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Abstract 

The biopharmaceuticals market was valued $325 billion in 2020 with revenues forecasted to 

rise in the upcoming decade. High-throughput process development (HTPD) tools 

characterised by miniaturisation, parallelisation and automation of industrial bioprocessing 

workflows have emerged as the key enabler for leveraging costs and rapidly launching new 

products to market. However, the small sample generated from HTPD experiments and the 

fast timelines introduce analytical bottlenecks. Hence, more efficient high-throughput (HT) 

analytical tools are required to ensure the quality necessary to meet regulatory approval. This 

study aims to address some of the gaps in the current methodologies for the characterisation 

of protein-based biopharmaceuticals and implement new HT analytical solutions for driving 

product development in the industry. The first part of this work presents the generation of a 

flexible HT platform for the analysis of proteins expressed in microscale cell culture 

systems. Chemometric tools such as design-of-experiment (DoE), multivariate analysis 

(MVA) and predictive modelling were used to leverage method development and support 

product quality (PQ) analysis with statistical data, in line with the quality-by-design (QbD) 

approach. Fully automated pipette-tip based methods were optimised for the purification and 

preparation of low volume samples. Rapid HT size-exclusion (SEC) and cation-exchange 

chromatography (CEX) methods enabled the profiling of size and charge variants with sub-

2 mg sensitivity. Online coupling of SEC with CEX in a two-dimensional liquid 

chromatography (2D-LC) set up with mass spectrometry (MS) detection (2D SEC-CEX-

MS) combined aggregation analysis and charge variants peak identification in a single 

method maximising the data acquired from minimal sample requirements. Targeted MS 

analysis of cysteine modifications by multiple-reaction monitoring (MRM) was used to 

quantitate aggregates and fused into multi-attribute method (MAM) for supporting the 

analysis of cysteine modifications, glycosylation, deamidation and C-terminal Lys 

processing throughout the development of a bispecific antibody product. Finally, the 

methods were integrated into a HT analytical platform supporting HTPD experiments for 

cell line development (CLD). The HT analytical platform processed several hundreds of 

small volume samples providing PQ data necessary for clone selection. This demonstrated 

the benefits of hyphenating HT analytics as early as possible to drive CLD activities and 

gather a deeper understanding of the scientific and engineering principles that govern protein 

expression in cells. The HT analytics developed in this research will be implemented in the 

industrial analytical workstream to support AstraZeneca pipeline.  
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Chapter 1 

Introduction 

This study focuses on the development of high-throughput (HT) analytical solutions for 

characterising the quality attributes of recombinant therapeutic proteins expressed in small-

scale CHO cells cultures. This research seeks the establishment of a feedback loop system 

between analysis and cell engineering to support cell line development for 

biopharmaceuticals production, aiming to identify and understand the variables that impact 

the quality profile of CHO cell-expressed recombinant proteins. The following introductory 

chapter provides an overview of the biopharmaceuticals development process in industry 

highlighting the challenges to overcome for fulfilling the regulatory requirements to launch 

new products to market. Subsequently, the state-of-the-art HT technologies used for process 

development will be discussed with particular emphasis on the HT analytical methodologies 

currently applied in early biopharmaceutical development. The need for analytical tools that 

can combine ease of operation, rapid analysis, and accuracy in an analytical Quality-by-

Design (QbD) framework is presented. Finally, the chapter comes full circle to outline how 

more efficient analytical methods could lead to effective innovations for advanced 

bioprocess control. 
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1.1 Pharmaceutical Biotechnology and Biopharmaceuticals 

1.1.1 Introduction to Biopharmaceutical Industry  

Biotechnological manufacturing of pharmaceutical products implies the use of living 

systems, such as bacteria, yeasts, plants, and animals or parts of thereof for the development 

of products that can be used for medicinal, prophylactic or diagnostic purposes. Biological 

sources have long been exploited in medicine and there are many examples supporting the 

relevance of this practice. Amongst the best known of them are, the introduction of 

vaccination by Edward Jenner against smallpox from cowpox (variolae vaccinae, 1796); 

later adopted by Louis Pasteur for the first attenuated bacteria-based vaccines against anthrax 

and chicken cholera (the 1800s); the extraction of insulin from animal pancreas by Frederick 

Banting and J.J.R. Macleod (Nobel Prize, 1923); the serendipitous discovery of penicillin 

from colonies of Staphylococcus by Alexander Fleming (Nobel Prize, 1945 with Howard 

Florey and Ernst Boris Chain) along with its mass production achieved thanks to the 

chemical engineer Margaret Hutchinson Rosseau, who developed the first deep-tank 

fermentation plant, granting large-scale supply of pharmaceutical-grade penicillin during the 

Second World War. 

Besides all the great advancements being made in the pharmaceutical industry and 

technology, all these drugs were still directly extracted from native biological sources. It was 

only during the post-World War II era that the pioneers of molecular biology brought 

forward novel notions on deoxyribonucleic acid (DNA) gene expression and cellular process 

control. Paul Bergôs first paper on recombinant DNA technology (rDNA) in living organisms 

(Paul Berg, Nobel Prize,1980) paved the way for Stanley Cohen and Herbert Boyer to 

perform cellular and genetic engineering laying the foundations of modern biotechnology 

and its application to the discovery and production of medicinal products. 

The first recombinant therapeutic protein, insulin, was introduced as biopharmaceutical in 

1982 under the trade name Humulin by Genentech and Eli Lilly (Quianzon and Cheikh, 

2012; Walsh, 2013). This was followed by Proleukin (aldesleukin ï IL-2-like protein), and 

Zenapax (daclizumab ï a humanised monoclonal antibody) in the 1990s. The first 

therapeutic mAb, muromonab-CD3 (Orthoclone OKT3), was approved by the US FDA in 

1986 and comprised a murine mAb targeting T cell-expressed CD3 for the treatment of acute 

transplant rejection (Lu et al. 2020; Ecker et al. 2015). In 2003, the first fully human antibody 
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Humira (adalimumab) was approved by the US Food and Drug Administration (FDA) for 

the treatment of Crohnôs disease, ulcerative colitis, psoriasis and other autoimmune disorders 

(Brekke and Sandlie 2003). Novel biotechnological techniques achieved the production of 

proteins, peptides and genetic materials at higher quality and quantity than direct extraction 

from native biological sources (Ho and Gibaldi, 2013). Moreover, bioprocess engineering 

technologies improved product functionality, productivity and structural characteristics 

extending the application of these medications for the treatment of unmet needs (Shukla and 

Thömmes, 2010). Along this line, bispecific antibodies (BsAbs) and fusion proteins are 

biopharmaceuticals specifically engineered to optimise the bioactivity, immunogenicity and 

pharmacokinetics (PK) of medicinal products (Walsh, 2014; Czajkowsky et al., 2012). 

Moreover, research and development (R&D) of nucleic acid-based products, such as 

antisense oligonucleotides (ASO), gene therapies and gene-engineered cells have also 

increased over the last years. As a result of scientific advancements, the last few decades 

have seen the field of drug development move its focus from conventional chemically 

synthesised small-molecules to cell-expressed large-molecule biopharmaceuticals. 

Hundreds of start-up biopharmaceutical companies were founded in the late 20th century, 

notably in the USA and Europe. Many other firms then diversified into this area or formed 

strategic alliances. Amgen, Biogen and Genentech represent the three pioneering 

biopharmaceutical companies that are still competitive in the business (Walsh, 2014; Zhang 

and Liu, 2020; Crunkhorn, 2014; Yip, 2019; Estes, Melville, and Chinese, 2014). The 

biopharmaceutical industry has continued to flourish into the 21st century, expanding to Asia 

and South America (K. Zhang and Liu, 2020; Alzahrani, 2020; Rezaie et al., 2012; Pimenta 

and Monteiro, 2019). However, several challenges remain in the production of 

biopharmaceuticals which are more costly and more difficult to manufacture than 

conventional drugs (Rader 2008; Walsh, 2013; Kesik-brodacka, 2018; Kaplon et al., 2020). 

An in-depth review of the current issues in biopharmaceuticals development will be 

discussed in this chapter.  
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1.1.2 Biopharmaceuticals 

Biopharmaceuticals include therapeutics, vaccines and biological diagnostic agents which 

have revolutionised the last centuryôs diagnosis, prevention, and treatment of human 

diseases, particularly cancer, respiratory, inflammatory and autoimmune diseases 

(Crunkhorn, 2014; Walsh, 2018; Craik, Fairlie, Liras, and Price, 2013; Lonardo and Baldelli, 

2020). In comparison to conventional small molecule pharmaceutical drugs, 

biopharmaceuticals demonstrated an extraordinary specificity and activity, resulting in more 

targeted mechanisms of action with fewer off-target effects extending the horizons towards 

the treatment of severe life-threatening diseases (Kesik-brodacka, 2018; Crunkhorn, 2014).  

