE qPCR 

1 measurement in 1 analytical run (n = 1) 6.9 15.9 

3 measurements in 1 analytical run (n = 3) 4.6 14.0 

1 measurement in 3 analytical runs (n = 3) 4.0 9.2 

3 measurements in 3 analytical runs (n = 9) 2.6 8.1 

   

C)  BIAS PER TEST METHOD 
  

Bias CZE qPCR 

Bias (log10 VP/ml) 1.0E-02 6.0E-02 

Relative bias (%) 2.3 13.9 
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6.3.2 EQUIVALENCE OF CZE AND VP-QPCR  

Table 2 and Figure 3 show the results for 131 samples of 6 different process intermediates 

and the final product analysed by CZE and qPCR. CBLS regression [18] was used to 

demonstrate equivalence between the concentration of virus particles determined by CZE 

vs. qPCR. The acceptance limits for the difference between the CZE and qPCR results were 

set at [-0.2 – 0.2] log10 VP/ml, as these limits are considered to demonstrate equivalence 

between different qPCR results when e.g. a new calibrant is introduced. The 95% prediction 

interval of the difference between CZE and qPCR results was [-0.18–0.16] log10 VP/ml in the 

entire measured range and thus within the acceptance limits for all types of process 

intermediates and across the range of virus particle concentrations. In other words, 95% of 

the future results of CZE or qPCR will have a difference of maximally ± 0.2 log10 VP/ml 

independent of the sample type or concentration.  Therefore, it can be concluded that the 

CZE and qPCR methods are interchangeable in practice for the quantification of the 

adenovirus concentration.  

Table 2: Overview of process intermediates and the final product analysed by qPCR and CZE, including 

number of sample lots tested, the mean virus particle concentration and the standard deviation (SD) 

per process intermediate and final product and per method. 

  CZE  qPCR 

Process intermediates and  

final product 

# lots Mean 

(log10 

VP/ml) 

SD  

(log10 

VP/ml) 

 Mean 

(log10 

VP/ml) 

SD  

(log10 

VP/ml) 

1 - Crude harvest 13 11.14 0.12  11.16 0.10 

2 - Lysed harvest 38 11.91 0.16  11.84 0.14 

3 - Clarified harvest 8 11.66 0.16  11.68 0.16 

4 - Anion exchange product 13 12.04 0.12  12.00 0.16 

5 - Diafiltration product 9 11.77 0.13  11.79 0.15 

6 - Drug substance 35 11.36 0.23  11.39 0.21 

7 - Drug product 15 10.95 0.05  10.95 0.06 
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Figure 3: Comparison of the qPCR results (log10 VP/ml) vs. CZE results (log10 VP/ml) of 6 process 

intermediates and the final product. The red line represents the unit line. 

 

6.3.3 SYSTEM SUITABILITY TESTING  

The CZE method adhered to all requirements from the ATP (time to result < 4 h, 

intermediate precision < 10%RSD, and bias < 10%) and was implemented to routinely 

determine the virus particle concentration in DSP intermediates. An important purpose of 

AQbD is to be well in control of the critical method parameters of an analytical method 

during routine use. The criticality assessment was updated after method validation and the 

equivalence study, to determine if any critical method parameter of the CZE method would 

not yet be adequately controlled. The capillary coating was identified as the critical method 

parameter with the highest risk to impact the accuracy of the virus particle concentration. 

The capillary coating degrades due its exposure to the sample matrix components, such as 

DNA, protein and cell debris, resulting in adenovirus adsorption to the capillary wall. The 

rate of degradation of the capillary coating is variable and can therefore not be predicted. 

To verify the status of the capillary coating, a system suitability test (SST) was developed 

with the aim to verify the method performance prior to each analytical run in order to assure 

a precision of < 5% RSD on the adenovirus peak area and a total error (sum of the bias and 

intermediate precision) of < 15% on the virus particle concentration, see Figure 4. In addition 

to the SST, the calibrant is measured as a control sample after every five test samples and 

at the end of each sample sequence (Figures 1d and 4). Decrease of the adenovirus 

concentration of the control sample during the sequence indicates degradation of the 

capillary coating and/or adenovirus adsorption. A decrease or increase of the adenovirus 

concentration of 10% is accepted. Only test sample results before the last valid analysis of 

the control sample are processed and reported. 
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Figure 4: System suitability test to assure proper performance of the CZE method during an analytical 

run. 

 

Routine use of the CZE method (525 analytical runs) showed that in 99.4% of the cases the 

sample data was generated on the same day. In comparison, for other analytical methods 

the results were typically reported on the same day in 75 to 95% of the cases. The stringent 

SST requirements of the CZE method helped to prevent that samples were analysed 

unnecessarily on a CE system that was not working properly (i.e. not adhering to the ATP 

requirements). In 105 out of the 525 runs, the SST indicated that troubleshooting was 

required prior to sample analysis to adhere to the quality requirements from the ATP. The 

causes were monitored and in 22 cases troubleshooting was needed due to instrument 

malfunction. Examples of instrument malfunction were moisture on the sample tray sensor 

preventing vials to be recognized, a defect lift, a defect cassette fan, and damaged pressure 

valves causing injection repeatability issues.  Other causes were material defects (29 times) 

like capillaries that gave unexpected high currents and damaged capillaries in the original 

package. Software issues occurred 16 times and included sequences that stopped without 

clear reason and DAD lamps that turned off during the run. Operator errors (42 times) were 

the majority and were related to insufficient cleaning of the CE instrument, pressure lines 

that were not connected properly causing injection repeatability issues, and wrong 

preparation of the BGE. Shortly after implementation, troubleshooting was required in 

approximately 35% of the cases. Continuous improvement of the test method and training 
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and coaching of the operators lowered the operator-related causes and the need for 

troubleshooting to less than 10% of the analytical runs. Continuous improvement projects 

are still ongoing to prevent or solve known and new causes to guarantee the quality of all 

analytical results achieved. 