The term óbiopharmaceuticalsô first appeared in the 1980s and refers to pharmaceuticals 

manufactured using biotechnological techniques (Walsh, 2013; Rader, 2008; Kesik-

brodacka, 2018). They are part of the broad category of biologics comprising products that 

are inherently biological thus, composed of sugars, proteins, nucleic acids, complex 

combinations of these substances or living entities such as cells or tissues (Rader, 2008; 

Walsh, 2013). Along with biopharmaceuticals, biologics include tissue-, gene- and cell-

therapy agents also referred to as advanced therapy medicinal products (ATMPs) (Ham et 

al., 2018). Whilst biologics may be isolated from natural sources (humans, animals, plants 

and microorganisms), biopharmaceuticals are exclusively produced by genetic engineering 

of living systems such as cells, often employing cloning, tissue culture as well as other 

cutting-edge biotechnology tools used to cut, insert, link, and recombine DNA fragments to 

gain useful therapeutic products. The majority of them are created via recombinant DNA 

technology (Khan et al., 2016) involving the insertion of DNA molecules from different 

species into a host organism aiming to produce new genetic combinations. The development 

of genetic engineering and cloning technology has opened many possibilities for expressing 

and isolating recombinant proteins for medicinal use. Cell engineering has so far been the 

most proficient technology for producing recombinant proteins. Another technology worth 

acknowledgement relies on the use of transgenic animals. The anticoagulant agent ATryn® 

(rEVO Biologics, Ltd.) expressed in transgenic goatôs milk, is an example of a transgenic 

animal-derived medicine that was granted regulatory approval by both EMA (2006) and 

FDA (2009) and is currently available on the market. Nevertheless, the biopharma industry 

has been slow to embrace this platform favouring cell engineering tools that prove more 

promising in gaining productivity and compliance to process technologies (Scott and 

Melville, 2014). 
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To date, protein-based biopharmaceuticals lead the market with monoclonal antibodies 

(mAbs) representing the largest class (Walsh, 2018; Kaplon et al., 2020). Other types include 

hormones, growth factors, cytokines, blood factors, enzymes, vaccines and anti-coagulant 

agents (Aggarwal, 2014). Further advancements in protein engineering led to the 

development of next-generation biopharmaceuticals. To name a few, fusion proteins, 

antibody fragments such as antigen-binding fragments (Fab) or single-chain variable 

fragments (scFvs), antibody-drug conjugates (ADC) and multi-specific antibodies (msAbs) 

are examples of the recent innovations in antibody formats (Evans and Syed, 2014). 

Moreover, the last decadeôs R&D breakthroughs have led to a rise in the number of nucleic 

acid-based biopharmaceuticals on the market. These include antisense RNA and DNA, small 

interfering RNA (siRNA), ribozymes and aptamers used to selectively target disease-causing 

genes (Mergener, 2021). Notably, the COVID-19 outbreak caused by severe acute 

respiratory syndrome Coronavirus 2 (SARS-CoV-2) has demonstrated the effectiveness of 

cutting edge biotechnological tools in delivering rapid and adaptable vaccination strategies 

on a global scale in only 9 months from the start of the pandemic (Pichon and Perche, 2021). 

This laid the foundation for new research and business strategies with mRNA vaccines being 

at the centre of scientific interest (Philippidis, 2021). 

Despite the success of biopharmaceuticals advancements, the COVID-19 pandemic has also 

highlighted the scientific gaps and demands of the industry concerning the technology, 

production, and distribution of its products (Stoll et al., 2021; Balcerek, Bednarek, and Sobie, 

2021; Sarkis et al., 2021; Ibrahim et al., 2021). Indeed, biopharmaceuticals are inherently 

complex; their large size, structural heterogeneity, and post-translational and chemical 

modifications pose a safety risk that must be monitored at all stages of development 

(Garripelli, Wu, and Gupta, 2020). High-expressing industrial cell lines that are stable 

throughout multiple cell generations along with production processes that guarantee the 

delivery of the final product with consistency are essential for regulatory approval (Balcerek, 

Bednarek, and Sobie, 2021). Moreover, due to the complexity of their structure, 

biopharmaceuticals are prone to degradation events and require specialised services for their 

supply chain such as low-temperature storage (Ibrahim et al., 2021). This adds to the costs 

of process development which is particularly high compared to conventional pharmaceutical 

drugs (Silva, Eppink, and Ottens, 2021). 

The introduction of next-generation biomolecules posed further industrial challenges (Rader, 

2008; Walsh, 2013; Kesik-brodacka, 2018; Kaplon et al., 2020). This is due to a number of 
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reasons. Firstly, the engineered molecules can be more ñdifficult-to-expressò (DTE) than 

natural ones due to the lack of cellular competency resulting in low expression titres (Johari 

et al., 2015). Secondly, the need for a more complex structure and post-translational 

processing may lead to further quality burdens that can be missed during the discovery 

process (Jarasch et al., 2015). Finally, insufficient process knowledge for producing 

(expressing, purifying and analysing) these new molecular entities results in a deceleration 

of the timelines and an increase in the costs for process development (Silva, Eppink, and 

Ottens, 2021).  

This landscape explains why the biopharmaceutical industry has strategically continued 

investing in quick and cost-effective HT technologies as a means of leveraging process 

development along with creating a diversified product portfolio to rapidly launch new 

products to market. 

1.1.3 The Biopharmaceutical Market  

The biopharmaceutical industry is a growing multi-billion-dollar business totalling $230 

billion in 2020 and is projected to reach $345 billion by 2026 (Biopharmaceutical Market). 

Global market sales have continued rising since the approval of Humulin, totalling $140 

billion in 2013, $228 billion in 2016 (Moorkens et al., 2017), and $186 billion in 2017 

(Rathore and Bhargava, 2020). Market statistics show that mAbs are both the most profitable 

and most rapidly growing class of biopharmaceuticals (Newswire, 2016; Walsh, 2010; 

Kesik-brodacka, 2018; Rathore and Bhargava, 2020; Kaplon et al., 2020; Yip, 2019) with 

sales expected to continue rising over the next several years (Ecker, Jones and Levine, 2015; 

Jiang et al., 2019; Zeitlin, 2021). During 2010-2019, more than 50 mAbs were approved in 

the EU and US market encompassing over half (53%) of all first-time approvals (Walsh, 

2018; Kaplon et al., 2020). During the COVID-19 pandemic, the biopharmaceutical industry 

has thrived on vaccines as well as next-generation biopharmaceuticals, and gene therapies 

(Sedykh et al., 2018; Philippidis, 2021). New drug candidates were proposed for the 

treatment of the COVID-19 symptoms and are expected to join the market in the upcoming 

months (Philippidis, 2021).  

Nevertheless, the high costs associated with biopharmaceuticals R&D represent the major 

challenge for biopharmaceutical companies (Thakor et al., 2017; Kesik-brodacka, 2018; 

Silva, Eppink, and Ottens, 2021). Indeed, cost-effectiveness and time-to-market along with 

https://www.360researchreports.com/global-and-united-states-biopharmaceutical-market-size-status-and-forecast-2020-2026-16516335
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therapeutic efficiency, patient safety, and product quality (PQ) are the key aspects that 

govern production and sales. Therefore, it is of paramount importance for the 

biopharmaceutical industry to attain a product development workstream that fulfils these 

criteria. Not surprisingly, one of todayôs main focus areas of the business is the integration 

of high-throughput process development (HTPD) technologies to accelerate 

biopharmaceutical drug development (Silva, Eppink, and Ottens, 2021). Further insights into 

the state-of-the-art biopharmaceutical HTPD tools are discussed in Section 1.5 of this 

Chapter. 
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1.2 Cell Culture Technology 

1.2.1 Expression Systems  

The expression machinery of living cells can be manipulated and harnessed to produce 

biopharmaceuticals. This implies the use of cell culture procedures to isolate the cells from 

their native substrate and subsequently grow them in an artificial environment under 

controlled conditions. A specific cell type can be genetically engineered to express the 

product of interest as part of its gene expression machinery hence, called the ñhost cell 

systemò. Recombinant systems are constructed by introducing a gene coding for the protein 

of interest into a well-characterised strain of the producer cell line (Cox Gad, 2007; Hu et 

al., 2012; Hu, 2020). 

The selection of the appropriate host cell type is a fundamental step in biopharmaceutical 

production. Many factors influence the choice of the host and are mostly related to the 

physicochemical properties of the molecule to be expressed, costs of goods, time required to 

express a certain amount of protein and maximum yield achievable. A plethora of expression 

systems has been exploited and implemented for the production of biopharmaceuticals, 

including bacteria, yeast, insects, plant and mammals (Walsh, 2004; Hu et al., 2012; Kesik-

brodacka, 2018). Amongst them, mammalian cells are the preferred and most utilised host 

for producing complex protein-based biopharmaceuticals, such as mAbs (Walsh, 2004; Hu 

et al., 2012; Kiss and Gottschalk, 2018). 

As highlighted in the ñBiopharmaceutical benchmarksò series by Walsh, mammalian cell 

culture, and particularly CHO expression systems, currently support the production of both 

the vast majority and best-selling drugs (Walsh, 2010, Walsh, 2014, Walsh, 2018). More 

details on the characteristics of this successful host cell type are discussed in Section 1.2.2.  

1.2.2 Mammalian Cell Culture  

Mammalian cells are the most used cell type for biopharmaceutical production owing to the 

capability of their cellular machinery of folding and assembling complex polypeptide chains 

as well as performing post-translational modifications (PTMs) similarly to endogenous 

human proteins (Walsh, 2004; Hu et al., 2012; Kiss and Gottschalk, 2018). These features 

are fundamental for the safety and efficacy of the final therapeutic product and explain why 
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they are often the cell type of choice despite being more complex, time-consuming and costly 

than other prokaryotic and eukaryotic cell culture processes. Moreover, mammalian cells are 

high yielding and easily scalable. In this context, technology advancements have contributed 

to boosting titres from 0.1 g/L to 10 g/L to meet the demand of the clinical supply (Kiss and 

Gottschalk, 2018; Kesik-brodacka, 2018; Hu, 2020). 

Currently, a great array of mammalian cell lines is available for recombinant protein 

production. Historically, rodent-derived cell lines such as Chinese Hamster Ovary (CHO) 

cells, Mouse Myeloma cells (NS0/1), Mouse Fibroblast cells, and Baby Hamster Kidney 

cells (BHK) are the most common mammalian cells. These hosts express proteins with 

human-like PTMs but can also produce non-human structural modifications which can 

impact drug safety. As an example, galactose-Ŭ1,3-galactose (Ŭ-gal) and N-

glycolylneuraminic acid (NGNA) are N-glycans expressed in mice but not in humans and 

are associated with immunogenicity and bioactivity, protein stability and in vivo clearance 

(Dumont et al., 2015; Kiss and Gottschalk, 2018). This can yield dangerous off-target 

effects, for instance, patients treated with Erbitux® (cetuximab, Merck Group & Eli Lilly), 

the antineoplastic agent expressed in SP2/0 cells, underwent anaphylaxis shock due to pre-

existing IgE antibodies directed against Ŭ-1,3-gal residues (Chung et al., 2008; Estes, 

Melville, and Chinese, 2014). 

On the other hand, human-derived hosts can perform fully human optimised PTM profiles 

(Dumont et al., 2015; Kiss and Gottschalk, 2018; Havenga, Holterman, and Melis, 2008; 

Swiech, Picanço-Castro, and Tadeu, 2012; Blanchard et al., 2011). Amongst these, Human 

Embryonic Kidney cells (HEK-293), Human Fibrosarcoma cells (HT-1080), Human 

Amniocentesis (CAP-T) cells, and Human Embryonic Retina-derived (PerC6) cells have 

been adopted for the production of biopharmaceuticals (Dumont et al., 2015; Kiss and 

Gottschalk, 2018; Swiech, Picanço-castro, and Tadeu, 2012; Walsh, 2014). Nevertheless, 

the analytical characterisation of proteins expressed in human cells showed different quality 

profiles than the endogenous human proteins (Scott and Melville, 2014). To date, there is no 

clear evidence demonstrating that recombinant proteins expressed in human cells are safer 

than those produced in mouse-derived cells.  

Most of the presently licensed biopharmaceuticals are produced in non-human mammalian 

expression systems. CHO cells are the preferred industry-standard expression platform, 

accounting for more than 70% of the approved therapeutic proteins (Birch and Racher, 2006; 
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Jayapal et al., 2007; Omasa et al., 2010; Walsh, 2010; Zhu, 2012; Walsh 2014). More details 

on the characteristics and the success of this host are given in Section 1.2.3. 

1.2.3 Chinese Hamster Ovary Cells Factories 

Originally isolated from an adult Chinese Hamsterôs ovary biopsy (Lat. Cricetulus griseus) 

by Puck in 1985 (Tjio and Puck, 1958), CHO cells have become the favoured host for 

biopharmaceutical production (Kuo et al., 2018 Walsh, 2014; Dumont et al., 2015; Kiss and 

Gottschalk, 2018). The success of this host has been extensively reviewed in the literature 

and relies on a number of reasons. Owing to its mammalian origin, CHO expression 

machinery can efficiently fold and assemble complex, multi-chain and multi-domain 

proteins with human-like PTMs (Walsh, 2004; Hu et al., 2012; Kiss and Gottschalk, 2018). 

Regulatory approval is eased by the comprehensive industry process expertise and well-

documented safety profile built over the years (Walsh 2014; Kesik-brodacka, 2018; Zhang, 

2010; Kiss and Gottschalk, 2018). Furthermore, CHO genetic instability has cleverly been 

exploited for the isolation of clonal cell lines with functional characteristics that fulfil the 

industrial requirements (Davies et al., 2013). Amongst them, adaptation to growing at high 

densities in both suspension and serum-free media, ease of transfection, powerful gene 

amplification system, and low susceptibility to human viral infection ensured high 

productivity in both transient (>2 g/L) (Daramola et al., 2013) and stable industrial cell lines 

(>10 g/L) (Huang et al., 2010; Costa et al., 2010; Wurm, 2004). These beneficial attributes 

increase the confidence that two key industry requirements will be met, namely, the 

production of high titre biopharmaceuticals and desired structural attributes (Budge et al., 

2020; Fischer, Handrick, and Otte 2015; Hernandez, 2015; Kiss and Gottschalk, 2018). To 

date, a variety of CHO cell lineages have been developed, including CHO-DG44, DUKX-

B11 isolated at Columbia University (Urlaub and Chasin, 1980), CHO-S, CHO-K1, and its 

derivative CHOK1SV (developed by Lonza) (Fischer, Handrick, and Otte, 2015; Scott and 

Melville, 2014; J. Zhang, 2010; Kiss and Gottschalk, 2018). These cell lines have been 

adapted and optimised for satisfying the requirements of biopharmaceuticals production so 

that todayôs biopharmaceutical companies own proprietary CHO cell lines. In this context, 

cell line stability, productivity and quality have been the major focus of CHO CLD and 

engineering (CLD&E) (reviewed by Hong et al., 2018). 
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Despite the advantages, CHO cells are neither naturally perfect nor their cellular mechanism 

has completely been explored and well-understood yet. Furthermore, the same genetic and 

epigenetic instability that facilitates engineering manipulation may also lead to a discrepancy 

in growth, metabolism, biosynthesis and post-translational processing. This is due to the 

unpredictable phenotypic variations arising from the genome restructuring during 

continuous subculture. Moreover, enhanced cellular stress can cause low cell growth, low 

productivity and induction of protein aggregation (Yuk et al., 2015; Graham, Bhatia, and 

Yoon, 2019; Chung et al., 2019; Das et al., 2020; Hong et al., 2020). 

Despite cell engineering advancements have substantially improved product yield, 

uncharacterised cellular processes and gene regulatory mechanisms still hamper PQ (Kuo et 

al., 2018). Therefore, both clone selection and cell line development (CLD) can be time-

consuming and labour intensive (Davies et al., 2013). Fundamentally, a better understanding 

of the scientific and engineering principles involved in CHO cells manufacturing, and the 

identification of the variables that affect PQ are needed to gain control of their cellular 

expression machinery. This could result in a substantial reduction in costs and timeline for 

the launching of novel life-saving medicines to market and their bioprocessing. 

Another aspect to take into consideration is that culturing of CHO cells remains more 

expensive and slower than prokaryotic and eukaryotic expression systems, such as bacteria 

and yeast (Jiang et al., 2019). This is mainly because animal-derived cells have a low 

proliferation rate, require complex media, refined feed and stringent sterility protocols due 

to their vulnerability to contamination  (Jiang et al., 2019; Fischer, Handrick, and Otte, 

2015). 

All these factors contribute to the overall flare of process costs and timelines, which remain 

the major burden of the market and hamper the access of medicines worldwide (Jiang et al., 

2019). In recent years, the implementation of HTPD methodologies has leveraged CHO 

CLD with a substantial reduction in time and costs associated with conducting the large 

screening experimentation required in upstream process development (USPD). Detailed 

information on the state-of-the-art HTPD tools used in USPD is given in Section 1.5.3. 
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1.3 Insights into CHO-expressed Recombinant Proteins  

1.3.1 Protein Expression, Folding and Assembly 

The mammalian cells expression of correctly folded proteins at high titres requires adequate 

degrees of transcription and post-transcriptional steps such as messenger ribonucleic acid 

(mRNA) translation, polypeptide translocation, folding, assembly and addition of PTMs. 

After a protein is translated, the N-terminal signal peptide of the unfolded polypeptide chain 

forms a complex with the signal recognition particle (SRP) and enters the endoplasmic 

reticulum (ER). Here, the signal peptidase cleaves the signal peptide and the polypeptide 

chain undergoes folding and assembly. The rough ER is primarily responsible for protein 

folding, the addition of high mannose core oligosaccharides to the N-glycosylation site, 

trimming of terminal glucose and mannose residues from initial glycan, and formation of 

disulphide bonds (Hu et al., 2012). Next, the nascent protein progresses through the Golgi 

apparatus where it receives the addition of PTMs such as glycoform modifications, peptide 

proteolytic cleavage, ɔ-carboxylation of glutamic acid and ɓ-hydroxylation of aspartic acid 

(Hu et al., 2012). Finally, at the completion of its three-dimensional structure, the newly 

synthesised protein is secreted into the cell culture media. These steps are dependent on the 

recombinant protein characteristics and constraints in their mechanisms may be the cause of 

aggregation and low productivity (Pybus et al., 2014; Johari et al., 2015; Kiss and 

Gottschalk, 2018).  