 

6.3.4 REDUCING THE TIME-TO-RESULT  

The ATP requires a time-to-result of less than 4 h. This is the total time from sampling until 

reporting the processed and reviewed analytical result. Prior to test sample analysis, an SST 

needs to be performed, comprising 10 control-sample injections with a total analysis time 

of 70 min, including capillary cleaning and conditioning, as described above (figure 4). Ideally 

in practice, the result of the SST is already available before the test sample is received from 

production, to shorten the time-to-result by about 70 min and to allow for troubleshooting 

in case the SST fails, without causing delays in production.  Validity of the SST was 

demonstrated for 48 h (data not shown). In addition, a control sample, typically analysed 

together with the samples upon receipt, was analysed during a day and the virus 

concentration obtained at each time point was compared to t = 0 h. The control samples 

showed a maximum difference of 10% in virus concentration between 24 h and the initial 

SST results at t = 0 h, proving that the SST can be performed at the start of the day and the 

test samples can be analysed within 24 hours together with the control sample (criterion: 

maximum difference of 10% in the adenovirus concentration compared to the SST), see 

figure 5. With this approach, the time-to-result for the analysis of an IPC sample is 90 min in 

total: 15 min to receive and register the sample, 10 min to analyse the IPC sample (Figure 

1a) and a control sample (Figure 1d), 15 min for data processing, 15 min for result reporting 

and 30 min for review (Figure 5). The SST is typically run in the morning and the IPC sample 

from production can be received at any time during the day. In this way, the process hold 

time is maximally 2 h (Figure 5). 
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Figure 5: CZE approach for in-process control testing. The SST (70 min, 10 injection) is run prior to 

receipt of the process samples. After that, the IPC sample can be analysed within 24 hours. Upon IPC 

sample receipt, the test sample and a control sample are analysed. The data is processed and reported 

only if both the test sample and control sample criteria are met. 

 

6.3.5 METHOD PERFORMANCE DURING ROUTING USE – CONTROL CHARTS 

In addition to system suitability testing, the method performance during routine use was 

controlled by monitoring the results for the SSC sample. The migration time and peak area 

RSD% (n = 6) of the adenovirus peak, and the concentration of the SSC sample are required 

to remain within defined control limits. For diagnostic purposes, the following parameters 

were also recorded for each individual CE system: capillary lot number, number of injections 

per capillary, the CE current during each analysis, the adenovirus peak width, and the 

regression slope of the calibrant. Control charts were updated after each method run to 

verify that the method performance was consistently as expected, meeting the criteria of 

the system suitability test and the requirements of the original ATP, see Figure 6. 

So far, 18108 samples have been analysed in 525 analytical runs. Three out of the 525 runs 

were invalid (invalid rate of 0.6%) meaning that SST passed the criteria, but the control 

samples during the run did not. The test sample results in those specific runs could not be 

generated or reported on the same day. The control plot (Figure 6A) shows that the mean 

adenovirus concentration is 0.96 x 1011 VP/ml (a relative bias of 4%, n = 525) and 99.6% of 

the data points fell within the acceptance limits of 0.85–1.15 x 1011 VP/ml. No trends were 

observed and the total error of the CZE method was still < 15% after 525 runs.  Figure 6B 

shows the control plot of the repeatability (SD) of the adenovirus peak area with control 

limits of 0–5% RSD.  The average RSD is 1.0% over 525 runs and 100% of the analysis had an 
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RSD% result lower than the upper acceptance limit (5%) assuring the repeatability 

requirements as defined in the ATP.  

 

 
Figure 6: Control charts of A) the adenovirus concentration (VP/ml) and B) the adenovirus peak area 

RSD. USL = upper specification limit, LSL = lower specification limit. The letters A, B, and C correspond 

with the SD zones. A = 3 * SD, B = 2 * SD and C = 1 * SD.  
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6.4 CONCLUSIONS 
A CZE method was successfully implemented for quantification of the adenovirus 

concentration in IPC samples from the DSP. AQbD was used to validate and implement the 

test method and was used to define a control strategy for the critical method parameters. 

The CZE method has been implemented in 6 different labs, 8 instruments have been 

installed and 20 operators have been trained. An extensive system suitability test and 

trending of critical data from the analytical method assured that after 525 analytical runs, 

over two years, the precision and bias of the method still adheres to the original 

requirements from the analytical target profile. Continuous improvement of the CZE test 

method after implementation and training and coaching of the operators proved key to 

successful daily operation. In 99.4% of the cases the sample data could be generated on the 

same day adhering to the ATP requirements. For other techniques, the data was typically 

reported on the same day in 75 – 95% of the cases. 

The intermediate precision of the CZE method was 7% RSD (testing format: 1 measurement 

in 1 analytical run) and the relative bias on the virus particle concentration of the IPC was 

2.3%. The current qPCR method requires a testing format of 3 measurements in 3 analytical 

runs to achieve an intermediate precision of 8% RSD. This means that the production 

process can be on-hold for up to 3 days awaiting the qPCR result. As described in this paper, 

the adenovirus concentrations determined by CZE and qPCR are equivalent, as 

demonstrated by statistical analysis (CBLS regression) of results for 131 representative 

samples. Since statistical analysis showed that CZE and qPCR are interchangeable in practice 

for quantification of the adenovirus concentration, and given that the IPC concentration 

could be determined much faster by CZE – with a time-to-result of less than 2 hours, from 

sampling the clarified harvest (the IPC) to reporting the adenovirus concentration – it is 

concluded that the CZE method allows for accurate, precise, and fast determination of virus 

particle concentration, thereby enabling a faster determination of the number of 

purification cycles of the AEX chromatography in the DSP and the accurate dilution of 

diafiltration product to the final drug substance. 
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7 SUMMARY, CONCLUSIONS AND PERSPECTIVES 
 

7.1 SUMMARY 
In this thesis the development and implementation of new analytical methods for the 

analysis of viruses and viral proteins in vaccine products are described. The research in this 

thesis aimed to expand the analytical toolbox for the characterization of vaccine products 

to overcome issues typically observed for traditional methods, such as low throughput, 

limited sensitivity and matrix incompatibility.  

Chapter 2 described the development of a capillary gel electrophoresis (CGE) method for 

the quantification of the influenza proteins in influenza viruses and virus-like particles 

(virosomes). Effective deglycosylation of the glycoproteins was possible within 2 hours 

instead of the 16-hour protocol used for SDS-PAGE. Full factorial design of experiments was 

used to optimize the applied voltage, capillary cassette temperature and the hydrodynamic 

injection. The gel buffer was optimized to achieve baseline separation of all influenza 

proteins within 15 min. The electrophoretic protein profile obtained by the validated 

method was specific for different influenza strains and could be used for identification 

purposes. The hemagglutinin (HA) concentration could precisely and accurately be 

determined in all samples from the production process, which was not possible for the 

existing HPLC method. The sample throughput for the CGE method is almost 3 times faster 

as for single radial immunodiffusion assay (SRID). With the improved method, the HA 

concentration can be quantified in new influenza strains without the need for an additional 

validation or specific antibodies. 