The ER and Golgi apparatus constitute the control system for protein folding and assembly. 

A variety of stress events may perturb the ER homeostasis exceeding its capacity for protein 

folding. The resulting misfolded and unfolded proteins accumulated in the ER are either sent 

back through the folding cycle or tagged for degradation via the ER-associated degradation 

(ERAD) pathway. An excessive cargo of unfolded proteins can lead to the activation of the 

unfolded protein response (UPR) and upregulation of degradative enzymes (Chakrabarti, 

Chen, and Varner, 2011). In this context, it is important to notice that ER stress contributes 

to low productivity, cell death, misfolding, and aggregation. Hence, research efforts have 

been focused on studying and understanding the UPR mechanism (Du et al., 2013; Kober, 

Zehe, and Bode, 2012) and unravel the enigma behind DTE proteins (Le Fourn et al., 2014; 

Pybus et al., 2014; Johari et al., 2015).  
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1.3.2 The Structure of Monoclonal Antibodies 

Gerald Edelman and Rodney Porter were the first to discover the distinctive Y-shaped 

molecular structure of antibodies (Edelman and Porter, Nobel Prize, 1972). Unlike 

endogenous antibodies, mAbs originate from a single B-cell clone and show binding 

specificity to one single epitope (Bakhtiar, 2012; Frye et al., 2016; Ko et al., 2018; Sedykh 

et al., 2018). Although this class of therapeutics includes IgA, IgD, IgE, IgG, and IgM, most 

of marketed mAbs are IgG ï precisely human/humanised IgG1, to some extent IgG2, and 

IgG4 (Bakhtiar, 2012; Beck, Sanglier-Cianférani, and Van Dorsselaer, 2012; Higel et al., 

2016; Walsh, 2018). The schematic representation of a mAb structure is depicted in Figure 

1.1. 

MAbs bear a large and complex chemical structure resulting in 146-160 kDa mass range 

organised into four polypeptide chains ï two heavy chains (HC, ~50 kDa each) and two light 

chains (LC, ~25 kDa each). These are held together by 2-4 interchain disulphide bonds in 

the so-called ñhinge regionò, giving the mAb its characteristic Y-shape (Lakbub, Shipman, 

and Desaire, 2018). One additional interchain disulphide bond connects the fifth cysteine 

(Cys) residue of each HC with the last Cys of each LC. Furthermore, the IgG polypeptide 

chains are organised in 6 globular domains joined together by 12 intrachain disulphide bonds 

(Liu and May, 2012; Lakbub, Shipman, and Desaire, 2018; Beck, Sanglier-Cianférani, and 

Van Dorsselaer, 2012). The variable regions of the HC and LC are located at the N-termini 

and bear the complementarity-determining regions (CDRs) that provide the specificity for 

antigen-binding site (Bhat and Rao, 2020; Beck, Sanglier-Cianférani, and Van Dorsselaer, 

2012; Lakbub, Shipman, and Desaire, 2018; Sjögren, Olsson, and Beck, 2016). 

According to the functional characteristics of the IgG domains, three main regions can be 

distinguished in two Fabs, and one fragment crystallisable (Fc). The Fab is composed of the 

CDRs, variable regions, and the first domain of the HC (CH1) and is responsible for antigen-

binding specificity. The Fc region is composed of CH2 and CH3 of both heavy chains and 

binds the cell surface receptors activating the complement system (Bhat and Rao, 2020; 

Beck, Sanglier-Cianférani, and Van Dorsselaer, 2012; Lakbub, Shipman, and Desaire, 2018; 

Sj rgen, Olsson, 2016). The large size of mAbs and their complex cellular mechanism of 

expression lead to a vast physicochemical and structural heterogeneity (Higel et al., 2016; 

Bakhtiar, 2012; Zhang, Cui, and Gross, 2014; B. Zhang et al., 2016; Brunner et al., 2017; 

Reusch and Tejada, 2015). 
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Detailed information on the most common mAb quality attributes including PTMs as well 

as chemical modifications resulting from degradation events will be examined in Section 

1.3.4. 

1.3.3 The Structure of Bispecific Antibodies 

Multi -specific antibodies can bind more than one antigen and belong to a class of 

therapeutics appointed as ñnext-generation antibodiesò (NGAs) by Nature Reviews Drug 

Discovery journal in 2014 (J. B. Evans and Syed, 2014). Bispecific antibodies (BsAbs) bear 

two different antigen-binding sites and were proven auspicious for the treatment of cancer, 

autoimmune diseases and several other conditions due to their multi-target mechanism of 

action (Sedykh et al., 2018; Reichert, 2019; Krishnamurthy and Jimeno, 2018; Nuñez-Prado 

et al., 2015). This class of therapeutics encompasses several different species and a variety 

of formats whose characteristics along with their therapeutic and engineering principles have 

extensively been reviewed (U. Brinkmann and Kontermann, 2017; Reichert, 2019). BsAbs 

that are currently available on the market are the antineoplastic agent Blincyto® (bispecific 

T-cell engager (BiTE) blinatumomab, Amgen/Micromet) and Hemlibra® (full -length IgG-

like BsAb emicizumab-kxwh, Chugai/Genentech, a subsidiary of Roche) used against cancer 

and haemophilia A, respectively. 

Despite holding therapeutic promise, the challenges associated with BsAbs developability 

have hindered their market thrive (Brinkmann and Kontermann, 2017; Reichert, 2019). B. 

Trout and co-workers have significantly contributed to the determination of protein-based 

therapeutics developability on the basis of their physicochemical characteristics 

(Chennamsetty et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010; Courtois et al. 2016; 

Lauer et al. 2011). Due to the increased molecular complexity, these products are often DTE 

and show poor stability resulting in high levels of both aggregates and clipped species 

(Gomez et al., 2020; Manikwar et al., 2020; Phung et al., 2020; C. Wang et al., 2018; 

Schachner et al., 2016; Cao et al., 2018). As an example, Cao et al. (2018) have reported the 

formation of head-to-tail dimers of an IgG-scFv fusion BsAb (BsAb-1) molecules as a 

consequence of cysteinylation and glutathionylation of the Cys residues constituting the 

engineered disulphide bond in the scFv region.  

BsAb-1 is a full length symmetric IgG1-like BsAb with scFv fused in the CH3 domain 

stabilised by an engineered disulphide bond. Supported by Caoôs work, the mechanism and 
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causes of aggregation of this model molecule will be the subject of study in this research 

project. 
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1.3.4 Quality Attributes of mAbs and BsAbs 

Biopharmaceuticals are defined by their quality attributes. These attributes depend on the 

physical, molecular, cellular, immunochemical, microbiological and biological 

characteristics of the molecule of interest and must be fully characterised during product 

development. Some of them are considered ñcriticalò to ensure the delivery of a product with 

the desired quality. Thus, the critical quality attributes (CQAs) must be defined as early as 

possible and monitored throughout the product development process (ICH, 2009). 

Examples of mAbs and BsAbs quality attributes include product appearance, identity, purity, 

impurities, potency, quantity, etc. Amongst the most common CQAs are PTMs occurring 

after translation and other non-enzymatic chemical modifications resulting from product 

degradation events. PTMs are covalent and generally enzymatic modifications occurring as 

part of protein biosynthesis. Conversely, other covalent and non-covalent chemical 

modifications may result as a consequence of product degradation events during upstream 

(USP) and downstream processes (DSP), formulation and storage. Such modifications define 

the physicochemical properties of the mature proteins hence, its bioactivity, interactions, and 

in turn, the safety and efficacy of the final product (Deribe, Pawson and Dikic, 2010; Zhao 

et al., 2010; Martin, 2003; Greer and Shi, 2012; Chirmule and Nair, 2016).  

Glycosylation, disulphide bonds scrambling, aggregation, fragmentation, deamidation, 

oxidation, phosphorylation, methylation, acetylation, and amidation are amongst the most 

common enzymatic PTMs found in mAbs and known to be influenced by cell engineering 

strategies (Santos and Lindner, 2017; Duan and Walther, 2015; Reason et al., 2018). 

However, some of them such as aggregation, fragmentation, oxidation, and deamidation can 

occur after protein expression, as part of product degradation events (Arosio et al. 2011; 

Oyetayo et al., 2017; Wecksler et al., 2018; Alam et al., 2020). 

Figure 1.1 illustrate the quality attributes occurring in mAbs and their specific sites, whilst 

Table 1.1 summarises their effect on the bioactivity, safety and efficacy of the final product. 

The following sections give an overview of the most common PTMs and chemical 

modifications found in mAbs and BsAbs that may be dependent on upstream process 

conditions and investigated in this research project.  
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Figure 1.1 IgG1 Molecular Structure with Commonly Occurring Quality Attribute s. 

Schematic of an ordinary IgG1 molecular structure showing the location of the PTMs and chemical 

modifications that typically occur in CHO-expressed mAbs. The shift in molecular weight caused by 
each modification is indicated in terms of nominal mass difference as reported at 

https://www.sigmaaldrich.com/life-science/proteomics/post-translational-

analysis/phosphorylation/mass-changes.html. 
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Table 1.1 Summary of the Most Common mAbs Quality Attributes and their Effect on 

the Bioactivity, Safety and Efficacy of the Final Product. 

Modification  Formation Quality Effect Reference 

C-terminal 
clipping of 

Lys and Gly 

Enzymatically-induced 
incomplete cleavage of the 

Lys residues. Gly clipping is 

followed by amidation of the 

neighbouring Pro. 

May affect PK and is 
indicative of 

increased cellular 

stress altering protein 
expression 

(Hu et al., 2017; Liu et 
al., 2014). 

 N-terminal 

pyroGlu 

Non-enzymatically-induced 

cyclisation of the N-terminal 

Gln or Glu with loss of -NH3. 

No substantial effect 

on efficacy and safety 

reported  

(Leblanc et al., 2017; 

Liu et al., 2014) 

Incomplete 

glycosylation 

(such as 
afucosylated 

protein 

species) 

Incomplete enzymatic 

processing of glycoforms 

Alteration of PK, 

protein activity, 

stability, and 
efficacy. 

(Pereira et al., 2018; 

Liu et al., 2014; Gaza-

bulseco et al., 2008). 

Glycosylation Enzymatic addition of glycan 
residues, mainly sialic acid, 

fucose, galactose and 

mannose. 

Affects PK, protein 
function, activity and 

stability as well as 

immunogenicity 

(Kuriakose et al., 2016;  
Liu, 2015; Liu et al., 

2014; Grainger and 

James, 2013; Jefferis, 
2012; Zheng et al., 

2011; Arnold et al., 

2007). 

Glycation Non-enzymatic addition of 
glycan residues mainly 

deriving from formulation 

excipients and usually 
involving reducing sugars 

binding Lys amine residues 

covalently. 

Affects PK, protein 
function, activity and 

stability as well as 

immunogenicity 

(Leblanc et al., 2016; 
Liu et al., 2014; Quan 

et al., 2008) 

Deamidation 
and 

succinimide 

formation 

Loss of ammonia (-NH3), 
typically occurring on Asn 

and Gln residues with 

subsequent conversion to Asp 
and Glu, respectively. 

Deamidation can be induced 

by both enzymatic and non-

enzymatic mechanisms. 

Reduced affinity and 
stability 

(Alam et al., 2020; Qiu 
et al., 2019; Luo et al., 

2011; Vlasak et al., 

2009). 
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Aggregation Various mechanisms, both 

enzymatic and non-

enzymatic, such as cellular 

stress over secretory pathways 
resulting in protein unfolding 

and misfolding, media 

composition, and process 
parameters, downstream 

processing and incorrect 

storage. 

Immunogenic 

reactions and 

impairment of patient 

safety. 

(Le Fourn et al., 2014; 

Chung et al., 2018; 

Hansen et al., 2017; Ho 

et al., 2013; 
Chakrabarti, Chen, and 

Varner, 2011; Gomez 

et al., 2012; Jing et al., 
2012; Vázquez-Rey 

and Lang, 2011; 

Ambrogelly et al., 

2018; Albert Jesuran 
Paul, Handrick et al., 

2017). 

Disulphide 
bonds 

scrambling 

Incorrect formation of a 
covalent bond between free 

thiols leading to non-native 

disulphide bonds. Disulphide 

bond scrambling can be 
induced enzymatically as well 

as non-enzymatically 

promoted by alkaline 

environments. 

Often leading to 
fragmentation and 

aggregation resulting 

in immunogenic 

reaction, and 
reduction of the 

bioactivity. 

(Lakbub et al., 2018; 
Liu and May, 2012; 

Strand et al., 2013; X. 

Wang et al., 2011 

Oxidation Loss of electrons mostly 

occurring on tryptophan and 

methionine residues but also 
lysine, cysteine, and histidine 

residues. Oxidation can be 

induced by both enzymatic 
and non-enzymatic 

mechanisms. 

Oxidation of a mAb 

CDR can reduce the 

potency of the drug; 
when occurring on 

the Fc oxidation can 

affect the molecule 
stability and higher-

order structure (HOS) 

with loss of the FcRn 

binding capacity. 

(Xiaojuan Li, Wei Xu, 

Yi Wang, Jia Zhao, 

Yan-Hui Liu, Daisy 
Richardson, Huijuan 

Li, Mohammed 

Shameem 2016; 
Sokolowska et al. 

2017; Dion et al. 2018; 

Zheng et al. 2021) 

Isomerisation Non-enzymatic PTM 

typically occurring as a 

consequence of Asn 
deamidation with consequent 

formation of isoAsp. When 

preceded by aromatic 
residues, Pro is prone to 

cis/trans isomerisation. 

Isomerisation can 

affect HOS leading to 

product stability, 
safety and potency 

issues. 

(Guttman et al. 2020; 

Vlasak et al. 2009; Z. 

Zhang, Shah, and Guan 
2019). 
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1.3.4.1 Charge Variants 

The cumulative effect of the enzymatic and non-enzymatic processes occurring after protein 

translation may give rise to protein isoforms with varying surface net charge (Xie et al., 

2016; Hu et al., 2017; Leblanc et al., 2017). Acidic species have lower pI values than the 

main species peak leading to an increase of negative charge. Conversely, basic variants have 

higher pIs than the main species peak and contribute to extend the positive charge 

distribution (Fekete, Beck, and Guillarme, 2015; Reusch et al., 2015; Parr, Montacir, and 

Montacir, 2016; Sissolak et al., 2019). Charge heterogeneity may be indicative of certain 

modifications that could significantly impact the quality, safety and efficacy of the final 

product (Rathore, Singh, and Narula, 2016). Hence, monitoring and understanding the 

principles behind therapeutic protein charge variants are essential throughout all 

development phases, release testing, and control of manufacturing processes (Sissolak et al., 

2019). Table 1.2 lists the most common mAbs and BsAbs PTMs and non-enzymatic 

chemical modifications associated with alteration of the surface charge distribution.  

Table 1.2 List of the PTMs and Product Degradation Events Commonly Known to 

Cause Charge Heterogeneity in mAbs and BsAbs. 

Modification  Charge Reference 

C-terminal clipping of Lys and 

Gly 

Basic (Hu et al., 2017; Liu et al., 2014). 

N-terminal pyroGlu Basic (Leblanc et al., 2017; Liu et al., 2014). 

Glycosylation Acidic (Kuriakose et al., 2016; Liu, 2015; Liu et al., 2014; 
Grainger and James, 2013; Jefferis, 2012; Zheng et 

al., 2011; Arnold et al., 2007). 

Glycation Acidic (Leblanc et al., 2016; Liu et al., 2014; Quan et al., 

2008). 

Deamidation and succinimide 

formation 

Acidic (Alam et al., 2020; Qiu et al., 2019; Luo et al., 2011; 

Vlasak et al., 2009). 

1.3.4.2 Glycosylation 

Glycosylation refers to the covalent addition of carbohydrate molecules (glycans) to specific 

sites of the protein surface. Glycans post-translational processing starts in the ER, where a 

glycan chain is trimmed by the action of various glycosidases. Next, the resultant 

glycoprotein is transported to the Golgi apparatus for further modifications and release of 

the diverse glycan structures. Protein glycoprofiles are complex, heterogeneous and their 

intrinsic chemical characteristics can significantly influence protein solubility, folding, 
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stability and interactions. Indeed, glycosylation is considered a CQA of mAbs and related 

products and several studies have demonstrated how glycosylation critically affects serum 

half-life, immunogenicity and potency (Arnold et al., 2007; Kuriakose, Chirmule, and Nair, 

2016; Liu, 2015; Grainger and James, 2013; Jefferis, 2012; Zheng, Bantog, and Bayer, 

2011). 

Glycan heterogeneity depends on glycans type, structure, site, and occupancy. Most of the 

glycoproteins expressed in CHO and other mammalian cells bear N- and O-liked glycans. 

N-glycosylation occurs at the consensus sequence of Asn-X-Ser/Thr (where X is any amino 

acid except Pro). This site is generally located in the Fc region of mAb molecules, in position 

Asn297 of the CH2 domain (Figure 1.1). Moreover, it was reported that 20% of mAbs bears 

a second N-glycosylation site on the VH domain (Qian et al., 2007; Higel et al., 2016). O-

linked glycosylation, however, happens via an Ŭ-O-glycosidic bond formed between N-

acetylgalactosamine (GalNAc) and the hydroxyl group (-OH) of Ser/Thr (Z. Wang, Zhu, and 

Lu, 2020; Plomp et al., 2015). O-linked glycans are inherently different from N-linked 

glycans and rare in CHO cells-expressed mAbs (Batra & Rathore, 2016; L. Zhang et al., 

2016; Liu, 2015). 