The development of an RP-UHPLC-UV method for quantitative adenovirus protein profiling 

was described in Chapter 3. The TFA concentration and the column temperature were 

identified as the critical method parameters with the highest risk to negatively impact the 

adenovirus protein separation and, therefore, TFA and the column temperature were 

optimized and controlled by design of experiments (DOE). All adenovirus proteins could be 

baseline separated within 17 min on a C4 column (300 Å, 1.7 µm, 2.1 x 150 mm) with a 

water-ACN gradient containing 0.175% w/v TFA as ion-pairing agent. The adenovirus test 

samples were directly injected into the UHPLC system without the need for sample pre-

treatment and the viruses dissociated into the viral proteins upon contact with the 

acetonitrile/water mobile phase. The RP-UHPLC method was successfully validated for two 

purposes: confirmation of the identity of the test sample and detection of protein 

modifications or degradation products of the adenovirus vector. The method can detect 

changes in the adenovirus protein composition as a result of thermal or oxidative stress and 

impurities such as protein degradants, leachables, and host cell proteins can be detected. 
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Chapter 4 described the development of capillary zone electrophoresis (CZE) for precise and 

accurate analysis of adenovirus samples containing variable amounts of cell debris, cell 

lysate, host cell proteins, host cell DNA, salts, detergents, and/or additives. The CZE method 

was proposed as an alternative to the current methods, qPCR and AEX-HPLC, as issues with 

the latter techniques were circumvented with the CZE method. Intact adenoviruses from 

upstream and downstream processing (USP and DSP) could directly be analysed by CZE and 

only samples with high amounts of host cell DNA required a simple benzonase sample pre-

treatment. The separation voltage, the buffer composition and pH, and the capillary 

effective length were optimized by DOE as part of the AQbD approach. The CZE method was 

validated for the quantification of adenovirus throughout the production process. A great 

advantage of CZE is its compatibility with USP and DSP samples and their variable matrices. 

In contrast, anion exchange (AE) HPLC is only suitable for purified adenovirus samples. With 

a run time of only 3 min, CZE allows the analysis of 30 samples within 4 hours compared to 

3 days by qPCR. The precision and accuracy also significantly improved compared to 

AE-HPLC and qPCR. The improved precision of the CZE method makes it possible to improve 

the formulation or production process, since smaller process improvements can be detected 

with adequate statistical confidence. 

Chapter 5 summarized the analytical quality by design (AQbD) method development 

approach in detail for the work presented in Chapters 4 and 6. All steps of AQbD were fully 

applied and the approach and tools were designed and optimized to ensure a structured 

and trailer-made approach for method development. CZE was selected as the method of 

choice for adenovirus analysis after comparison of six analytical methodologies by using a 

technology selection tool. The criticality assessment and a risk assessment were successfully 

used to prioritize and focus the method development experiments according DOE (Chapter 

4) and were also used as input to define the operator training and control strategy for the 

method during routine use (Chapter 6). Ultimately, all method parameters were defined as 

either non-critical or critical method parameters and for each critical method parameter 

mitigations were in place to control them. The CZE method was validated using a total error 

approach which gives a 90% probability that future results will also adhere to the 

requirements as defined in the analytical target profile.  

Chapter 6 described the implementation of the validated CZE method from Chapter 4 for 

IPC samples from DSP. This chapter focuses on the last step of the AQbD process, method 

maintenance, in which the CZE method was implemented and evaluated during routine use. 

The adenovirus concentrations determined by CZE and qPCR were equivalent, as 

demonstrated by statistical analysis (CBLS regression) of results for 131 representative 

samples. The intermediate precision of the virus particle concentration was 6.9% RSD and 

the relative bias was 2.3%. The CZE method was intended to replace a qPCR method which 

requires three replicates in three analytical runs (during three days) to achieve an 
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intermediate precision of 8.1% RSD. The time from sampling until reporting results of the 

CZE method was less than 2 hours, indicating that the CZE method enables faster processing 

times in DSP. The CZE method has been implemented in 6 different labs, 8 instruments have 

been installed, and 20 operators have been trained. An extensive system suitability test and 

trending of critical data from the analytical method assured that after 525 analytical runs 

the precision and bias of the method still adhered to the original requirements from the 

analytical target profile and the number of invalid analyses was neglectable.   
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7.2 CONCLUDING REMARKS  
 

7.2.1 EVALUATION OF NEW TECHNOLOGIES FOR VIRUS VACCINE ANALYSIS 

The newly developed analytical methodologies show good potential for the analysis of 

viruses and proteins in vaccine products. All three technologies presented in this thesis,  

RP-UHPLC, CGE and CZE, allow for faster analysis of the protein or virus than before. Both 

CZE and CGE reduced the time to result to less than a few hours compared to a few days for 

the original techniques, qPCR and SRID. For RP-UHPLC, the sample throughput was 

increased with a factor of 6 by reducing the run time from 130 min to 17 min. The run time 

of 130 min limited the throughput to 10 samples per sequence (including controls and 

blanks) as sample instability was observed after sample storage for 18 hours in the auto 

sampler. With the improved run time, up to 50 samples could be run in one single sequence 

without impacting the sample stability. 

The new analytical methods presented in this thesis were not only faster than previous 

methods, but all methods were also more precise and accurate without the need of replicate 

analysis to achieve results with an acceptable confidence interval. 

The CGE and CZE methods tolerate the sample matrices from all process intermediates 

occurring in USP and DSP. Only when analysed by CZE, the crude harvest samples needed a 

benzonase pre-treatment to eliminate possible peak interference from residual DNA. All 

other process intermediates could be analysed by CGE and CZE directly without the need of 

a sample treatment other than dilution. Also the RP-UHPLC method did not require sample 

pre-treatment; the purified vaccine product was injected directly into the LC system. 

In contrast, one of the current HPLC methods for the quantification of HA has a laborious 

and time-consuming sample treatment and the method often fails when crude samples are 

analysed. In these cases, the resolution between HA1 and the matrix components is not 

enough and accurate determination of the HA1 peak area is not possible. A general 

challenge for the analysis of viruses and viral proteins is the prevention of protein adsorption 

to the capillary, column or other parts of the instrumentation. In CE, a sample is only in 

contact with the sample vial and the separation capillary, so in general the adsorption risk is 

limited compared to other techniques. For the CZE method, the adsorption of the virus to 

the inner capillary wall was further prevented by (i) using a PVA coating, (ii) conditioning the 

capillary with 0.1 M phosphoric acid, (iii) using a BGE containing relatively high 

concentrations of Tris and tricine, (iv) the addition of PS20 and (v) by lowering the capillary 

cassette temperature to 15 °C. The method repeatability for the adenovirus peak area was 

< 2.5% (n = 60) for samples containing high salt concentrations and < 5% RSD (n = 30) for 

samples containing cell debris and lysate (worse-case matrix), demonstrating that 

adsorption of virus was virtually prevented. 
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The CGE method shows some additional advantages in comparison to SRID,  

RP-HPLC, and SDS-PAGE. The CGE could determine the other three major proteins from the 

influenza protein (HA fragment 2, matrix protein (M), and nuclear protein (NP)). Although 

CGE could reproducibly separate all four major proteins, quantification was not possible, 

because of the lack of (commercial) reference standards. However, the fingerprint of the 

CGE electropherogram of the four proteins was specific and could be used as identification 

of the virus strain.  The precision and accuracy of CGE were similar to SRID, but the total 

analysis time for the CGE method was much shorter, allowing analysis of 100 samples in 4 

days instead of 10 days for SRID. 