The most common glycoforms found in CHO-expressed mAbs are of limited size and 

involve high mannose, complex and hybrid types ï generally, bi-antennary with core-

fucosylation and low content of sialic acid (SiA) glycoforms (Higel et al., 2016; Sha et al., 

2016; Reusch and Tejada, 2015). Despite CHO cells capability of performing human-like 

glycosylation, they cannot process certain human types of glycans such as Ŭ-2,6-sialylation 

and Ŭ-1,3/4-fucosylation (Lalonde and Durocher, 2017). Furthermore, CHO cells produce 

glycans that are not present in humans such as NGNA and terminal Ŭ-Gal modifications. In 

this context, non-endogenous glycans are of particular concern for PQ analysis since they 

can trigger immunogenic responses when injected into humans (Lalonde and Durocher, 

2017; Zhang, Luo and Zhang, 2016; Kuriakose, Chirmule, and Nair, 2016). 

As a result of the strong evidence in the literature regarding the influence of N-glycosylation 

on mAbs therapeutic activity and product developability, several engineering strategies 

focused on improving the efficacy and safety of this class of therapeutics by manipulating 

their glycosylation profile have been reported (Mimura et al., 2018; Batra and Rathore, 2016; 

Grainger and James, 2013; Jefferis, 2012). Examples of which include, in-process controls 

of cell culture parameters such as temperature, pH, and media composition (Graham, Bhatia, 
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and Yoon, 2019; Gramer et al., 2011) genetic engineering strategies concerning the use of 

small interfering RNAs (siRNAs) (Chang et al., 2019), gene knockdown/knockout (Chang 

et al., 2019), small molecule enhancers (Chang et al., 2019), and Zinc Finger Nuclease (ZFN) 

technology (Malphettes et al., 2010). Glycoengineering approaches have been adopted to 

produce afucosylated mAbs that can enhance the antibody-dependent cellular cytotoxicity 

(ADDC) activity and their efficacy and specificity against tumour cells (Pereira et al., 2018). 

In this context, HT technologies and mathematical modelling have aided the advancement 

of novel CHO cell engineering strategies and understanding of the principles behind protein 

glycosylation (Galleguillos et al., 2017; Tejwani et al., 2018; Sha et al., 2016; Grainger and 

James, 2013).  

1.3.4.3 Aggregation 

Aggregation is a highly immunogenic protein modification occurring in mAbs and 

derivatives, thus, classified as a CQA (Ambrogelly et al., 2018; Paul et al., 2017; Williams 

et al., 2017; Moussa et al., 2016). Multiple mechanisms lie behind the formation of protein 

aggregates which are often unique to the protein of interest and remain overall not well-

understood. For example, cellular stressors over secretory pathways can lead to improper 

folding or misfolding and ultimately result in the formation of aggregates (Le Fourn et al., 

2014; Chung et al., 2018; Hansen et al., 2017; Ho et al., 2013; Chakrabarti, Chen, and 

Varner, 2011). Aggregation can also be induced by media composition (Luo et al., 2011) 

and process parameters such as pH, temperature, osmolality, agitation, dissolved oxygen, 

downstream processing (DSP) and formulation (Gomez et al., 2012; Jing et al., 2012; 

Vázquez-Rey and Lang, 2011; Ambrogelly et al., 2018; Albert Jesuran Paul, Handrick, et 

al., 2017).  

In addition to the various mechanism of formation, the physicochemical properties of 

aggregates are diverse and complex. Aggregates can be classified as soluble/insoluble, 

covalent/non-covalent, reversible/non-reversible, and native/denatured (Cromwell, Hilario, 

and Jacobson, 2006). Philo (2006) classified aggregates based on their molecular chemistry 

and size into 1) rapidly reversible non-covalent small oligomers (dimers, trimer, tetramer, 

etc.); 2) irreversible non-covalent oligomers; 3) covalent oligomers; 4) large aggregates 

(>10-mer); 5) very large aggregates (diameter ~50 nm to 3000 nm); 6) ñsnowò referring to 

generally irreversible visible particles (Philo, 2006).  



 

 

23 

 

The complex nature of protein aggregation poses a difficult challenge in biopharmaceutical 

development. Developability issues concern not only the safety and efficacy of the final 

product but also the increased time and costs of manufacturing goods. Indeed, aggregates 

are removed during downstream processing thus, a high percentage of aggregation may 

result in considerable product waste (Vázquez-Rey and Lang, 2011). Moreover, the 

molecule is required to be stable in formulation buffer and storage conditions (Basle et al., 

2020). To overcome these challenges, bioprocess engineering strategies have been focusing 

on increase expression titres and purification yield as well as minimising protein aggregation 

and reducing the costs of goods (Gomez et al., 2019; Jing et al., 2012; Paul et al., 2017; 

Saunders et al., 2016).  

It is for the reasons described above that considerable emphasis is given towards protein 

characterisation by analytical methods from early-stage process development to help 

understand and control aggregation. High-throughput technologies are fundamental to 

efficiently identify aggregation-prone candidates during both discovery and development 

(Paul et al., 2015; Madadkar et al., 2017; Williams et al., 2017). Recent years have seen a 

surge of computational approaches and machine learning for studying and predicting protein 

aggregation propensity in drug discovery and development (Ebo et al., 2020; Chennamsetty 

et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010; Courtois et al. 2016; Lauer et al. 2011). 

Key publications in this area are from the group of Bernhardt L. Trout on the development 

of methods for measuring the developability index of protein-based drug candidates and 

machine learning algorithms to support developability assessment at the early stages of 

product development (Chennamsetty et al. 2009; Lai et al. 2021; Chennamsetty et al. 2010; 

Courtois et al. 2016; Lauer et al. 2011). An overview of the state-of-the-art analytical 

methodologies employed for the analysis of aggregates is illustrated in Section 1.6.4 of the 

present chapter. 

1.3.4.4 Disulphide Bond Scrambling 

Disulphide bonds are PTMs occurring inside the cell as part of protein biosynthesis and 

involve the formation of covalent bonds between the free thiol (-SH) groups of side-chain 

Cys residues catalysed by enzymes. Disulphide bonds play a key role in the folding and 

stability of the protein. Incorrect disulphide bonds formation, reshuffling and Cys 

modifications can lead to the formation of structural isomers, size variants and aggregates 

with serious consequences on the biological activity and safety of the final product (Lakbub 
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et al., 2018; Liu nd May, 2012; Strand et al., 2013; Wang et al., 2011). Disulphide bond 

mapping in proteins is generally accomplished by bottom-up LC-MS/MS analysis (Lakbub, 

Shipman, and Desaire, 2018). Further insights on disulphide bond characterisation and Cys 

modifications is discussed in Chapter 5. 
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1.4 The Biopharmaceuticals Research and Development: An 

Analytics-Driven Process 

1.4.1 Overview 

Biopharmaceutical discovery programs screen for a new biological entity (NBE) with 

sufficient evidence of biological activity and safety profiles to be selected as novel 

therapeutic candidates. Following discovery, biopharmaceutical process development 

involves all the steps necessary to take a therapeutic candidate to market. Once the lead 

compounds have been identified, in-vivo and in-vitro testing is conducted for early safety 

and efficiency assessment. During this stage, the physicochemical and immunochemical 

properties of the compounds of interest are thoroughly characterised. Analytical testing must 

be compliant with the ICH quality guidelines detailing the characterisation of the product 

physicochemical and immunochemical properties, biological activity, purity, identified 

impurities and contaminants and quantity. The guidelines also require the analysis of both 

the drug substance and drug product appearance, identity, purity and impurities, potency and 

quantity. All the analytical methods used for product release must be validated according to 

the ICH specifications (ICH Q2(R1-2)) and the laboratory procedures must adhere to the 

current Good Manufacturing Practice (cGMP). Moreover, initial development and 

optimisation of the upstream and downstream process and investigation of a suitable route 

of administration are also carried out. This phase is called preclinical development and aims 

at gathering as much information as possible on the product and the process to support 

development at later stages and provide preliminary information on dosing and toxicity 

levels for first-in-human (FIH) studies. 

Clinical development begins after the completion and approval of the preclinical data by the 

regulatory agencies. The process follows the ICH guidelines on Good Clinical Practice and 

involves three phases where the product is tested on an increasing number of trial subjects 

and ends with the submission of a dossier to be approved by the regulatory authorities. If the 

process is successful, the product can be licensed for wider patient use. Finally, 

pharmacovigilance and post-marketing surveillance activities are carried out for more than 

a decade from market approval. The average cost of biopharmaceutical process development 

is estimated to be $2.6 billion (DiMasi, Grabowski, and Hansen, 2016; Mohs and Greig, 

2017). 
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More information on both preclinical and clinical development guidelines can be found at 

https://www.ich.org/page/search-index-ich-guidelines). Figure 1.2 illustrates a schematic of 

an NBE development process, while more information can be found at the FDAôs website 

https://www.fda.gov/drugs/cder-small-business-industry-assistance-sbia/new-drug-

development-and-review-process. 