 

7.2.2 EVALUATION OF AN ANALYTICAL QUALITY BY DESIGN APPROACH 

The extended AQbD approach that was developed offered a standardized approach for 

method development, validation and implementation. The advantage of this approach is 

alignment between different development groups and scientists. The developed tools, e.g. 

technology selection, mind map, criticality assessment, made sure that knowledge was 

captured, re-usable and shareable.  However, AQbD does not replace scientific knowledge. 

There is a certain risk that an implemented AQbD approach becomes a checkbox exercise. 

Following the steps of AQbD, and checking the boxes, is not a guarantee for a high-quality 

method. Even so, it could result in false sense of quality and control. A tool can only work 

well in the hands of appropriately trained people. The structure of AQbD throughout the 6 

steps, including the tools, should be used as guidance. Case-by-case it should be evaluated 

whether the tools and the approach are suitable and needed for a specific situation. This 

also means that AQbD approaches described in literature, e.g. [1], should not just be copied 

and implemented but should be carefully evaluated. The approach described in this thesis 

is tailor-made based on the needs in the organization. Above all, AQbD should be seen as a 

mindset to achieve a scientifically-sound method with a clear purpose and the right quality, 

underlining the need for well-educated scientists with sound knowledge and understanding 

of the technologies and the application area. 
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7.3 PERSPECTIVES 
 

7.3.1 CHALLENGES OF PEAK ASSIGNMENT  

The unambiguous assignment of the peaks detected by RP-UHPLC -UV (Chapter 3) was 

possible by MS after fraction collection and trypsin digestion followed by peptide mapping. 

In contrast, the peak assignment of the peaks detected by CGE (chapter 2) was more 

challenging. The CGE method could not be coupled to MS due to the large amounts of SDS 

and non-cross-linked linear dextran gel present in the BGE. A series of indirect ways for peak 

assignment were needed to assign the peaks in the electropherograms. Peak assignment of 

the protein peaks was established by comparing the apparent molecular masses obtained 

by CGE and SDS-PAGE, and by evaluating the shifts in migration times as a result of protein 

deglycosylation. Components like HA and N-glycosidase F were spiked into the test samples 

to confirm the identity of peaks. Purified HA protein was available with a known 

concentration, but no standards were available for e.g. NP and M. The lack of good protein 

standards makes it particularly difficult to identity and quantify proteins in CGE. When 

impurity peaks arise in the CGE electropherograms, it is impossible to assign peaks with the 

methods described above. Current approaches include preparative separation with other 

techniques such as SDS-PAGE or LC, followed by confirmative analysis by CGE. Alternative 

identification methods are needed, preferably MS, to assign protein, known impurities, and 

unknown impurities. Neusüß et al. proposed a CE-MS method for the analysis of mAbs after 

elimination of SDS. This works seems promising and might allow for CGE peak assignment 

by MS in the future. 

The method development approach, according AQbD, for the CZE method for adenovirus 

quantification (Chapters 4 and 5) was product-driven and the decisions made during method 

development were ATP-focussed. The BGE containing 125 mM Tris, 338 mM tricine and 

0.2% v/v polysorbate-20 (PS20) at pH 7.7, aimed to achieve optimal and robust separation 

conditions for the virus, but compatibility with MS coupling was no requirement. A number 

of indirect ways allowed assignment of peaks in the electropherogram to chloride, 

adenovirus, protein, DNA and HEPES. An alternative approach could be to temporarily 

change to a volatile BGE and remove the PS20 from the BGE. This would result in a non-

robust CZE separation and quantification, but it might be sufficient for MS peak 

identification purposes. It could also be evaluated weather a heart-cut approach could be 

used for peak assignment as described in e.g. ref. [2]. 
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7.3.2 REDUCING THE SEPARATION TIME 

The CGE method for the quantification of the influenza proteins (Chapter 2) is operated at  

-22.5 kV using a capillary with a total length of 33.0 cm and an effective capillary length of 

24.5 cm, resulting in run times of about 15 min. Preliminary results have demonstrated that 

the method can also be run from the so-called short end of the capillary employing an 

effective length of 8.5 cm and with applied voltages up to 30 kV, yielding run times of about 

3 min. The injected amount should be optimized to achieve an acceptable plug length in 

relation to the effective length of the capillary. Additionally, the gel buffer composition in 

combination with the applied voltage should be optimized to gain optimal separation 

between the viral proteins. Chip-based CE-SDS (μCE-SDS), with effective capillary lengths of 

approximately 15 mm, could also be evaluated to improve the separation speed and 

throughput for influenza protein analysis. Winkhaus et. al. reported a μCE-SDS method with 

run times 45 times faster as compared to CGE [5] for the analysis of monoclonal antibodies 

on a chip with an effective length of 14 mm. In comparison to CGE, the failure rates were 

lower, however,  a drawback was lower reproducibility of the corrected peak areas and 

reduced sensitivity. 

Commercial CGE and μCE-SDS methods are often kit-based to make the analysis easy to 

handle and reproducible. However, the exact composition of the gel buffers is usually 

proprietary, which is challenging for the method development of specific proteins and not 

in line with AQbD. In this respect, CZE methodology might be a better alternative for protein 

analysis due to the less restricted choice of capillaries, buffers, and buffer additives, offering 

possibilities to optimize the separation conditions for specific proteins. Additionally, the 

selectivity by CZE is greater than for CGE since the separation of CZE is based on size-to-

charge ratios instead of size only.   

 

7.3.3 IMPROVING THE SENSITIVITY 

The sensitivity of the CZE method for the determination of the adenovirus particle 

concentration (Chapters 4 – 6) did meet the ATP requirements and viruses could be 

detected down to 0.5 x 1011 VP/ml.  However, commonly the production process is 

optimized in a small-scale bioreactor (e.g. flasks of 500 ml) with virus concentrations ten 

times lower than in regular bioreactors. Some samples from process development have, 

therefore, virus concentrations that are very close or below to the limit of quantification 

(LOQ) of 5 x 1010 VP/ml. Another observation is that impurities arising in stability samples 

are close to the LOQ as well. Larger injection volumes could be examined to improve 

sensitivity. Preliminary data indicate that the injection volume could be almost 10 times 

larger without significantly losing protein resolution, leading to LOQs down to 5 x 109 VP/ml. 

This approach would certainly be beneficial for purified samples, like the drug substance, 

and for possible impurities. For the crude samples from the upstream process, 10 times 

larger injection volumes would imply that 10 times more matrix, including DNA, protein, cell 

debris, is introduced. For those type of samples, it might be worth to evaluate sample  
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clean-up approaches to remove the most interfering matrix components, preconcentration 

techniques (including stacking by isotachophoresis (ITP)) or alternative detection techniques 

like fluorescence (intrinsic or label-based). 

For the RP-UHPLC method for protein profiling (Chapter 3) the sensitivity could also be 

improved for stability samples. Some of the adenovirus proteins are close to the LOQ of the 

method and in stability studies those proteins could quickly end up below the LOQ of the 

method impacting the area% results of all other proteins in the chromatogram. The 

reportable value (area%) could be changed from area% to absolute peak areas or peak area 

ratios (compared to an internal standard). In this way single proteins can be individually 

assessed, and the reportable results (area%) is not impacted by proteins that are below the 

LOQ of the method. Alternative preconcentration techniques, including solid-phase 

extraction (SPE) or membrane preconcentration (mPC), or detection modes, like 

fluorescence (intrinsic or label-based) could also be explored to improve the sensitivity of 

the RP-UHPLC method.  

 

7.3.4 ADDITIONAL INFORMATION FROM THE CZE ELECTROPHEROGRAMS 

The CZE electropherograms (Chapters 4 and 6) do not only show the adenovirus peak but 

also peaks that could be assigned to chloride, buffer excipients, host-cell proteins, DNA, and 

HEPES, based on spiking experiments. Currently, the CZE method for the quantification of 

the adenovirus concentration has also been validated for the determination of chloride 

using the same electropherogram. Chloride appears as a negative peak at around 0.7 min 

and a sodium chloride calibration curve is used to determine the chloride concentration in 

the range of 20 to 150 mM. 

The various peaks in the electropherogram can be indicative for both the quality of the 

product and the production process. Additionally, we observed that the adenovirus 

migration time and peak shape changed dependent upon the conditions used in DSP by 

interactions between the matrix components and the adenovirus changing the size and/or 

charge of the adenovirus. It would be interesting to link the migration time and/or peak 

shape to process parameters and be able to use the electropherograms as process 

evaluation tool. For this, in addition to the quantitative data (migration time and 

concentration), parameters such as the peak width and shape, and number of extra peaks, 

would need to be monitored. 

  

7.3.5 BRINGING THE ANALYTICAL INSTRUMENT TO THE BIOREACTOR 

The CZE method for the determination of adenovirus presented in Chapters 4 and 6 is 

already much faster than the previously used methods (2 hours vs. 3 days). However, the 

production process is still on-hold for a few hours during production to wait for the analytical 

CZE result. The current bottleneck for the CZE analysis is that the samples need to be 

transferred from the bioreactor to the analysis lab in another building. A solution would be 

to bring the analytical technology closer to the bioreactor, or even in the bioreactor, in order 
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to measure the product real-time. Process analytical technology (PAT) have been used 

already for years to measure process parameters such as pH, salt concentrations, and 

osmolality, but it would be beneficial if product attributes like virus concentration and 

protein content could also be monitored online. The versatility of the CZE technique 

combined with the down-sizeable scale offers perspectives, also since CZE is less affected by 

matrix components (e.g. DNA, protein or cell debris) and requires less sample preparation 

than other separation techniques such as HPLC. The CZE method described in Chapters 4–6 

does not require any sample preparation for the majority of the samples of the production. 

The sample analysis time could already be significantly reduced by a devise that could 

automatically sample from the bioreactor and transfer the sample to a CE instrument next 

to the bioreactor, followed by automatic CE analysis and data processing.  
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7.3.6 ADDITIONAL APPLICATIONS OF CE IN VIRUS VACCINE ANALYSIS 

CGE was successfully developed and validated as alternative of SRID to identify and quantify 

viral proteins in influenza (Chapter 2) and CZE was implemented to quantify intact 

adenovirus particles (Chapters 4 and 6) as alternative to qPCR and AEX-HPLC. Other modes 

of CE could possibly replace conventional isoelectric focusing (IEF), western blot (WB), and 

ELISA for the analysis of viruses or viral proteins. Additionally, CZE could be further applied 

and explored for the analysis of other proteins, small molecules and ions in virus  

samples [6, 7]. 

Capillary isoelectric focusing-whole column imaging detection (CIEF-WCID) was used to 

determine the pI of norovirus virus-like particles of 23 and 38 nm [8] and Schnabel et al. [9] 

described the pI determination of the human rhinovirus serotype 2. Both studies describe a 

proof of concept (PoC) of the application of CIEF, but it still takes a big leap from a PoC to a 

validated and routinely used method. The major challenge is to guarantee that the 

measured pI represents the intact virus instead of degraded or modified virus or proteins. If 

the concentration of virus is sufficient, fraction collection of the CIEF electropherograms 

followed by matrix‐assisted laser desorption/ionization MALDI-MS [10] could be used to 

confirm the presence of intact virus. 

Bromide, and chloride, could also be analysed by a CZE method described by Stålberg et al. 

[11] using a BGE containing 100 mM methanesulphonic acid adjusted to pH 1.3 with 

triethanolamine and 60% acetonitrile. The CZE method is suitable for small molecule drug 

formulations and will most likely also be suitable for vaccine development samples. Chloride 

and Bromide have higher mobilities compared to the anionic matrix components present in 

the vaccine formulation, therefore, it is unlikely that the matrix components will interfere 

with the bromide or chloride quantification. The major challenge for the determination of 

bromide in the production process is its presence next to chloride in concentrations that are 

up to 10000 times lower than chloride. 

CE systems like Simple Western™ could be evaluated for fully automated western analysis 

of viral proteins without the need for SDS-PAGE and blotting [12]. All the WB principles take 

place in one capillary and a chemiluminescent signal is detected and can be quantitated. 

However, the downside of fully automated systems is that there is very little room to 

optimize or adapt the method to fit the needs of a specific protein. Another challenge would 

be the presence of glycans on the viral proteins impacting the apparent pI, which is 

especially challenging when results need to be compared to traditional WB.  

Flow induced dispersion analysis (FIDA) could be used for the characterization of viral 

proteins including immune responses and affinity assessments [13]. FIDA is based on Taylor 

dispersion analysis (TDA) of a parabolic hydrodynamic flow profile in a capillary. The change 

in diffusivity is used as basis to study and quantify protein-protein or antigen-antibody 

interactions. This approach is much faster than ELISA and would offer the ability to study the 

protein under native conditions. The PoCs [14, 15] of FIDA look promising, but it requires 

fundamental research to develop and validate a method that could replace methods like 
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ELISA in the future. In special situations where further specificity is required, affinity CE (ACE) 

and immune-affinity CE (IACE) can be explored. ACE can also help formulation development. 