Several authors have pointed out how the biopharmaceuticals properties significantly depend 

on the manufacturing method, hence process development is considered an integral part of 

product development and critical for delivering a new product to market (Lim et al., 2006; 

Carter, 2011; Dimitrov, 2012; Kesik-brodacka, 2018). In this scenario, analytical 

technologies are the key enabler for building robust, time- and cost-effective manufacturing 

processes to ultimately supply affordable medicines that consistently meet regulatory 

specifications. Process development involves the coordination of many teams across the 

business that work together on the establishment of a design space for product manufacture. 

Although sometimes challenging, the coordination between these groups is essential for the 

success of the product (Papathanasiou, Maria M Kontoravdi, 2019; Kiss and Gottschalk, 

2018). In this framework, it is not uncommon for analytical scientists to work in synergy 

with other departments that strongly depend on analytical testing to answer questions such 

as ñWhat? Where? How much? What arrangement, structure or form?ò (Christian, 2005). 

By answering these questions, the analyst provides the tools for understanding the scientific 

principles that govern biopharmaceuticals production.  

As evidence of the importance of analytical testing in driving biopharmaceutical 

development, the FDA implemented the quality-by-design (QbD) principles in 

biomanufacturing aiming to deliver quality throughout the whole process. The QbD practice 

is a data-driven approach that follows rigorous scientific methods and principles, including 

risk assessment to build quality into the process. According to the QbD dogma, undertaking 

process development in a design space ensures the attainment of specific objectives with a 

comprehensive understanding of both product and process, leading to the identification of 

the risks impacting the quality of the outcome (ICH Q8-R2, 2009; Sangshetti et al., 2017; 

Kumar, 2019; Papathanasiou, Kontoravdi, 2019; Kiss and Gottschalk, 2018). The process is 

dependent on and driven by analytical data, which build process knowledge, drive the 

scientific and process engineering choices and shape market strategies. This study focuses 

on addressing challenges relative to early-stage biopharmaceutical development, therefore, 

the literature and discussions related to late-stage product development, clinical studies and 

https://www.ich.org/page/search-index-ich-guidelines
https://www.fda.gov/drugs/cder-small-business-industry-assistance-sbia/new-drug-development-and-review-process
https://www.fda.gov/drugs/cder-small-business-industry-assistance-sbia/new-drug-development-and-review-process
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manufacture were not reviewed in-depth. Nevertheless, a brief overview of the research 

setting was outlined to put the importance of this work into context.  

 

Figure 1.2 Biopharmaceutical Development Lifecycle. 

Flowchart showing all the phases of a biopharmaceutical lifecycle from discovery to preclinical 
development, clinical trials, and regulatory approval with the respective timeline and average money 

invested. After the approval of a new drug, the manufacturing and post-marketing surveillance phases 

are described. The steps necessary for the USP and DSP development are also listed. 

1.4.2 CHO Cell Line Development and Engineering 

Following the selection of the lead candidate molecules, initial consideration of the 

manufacturing process is brought to the fore with the development of a suitable cell line. A 

typical industrial CHO CLD workflow starts with the selection of a host appropriate for 

producing the molecule of interest and the design of an expression vector for delivering the 

transgene into the host. These two steps are dependent on one another as the expression 

vector selection system needs to be compatible with the host expression machinery. 

Subsequently, the expression vector is amplified (usually in bacteria cells such as E. coli), 

isolated and transfected into the CHO cell host to obtain producing clones. 

The most common transfection method used in CHO cells is electroporation, however, 

lipofection and polymer-mediated gene transfer are also used. Transient transfection is 

useful in the initial phase of CLD as a quick (~10 days) and more economical way to provide 

sufficient material for early assessment of the product characteristics, efficacy and 

engineering strategies to be taken further. However, in transient transfection, the gene 

expression ability is rapidly lost since the DNA product is replicated as an extrachromosomal 

unit (Ozturk and Kompala, 2006; Rita Costa et al., 2010). Although more lengthy (12-14 
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weeks) and expensive, stable transfection accomplishes the permanent expression of a 

recombinant protein (Wurm, 2004; Hu, 2012; Rita Costa et al., 2010). Moreover, as a means 

of ensuring therapy consistency, the ICH guidelines require that biopharmaceuticals must 

derive from a clonal cell line. Hence, stable transfection is most suitable for large-scale 

production. Here, the vector DNA is usually transfected with a marker gene to guarantee 

integration into the host genome and subsequent selection of the cells that stably express the 

protein of interest. 

The most common marker genes used in CHO cells are dihydrofolate reductase (DHFR) and 

glutamine synthetase (GS). DHFR is an enzyme involved in purine and pyrimidine synthesis, 

catalysing the conversion of dihydrofolate into tetrahydrofolate. The addition of 

methotrexate (MTX ï folic acid antagonist), inhibits the function of DHFR. Only the 

transfected cells containing the DHFR gene can survive in the presence of MTX. Moreover, 

an antibiotic resistance gene is added to act as a selectable marker to facilitate vector 

amplification. In this system, the selection is performed by culturing the cells in a medium 

lacking hypoxanthine and thymidine and containing G-418 (aminoglycoside antibiotic ï 

polypeptide synthesis inhibitor). Differently from the DHRF, the GS expression system 

principle is based on the synthesis of glutamine from glutamate and ammonium catalysed 

by the GS enzyme. Since glutamine is an essential amino acid, only the transfected cells can 

grow in glutamine-free media. Even for cells that do express functional levels of GS 

endogenously (i.e. CHO cell lines), including GS inhibitor methionine sulfoximine (MSX), 

enables the use of the GS expression vectors. In this case, only the transfectants with 

additional GS activity (i.e. the GS gene from the expression vector) can survive. Once 

selected, the highly expressing clonal populations are finally expanded and used for 

screening and further analysis.  

Following the establishment of expressing pools, cells are screened for selection of the 

highest producing clones. The cell clones are subcultured in small scale bioreactors, usually 

in fed-batch mode, providing accurate scale-down model data useful for large scale 

reactions. At this stage, small-scale downstream models and thorough analytical 

characterisation are integrated and clone selection is driven by both cell line productivity 

and product quality. The CLD process culminates with the selection of a final production 

clone with suitable characteristics to proceed to scale-up manufacturing. Eventually, 

research banks of the top clones can be made and process development pursued with a focus 

on media optimisation and process conditions. Analytical data gathered during this stage are 
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fundamental for identifying the challenges in the development and production of the 

molecule of interest and consequently drive process development and optimisation before 

scale-up and clinical manufacturing (Lewis et al., 2013).  

1.4.3 Upstream and Downstream Process Development and Optimisation 

Biopharmaceutical USP is the iterative approach used in the industrial and academic 

environment to express recombinant proteins in cells. This involves inoculum and media 

development and culminates with the harvesting of the final product from cell culture. The 

performance of the cell line is strongly affected by the process conditions, including media 

and feed composition thus these factors need thorough optimisation. On the other hand, DSP 

encompasses all the steps required for the purification of the protein of interest from cell 

culture (Figure 1.2).  

The development and optimisation of both USP and DSP have largely benefitted from the 

adoption of platform technology (Shukla et al., 2017). Namely, standardised methodologies 

are applied across multiple products belonging to the same class or having similar 

characteristics. Industries develop their proprietary platform methods and combine them in 

a logical sequence to create platform processes that serve as a guidance scheme to develop 

and manufacture multiple products. This is performed to limit experimentation and costs 

required to reach a bioprocessing solution for a given candidate (Shukla et al., 2007; 

Gronemeyer, Ditz, and Strube, 2014). One of the advantages of platform technology is the 

predictability for process optimisation and consistency of manufacturing. Undeniably, the 

implementation of platform process technology played a key part in the growth of mAb 

molecules (Shukla et al., 2007; Gronemeyer, Ditz, and Strube, 2014). Furthermore, the 

integration of platform approaches with HT technologies delivered biopharmaceutical 

development an extraordinary QbD toolbox that reduces costs and time on the process along 

with ensuring quality. More details on HTPD follows in Section 1.5. 
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1.4.4 Quality Analysis in Biopharmaceuticals Process Development  

Analytical methodologies play an important role in assessing the quality of 

biopharmaceuticals throughout the entire lifecycle from discovery to development, 

manufacturing, marketing and post-marketing (Siddiqui, AlOthman, and Rahman, 2017). 

The subjects of analytical investigation are the drug substance (active ingredient), 

intermediates, drug product, impurities and degradation products, process parameters, cells 

and biological samples containing the active ingredient and its metabolites. Analytical 

methods used for biopharmaceutical analysis include techniques such as spectroscopy, 

chromatography, electrophoresis, and mass spectrometry. 

Advancements in biopharmaceutical analysis are moving towards technologies that can 

support the QbD approach and speed up the launch of novel medicines to market. Hence, 

HTPD tools involve the use of rapid and sensitive methods that can be integrated with 

automated platform technologies. Along these lines, Process Analytical Technology (PAT) 

involves the use of analytical methods that enable real-time measurements and online 

monitoring of process conditions and PQ directly from bioreactors (Strasser, Farrell, et al. 