Specific formulation buffers or buffer components can be tested for their interaction with 

and stabilizing effect on the vaccine or a specific protein. Wätzig et al. published promising 

results on ACE of metal ions with proteins [16], but also here further research is required 

before these methods can be implemented in virus vaccine analysis.  
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veel vrijheid, maar hij was streng en liet duidelijk merken waar de grenzen lagen. Aik en ik 

werden vaak de jonge honden van de afdeling genoemd, maar Frans wist ons goed te 

temmen waardoor we op sommige momenten sociaal aanvaardbaar gedrag begonnen te 

vertonen maar op zo’n manier dat het niet ten koste ging van ons grenzeloze out-of-the-box 

denken (niets leek onmogelijk). Frans leerde mij dat ik de juiste mensen bij mijn projecten 

moet betrekken, dat je de juiste oplossing voor het echte probleem moet vinden, en dat een 

geweldige oplossing niets waard is als het niet gedragen wordt. 

 

In 2008 kreeg ik een telefoontje van Ignas. Hij vertelde mij dat er een vacature was 

vrijgekomen in CAD, de groep waar ik stage had gelopen, en hij raadde mij aan om te 

solliciteren. Zonder Ignas zijn uitgesproken vertrouwen had ik niet op die functie durven 

solliciteren; de functie leek mij te hoog gegrepen. Mijn sollicitatiegesprek met  
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Norbert Lammers en Carla Schenk liep niet bepaald vlekkeloos. Ik vond de vragen moeilijk 

en voor mijn gevoel had ik niet bepaald een goede indruk achtergelaten. Doordat de 

concurrentie ook nog eens sterk was, had ik de hoop eigenlijk opgegeven. Totdat ik een 

telefoontje kreeg van het afdelingshoofd Carla Schenk, ze wilde mij hebben voor de functie. 

Ik kon mijn geluk niet op want dat was de afdeling waar ik vanaf het begin had willen werken 

en de functie die tot dan te ver gegrepen leek met mijn MBO-opleiding. Nu mocht ik 

analytische methoden gaan ontwikkelen en valideren voor vrijgifte- en stabiliteitsstudies. 

Wat heb ik een hoop geleerd in de CAD afdeling. Die groep zat bomvol met ervaren 

methode-ontwikkelaars die allemaal als voorbeeld hebben gediend. Ik heb vooral veel te 

danken aan Norbert Lammers. Hij was wat mij betreft ongeëvenaard in zijn kennis over 

methode-ontwikkeling en -validatie. Piet Hoogkamer en Norbert schreven handboeken van 

vele honderden pagina’s met alle kennis die je maar kon wensen. Ze toverden zelfs 

gesimuleerde chromatogrammen uit Excel. Als extra opdracht liet Norbert mij de 

handboeken reviewen om de fouten eruit te halen. Die uitdaging was te hoog gegrepen 

maar dit stimuleerde en leerde mij wel om het diepe in te springen. Norbert zat niet alleen 

bij mijn sollicitatiegesprek, hij en Ignas hielpen mij om een case op te bouwen om promotie 

te maken binnen de groep, en hij was ook de persoon die mij naar Cari Sänger – van de 

Griend doorstuurde voor mijn HBO stage. Zo kwam het dat ik in 2008 koffie ging drinken 

met Cari om te vragen of ze wellicht een HBO-stageproject voor mij had zodat ik kon 

afstuderen. 

In mijn HBO-stage leerde ik voor het eerst capillaire elektroforese (CE) kennen. Cari 

verwachtte van mij dat ik niet alleen praktisch de CE kon bedienen maar dat ik ook de 

fundamenten en de theorie van de techniek beheerste. Vele sessies hebben we doorlopen 

waarin ik privéles in capillaire elektroforese kreeg. We kregen het voor elkaar om een CE-

apparaat te huren waardoor ik bijna mijn gehele stage een privé-CE tot mijn beschikking 

had. Voor het eerst maakte ik kennis met een werkgroep waarin wekelijks alle wetenschap 

werd besproken en waar ik veel input heb mogen ontvangen op mijn afstudeerproject. Als 

uitdaging mocht ik mijn stageverslag in het Engels schrijven, wat niet gewoonlijk was op de 

HBO. Mijn stage liep technisch gezien redelijk vlekkeloos maar helaas werd ik dagelijks 

behoorlijk afgeleid door mijn kantoorgenoot, Sophie Van Tomme, die jaren later mijn vrouw 

werd. Bij het toewijzen van het kantoor had ik al aan het afdelingshoofd Elise Titulaer 

aangegeven dat ik me niet zou kunnen concentreren in dat specifieke kantoor maar die 

feedback werd professioneel genegeerd. Samen met Cari besprak ik de mogelijkheden om 

verder te studeren na mijn bachelors. Dit gaf mij het vertrouwen om door te studeren. Na 

een tijd had ik zo vaak op de wandelgangen rondgebazuind dat ik een Master wilde doen, 

dat mijn toenmalige afdelingshoofd Jan Zorgdrager dacht dat het allemaal al in kan en 

kruiken was. Niet veel later tekende hij de studieovereenkomst en volgde ik de deeltijd 

Master Analytical Sciences aan de UVA. 
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Door een reorganisatie werd ik in 2009 verplaats naar Analytical Product Support (APS). 

Terwijl ik vrij ontevreden was met deze transfer, kon Elise Titulaer-Jacobs mij binnen no-

time laten inzien welke kansen deze verandering bood en zag ik plots licht aan het einde van 

de tunnel. Niet veel later gaf Elise toestemming om mijn eerste congres, capillary 

electrophoresis in the biopharma industry (CE PHARM), te bezoeken samen met Cari. Ik 

kreeg als opdracht mee om contact te leggen met minimaal 10 nieuwe mensen om mijn 

netwerkskills te oefenen.  Die opdracht haalde ik met gemak, helaas was Elise iets minder te 

spreken over de telefoonrekening van 250 euro die het bezoek aan Vancouver het bedrijf 

had opgeleverd. 

Het combineren van de Master met een fulltimebaan was al lastig maar in 2010 ging ik door 

een diep dal door het overlijden van mijn vader, het breken van mijn relatie, en het 

doormaken van een massaontslag door de overname van Abbott. Henriette Hamstra-

Spikkers was het groepshoofd van de groep waarin ik werkte tot eind 2010 en haar 

managementstijl was precies wat ik nodig had om 2010 door te komen. Nog steeds is zij de 

inspiratiebron voor de managementstijl die ik wil toepassen in mijn team. 

 

Eind september 2010 kreeg ik een telefoontje van Noemi Colombo. Zij was mijn collega 

geweest in Solvay (in CAD) en was daarna weer teruggekeerd naar Crucell in Leiden. Ze gaf 

aan dat er een vacature was binnen Release and Stability (R&S). Ik solliciteerde op de positie 

en begon op 1 januari 2011 bij Crucell, precies op de dag dat ik introk bij mijn huidige vrouw 

Sophie Van Tomme. Mede door de flexibiliteit van Harold Backus en Nick Groesbeek mocht 

ik mijn Master, die ik bij Solvay was begonnen, voorzetten naast mijn fulltime baan. 

In 2012 moest ik een afstudeerstage doen binnen Janssen en mocht ik een nieuw capillaire 

elektroforese instrument aanschaffen en mijn stage uitvoeren binnen de Analytical Assays 

(AA) groep onder begeleiding van Noemi Colombo en consultant Cari (die voor zich zelf was 

begonnen en Kantisto had opgericht). Na het afronden van mijn stage mocht ik in AA blijven 

werken door een job rotation. Na het vertrek van Noemi Colombo kreeg ik mijn eerste direct 

reports (Bojana en Lars) en kon ik mijn managementskills beginnen oefenen. In 2013 rondde 

ik mijn master af en kreeg ik promotie binnen de groep. 

 

Samen met Elise (die sinds 2011 ook bij Crucell werkte) besprak ik wat de mogelijkheden 

waren voor mij binnen het bedrijf en of een PhD daarbij noodzakelijk of handig was. Niet 

veel later vroeg ik Harold Backus of het mogelijk was om een PhD te doen binnen Analytical 

Developkment (AD) en het antwoord was vrij duidelijk: nee, dat is niet echt een optie. Op 

een of andere manier was dat antwoord de ultieme motivatie om een business case op te 

bouwen en er alles aan te doen om het voor elkaar te krijgen. Samen met Marta Germano 

en Cari selecteerden we meerdere projecten die sowieso uitgevoerd zouden worden en 

tevens publiceerbaar leken. De professor was ook snel gevonden want ik kreeg de kans om 

mijn afstudeerwerk te presenteren bij de CE-users meeting in Breda en hier ontmoette ik 
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Govert Somsen en kwam ik er achter dat we beiden aan eiwitten en capillaire elektroforese 

werkten. Niet veel later bij het HPLC congres in Amsterdam, gaf ik aan Govert aan dat ik een 

professor zocht en we maakte een afspraak om de details te bespreken. Samen met Cari, 

Marta, en Govert lukte het ons om een business case neer te zetten waar Harold mee 

akkoord ging en in maart 2014 begon mijn PhD naast mijn baan binnen Janssen. 

 

Dankwoord PhD 

Ik zou nooit aan de start van mijn PhD zijn geraakt, zonder de mensen die mij kansen hebben 

gegeven, die mij hebben geïnspireerd, die mij in het diepe hebben gegooid, en die de weg 

voor mij geplaveid hebben. Dit zijn o.a. Ignas, Carla, Norbert, Jo Thus †, Frans, Aik, Henriette, 

Elise, Cari, Noemi, Marta, Harold, Johan, en Govert. 
 

Tijdens mijn PhD hebben er mimimaal net zo veel mensen een belangrijke rol gespeeld en 

dat zijn de mensen die ik hieronder specifiek wil bedanken. 
 

Bojana, jij was er vanaf het eerste moment bij dat het eerste CE instrument ons lab 

binnenkwam. Jij hebt er voor gezorgd dat we routinematig eiwitten konden meten met CE 

en tevens heb je zoveel bijgedragen aan het onderzoek dat ik niet alleen kon afstuderen met 

dat werk maar er ook mijn eerste publicatie mee kon vullen. Jouw contributie gaat veel 

verder dan de bijdrage voor het afstudeerwerk en de publicaties. Je hebt er mede voor 

gezorgd dat CE op de kaart kwam te staan en CE als serieus alternatief werd gezien naast 

giganten zoals de HPLC. Je hebt meerdere applicaties afgeleverd waar kort daarvoor zeker 

een andere techniek voor werd gebruikt. Bedankt dat ik mijn management skills voor de 

eerste keer op jou mocht testen. Zdravo a lot Bojana! 
 

Pascal, door jouw zorgvuldige en gestructureerde aanpak voor methode-ontwikkeling en de 

traceerbaarheid van de data lukte het om het werk dat we jaren geleden samen hadden 

uitgevoerd toch nog te publiceren. Fijn dat je nu ook onderdeel bent van mijn team! 
 

Francisca, bedankt voor de vernieuwende statistische analyses die je hebt opgezet om de 

equivalentie te kunnen aantonen. Door jou begrijp ik veel beter hoe toegepaste statistiek 

werkt en welke randvoorwaarden daar bij komen kijken. 
 

Annemiek en Jonathan, bedankt dat ik jullie MS-data heb mogen gebruiken in de publicatie. 

Dit heeft de publicatie compleet gemaakt. 
  

Johan en Martijn, bedankt dat ik in tijden van hectiek en verandering binnen het bedrijf toch 

progressie kon blijven maken met mijn PhD. Ik heb me vele keren mogen opsluiten om 

publicaties de deur uit te krijgen. Top management! 
 

AA, wat een geweldig team zijn jullie! Zonder de groepsuitjes, de borrels, de koffiepauzes 

en de goede wetenschappelijke discussies had ik het niet volgehouden.  
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Vakgroep BioAnalytical Chemistry aan de VU Amsterdam, bedankt dat ik mijn 

onderzoeksdata bij jullie mocht presenteren en bedankt voor de input die ik daar heb 

ontvangen. De vakgroep was de plek waarin ik mijn onderzoek aan wetenschappers kon 

presenteren die niet direct betrokken waren bij de technieken of de producten, dit zorgde 

voor nieuwe inzichten. Rob, Jordy, Andrea, Liana, Robert, Petra, Dina, Reka, Willem, Elena, 

Amir thanks for the nice discussions we have had! 
 

Harold, er zijn veel cruciale momenten geweest waarop jij bewust of onbewust veel invloed 

hebt uitgeoefend op mijn carrière. Je hebt mij aangenomen in R&S, je hebt mij mijn Master 

laten afronden, je hebt mijn transfer van R&S naar AA en 2 promoties goedgekeurd, en je 

hebt mij leiding laten geven aan Bojana en Lars. Maar daar stopte het niet, jij hebt het ook 

mogelijk gemaakt dat ik een PhD kon doen binnen een developmentomgeving en dat leek 

tot dat punt onmogelijk. Bedankt voor deze kansen en mogelijkheden om mezelf te 

ontwikkelen! 
 

Govert, je hebt een situatie gecreëerd waardoor het voor mij mogelijk werd om met 

minimale middelen het hoogst haalbare te bereiken. Ik ken niemand die zo kritisch is op het 

werk dat afgeleverd wordt. Zoals Marta ooit eens mooi verwoordde: “je hebt alle major 

revisions al gehad op het moment dat je het uitstuurt”. En dat klopt, geen enkel detail wordt 

gemist! Ik waardeer ontzettend dat je mij nooit onder druk hebt gezet, en dat je alleen vroeg 

of jij iets voor mij kon doen/betekenen. De vrijheid die ik kreeg tijdens deze PhD was precies 

wat ik nodig had om het tot een succes te maken. 
  

Marta, sinds je in AD werkt, heb ik je als vraagbaak gebruikt en geleerd van jouw analytische 

kennis. Je bracht unieke ervaring mee die niemand anders had in onze groep en jij liet ons 

zien waar wij naartoe moesten met onze methoden. Meerdere malen heb ik gevraagd of je 

niet hoofd van onze groep wilde worden, maar, helaas, jij had andere ambities. En kijk eens 

wat je nu hebt neergezet! Je hebt me geleerd welke bedrijfstaal ik wel en niet kon gebruiken, 

je zorgde er voor dat alle teksten over virussen en vaccines correct waren, en zorgde ervoor 

dat we precies de juiste boodschap publiceerden. Ik heb veel geleerd van de tientallen 

revisies die ik doorlopen heb en begrijp veel beter hoe een goed wetenschappelijk stuk in 

elkaar zit. Alleen zal het nog jaren kosten voordat ik, net als jij, de correcte en duidelijke 

teksten uit mijn mouw schud.  
 

Cari, al sinds 2008 ben je betrokken bij mijn persoonlijke ontwikkeling. Je was mijn 

afstudeerbegeleider van mijn Bachelor en Master en één van de promotors van mijn PhD. 

Je hebt er voor gezorgd dat ik fan ben geworden van capillaire elektroforese en je hebt me 

onderdeel gemaakt van de CE community. Je hebt me werkelijk aan iedereen voorgesteld 

die wellicht iets zou kunnen betekenen op het gebied van CE, analyse, virussen en AQbD. 

Binnen Crucell/Janssen heb je een paar cruciale innovatieve fundamenten gelegd. Door jou 

staat CE op het menu en weten we hoe we de techniek moeten inzetten en waar CE 
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complimenteert met de andere technieken. Door jou hebben we fundamenteel onderzoek 

kunnen doen op het gebied van CE dat niet alleen publiceerbaar maar ook patenteerbaar 

was. En als laatste ben je de grondlegger van AQbD binnen ons bedrijf. Door jouw 

voorbeelden was het mogelijk om AQbD uit te rollen binnen de organisatie. Bedankt voor 

de eindeloze uren die jij in mijn ontwikkeling hebt gestopt!  

Voor de mensen die ik ben vergeten: bedankt! 

 

Dankwoord paranimfen 

Aik, tijdens het schrijven van het dankwoord werd het me snel duidelijk dat ik jou moest 

vragen als paranimf. Nog nooit heb ik zo goed ideeën kunnen sparren met iemand en zo snel 

ideeën in de praktijk kunnen brengen. Wat gaaf dat onze ideeën en innovaties zijn 

doorgevoerd als standaardwerkwijze en ook beloond door de beroemde ideeënbus. Wel 

jammer dat die ideeënbus er plotseling mee stopte toen wij hem eindelijk ontdekt hadden. 

Ik hoefde simpelweg alleen jouw voetsporen te volgen. Door jou werd ik geïnspireerd om 

een HBO en een Master te doen en zonder die opleidingen stond ik zeker niet waar ik nu 

sta. Ik ben enorm trots op wat je bereikt hebt binnen GC-Biotech en wat een prestatie om 

een MBA naast je werk af te ronden. Maar een presentatie van een andere klasse is dat je 

een vrouw en een kind hebt; wie had dat gedacht! Je bent er op alle belangrijke momenten 

in mijn leven bij geweest en ook bij dit moment hoor jij! Bedankt dat je een paranimf wilde 

zijn. Maar veel belangrijker nog, bedankt voor de vriendschap!   

 

Lars, jij hebt een ontelbare hoeveelheid tijd aan capillaire elektroforese gewerkt waardoor 

2 van de 4 publicaties geschreven konden worden. Niet voor niets ben jij gedeelde eerste 

auteur voor die stukken werk. Dankzij jou konden we CE applicaties afleveren die 

routinematig uitgevoerd worden. Samen hebben we AQbD uitgerold nadat Cari het ons voor 

had gedaan. Al deze kennis hebben we kunnen vangen in een extra hoofdstuk dat we aan 

het proefschrift mochten toevoegen. Jij bent de persoon die er voor gezorgd heeft dat ‘lean’ 

denken en werken een tweede natuur van mij is geworden zonder dat ik daar een cursus 

voor heb gevolgd (zo zie je maar dat genoeg straffen en corrigeren echt werkt). Zoals ik vaker 

aan heb gegeven, denk ik serieus dat ik meer van jou heb geleerd dan andersom in de jaren 

dat we nu samen werken. Ik ben nog nooit zo vaak aan het denken gezet, uitgedaagd, uit 

mijn comfortzone getrokken, gestuurd, en gecorrigeerd door een collega en dat heeft er 

mede voor gezorgd dat ik sta waar ik nu sta. Ik ben blij dat ik mijn managmentskills op jou 

heb mogen testen en optimaliseren. Jouw oprechtheid en feedback heeft mij geholpen om 

mezelf hier flink in te ontwikkelen. Bedankt dat je een paranimf wilde zijn en dat ik mee naar 

Zweden mag als jij promoveert. Bedankt voor jouw openheid, eerlijkheid en de vriendschap!   
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Dankwoord familie 

Sophie, mijn liefste. Wat hebben we veel lol gehad in het kantoor in WNH! Dat Bachelor-

rapport was al een uitdaging maar jij gooide daar nog een schep bovenop. Je hebt mijn 

bachelor, master en PhD van dichtbij mogen bewonderen. Je was voor mij de inspiratiebron 

om een PhD te gaan doen. Je was namelijk het lopende voorbeeld van wat ik wilde bereiken. 

Nooit gedacht dat ik 12 jaar na het lezen van het dankwoord in jouw proefschrift, nu zelf dat 

stuk aan het schrijven zou zijn. 

Ook op het gebied van soft skills heb je mij enorme meters laten maken. Ik kon simpelweg 

bij jou afkijken hoe je sociale vaardigheden het beste in praktijk brengt. Af en toe voel ik me 

als Sheldon naast jou, maar ik zie nog wat ruimte voor groei. 

Je was daar toen ik 2010 door moest worstelen. Bedankt voor alle steun en support die je 

toen gegeven hebt. Jij hebt het ervoor gezorgd dat ik uiteindelijk het lef had om het grootste 

besluit in mijn leven te nemen. En wat ben ik blij dat ik dat heb gedaan. Bedankt dat ik jouw 

man mag zijn! 

 

Nora, mijn kleine liefste. Je bent nog te klein om dit te lezen maar toch heb je een belangrijke 

rol gespeeld tijdens mijn PhD en carrière. Jouw geboorte viel midden in de PhD en het liet 

me inzien dat je bepaalde dingen niet kan en niet moet willen controleren. Het liet me ook 

inzien dat het gezin voor mij belangrijker is dan mijn carrière. Jouw aanwezigheid heeft mij 

rust gegeven en heeft de gejaagdheid uit mijn lichaam gehaald. Je bent een prachtige 

toevoeging aan ons leven! 

     

 