2021; Floris et al. 2020). Both HTPD and PAT focus on the realisation of the QbD 

framework and combine technologies ranging from analytical chemistry, control theory and 

statistical modelling (FDA, 2004; Rolinger and Matthias, 2020; Read, Park, et al., 2010; 

Read, Shah, et al. 2010). The goal of both HT analytics and PAT tools during the product 

development phases is to ease the assessment of drug developability and process 

optimisation, define the Quality Target Product Profile (QTPP), and identify the Critical 

Process Parameters (CPPs) related to bioprocess engineering strategies to meet the CQAs. 

The overall aim is to enhance process understanding and control to finally deliver quality 

products with consistency (Schaefer et al. ,2014; Glassey et al., 2011; Bhambure, Kumar, 

and Rathore, 2011; ĞŃcki, 2014).  
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1.5 High-Throughput Process Development Technology 

1.5.1 Background 

The last decades have seen the surge of HTPD technology in an industrial setting driven by 

the ever-increasing pressure of biopharmaceutical companies towards lowering the time and 

costs necessary for the development of novel therapeutic products before clinical entry. 

Furthermore, following the introduction of regulatory initiatives such as the QbD approach, 

pharmaceutical development and manufacturing require a thorough process understanding 

and control of all the variables that impact PQ. Hence, the expansion and improvement of 

HTPD technologies have become the point of convergence for shortening the process 

upfront and ensuring the delivery of a final product with the targeted quality profile. 

With rapid and cost-efficient workflows, HTPD tools aim to ease the assessment of drug 

developability and identify the product CQAs related to bioprocess engineering strategies 

(Bhambure, Kumar, and Rathore, 2011). Similarly, HTPD can also aid late-stage activities 

such as commercial process development, characterisation and scale-down validation to 

efficiently and fully explore the design space for quality assurance, in line with the QbD 

framework (Kiss and Gottschalk, 2018; Manahan et al., 2019). The central goal of HTPD is 

the generation of large experimental datasets directly relevant to large-scale 

biopharmaceutical manufacturing. The impact of these methodologies was confirmed by 

several publications describing their application from clone selection and upstream 

optimisation to downstream purification, formulation and quality analysis (Evans et al., 

2017; ĞŃcki, 2014; Sandner et al., 2019; Reema et al., 2012; Goldberg et al., 2017). 

The HTPD tools efficiently drive process development in a time- and resource-constraint 

environment. However, HT workflows are not without flaws that still hamper the 

implementation of these technologies. Indeed, to fully exploit the potential of HTPD, further 

technology improvements in the field of automation, analytics and data evaluation need to 

be attained (ĞŃcki, 2014). 

What follows is a summary of the features and the state-of-the-art of HTPD methodologies 

along with a critical discussion on the challenges and future perspectives of this technology 

as it applies to cell culture, downstream purification and analysis.  
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1.5.2 What Makes a Technology High-Throughput? 

The common denominators of HTPD technologies are miniaturisation, parallelisation and 

automation. These are the fundamental features of HTPD tools that, supported by DoE, 

multivariant analysis, statistical modelling and platform approaches, enforce process 

efficiency while fully exploring the multidimensional design space, requested by the QbD 

framework.  

1.5.2.1 Miniaturisation 

The main benefit of miniaturisation is the reduction of reagent volumes and resources 

required per experiment, which results in a substantial decrease in cost and time. Over the 

years, small scale bioprocess technologies have evolved from test-tube-based to micro-well-

plate-based assays enabling the handling of microliter samples. The miniaturisation of 

chromatography columns assisted both the downstream purification of small volume 

samples and the development of sensitive analytical characterisation methods (Evans et al., 

2017; Petroff et al., 2016; Stoll et al., 2019). Recently, the introduction of chip technology 

allowed a further reduction of sample volume, from micro- to nanolitres (Ou et al., 2020; 

Wheeler et al., 2014). 

1.5.2.2 Parallelisation 

Parallel experimentation consists of the concurrent execution of multiple experimental runs 

in a flexible and dynamic scheme. Parallelisation aims to accelerate the investigation of a 

wide experimental space which is key to process understanding and optimisation. The 

concept of parallelisation was first proposed by the FDA with the ñPharmaceutical Current 

Good Manufacturing Practices (CGMPs) for the 21st Century ï A Risk-Based Approachò in 

2002 and became an integral part of PAT and QbD workflows (FDA, 2004).  

1.5.2.3 Automation 

Automation facilitates both miniaturisation and parallelisation allowing for the processing 

of hundreds of small volume samples simultaneously. Consequently, both the reduction in 

experimental cycle time and the boost of productivity are the key drivers for the advancement 

of such technology in the biopharmaceutical industry. Moreover, the positive impact of 
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process automation is seen in the betterment of process control, robustness and decrease of 

labour time. Indeed, automation leverages the workload by freeing scientists from many 

hours of assiduous and error-prone lab tasks, enabling them to focus their time in more 

valuable areas. Additionally, robot enclosure systems also allow the execution of hazardous 

experiments in a safe environment. A large and growing body of literature recognises the 

progressive wave and great potential of HT automation technology when applied to different 

research and industry settings to increase data and knowledge generation by interrogating 

multidimensional experimental spaces. However, some authors such as Scott and Melville 

(2014) also admitted how complications due to instrument expenses and ñfit-for-purposeò 

integration of such technologies in laboratory workflows retarded, and still hinder, the 

uptake of automation in the biopharmaceutical industry (Scott and Melville, 2014). The most 

successful automation tools implemented in biopharmaceutical industry laboratories are 

liquid handling robots. Companies such as Hamilton, Tecan and Opentrons have been 

focused on developing liquid handling robots fit for laboratory purposes with user-friendly 

graphical interphases and operating systems to ease usability by chemists and biologists 

(Byrne and Swindley, 2020; Bhambure, Kumar, and Rathore, 2011). Indeed, these systems 

are usually affordable by both industrial and small research laboratories. Secondly, they offer 

several functionalities such as handling a wide range of sample volumes, shaking, incubation 

heat-block stations, and vacuum pump attachments. Therefore, liquid handling robots can 

be adapted to support different workflows from cell culture feeding and clone selection, to 

downstream purification, analytical assays and sample preparation before LC-MS 

characterisation. Finally, they offer a great improvement in the overall efficiency and safety 

of the workplace. Additionally, a central component of the HTPD framework consists of the 

rapid manipulation of broad datasets in an automated fashion (Gangadharan et al., 2019). 

Automated software packages for data analysis has successfully been incorporated into 

HTPD platforms (Jansen et al., 2018; Rathore et al., 2017; Lumley et al., 2020; Pfeuffer et 

al., 2017). However, data analysis is still considered a lengthy and burdensome task due to 

the complexity of certain types of datasets, such as those coming from analytical 

characterisation by LC-MS. Moreover, the necessity of demanding data interpretation 

challenges the development of automated data processing platforms. 

Statistical modelling has become an integral part of HTPD decision-support tools as it 

leverages the vast quantity of data collected throughout the biopharmaceutical lifecycle 

(Papathanasiou et al., 2017; Kroll et al., 2017; ĞŃcki, 2014; Bhambure, Kumar, and Rathore, 
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2011; Rolinger and Matthias, 2020). Several studies have demonstrated how mathematical 

modelling guided the information obtained through screening experimentation and helped 

to define optimal conditions for tailoring the subsequent experiments (Goudar, McFarland, 

and Betenbaugh, 2018). 

Although there are still challenges to overcome before fully automated ñfrom-sample-to-

reportò workflows will become routine, the trend in HTPD and automation technology 

development is moving towards making life science cheaper, faster, safer and more 

accessible with robots and AI forecasted to become the workhorse of the lab (Feidl et al., 

2020).  

1.5.3 High-Throughput Technologies for Upstream Development 

The technology used in HTPD must be fit for the screening-led assays adopted in CLD 

activities for clone selection, media and process development. This area of application has 

been focusing on integrating cell line engineering approaches involving in-silico modelling, 

omics-technology, systems biology and genome editing (Kuo et al., 2018) with 

microbioreactor systems (MBRs) mimicking large-scale production stirred tank bioreactors 

(Cartwright et al., 2018). 

As reviewed by Hemmerich, MBRs are organised in two classes: shaken and stirred impeller 

cultures (Hemmerich et al., 2018). Recently, these systems have replaced shake T-flasks and 

lab-scale bioreactors in early- and mid-stage process development (Hemmerich et al., 2018). 

The most commonly used shake culture-based MBRs use microtiter multi-well plates, spin 

tubes, and microfluidics for cell culture (Kiss and Gottschalk, 2018; Hemmerich et al., 

2018). Commercial products involve Deep-Well Plates (DWPs), TubeSpin®Bioreactor 

(tpp.ch), microMatrix (applikonbio.com), SimCellTM platform (BioProcess Corp.), M24 

micro-bioreactor (MicroReactor Technologies, Inc.), Growth Profiler (enzyscreen.com), 

Micro-24 (pall.com), BioLector (m2p-labs) and many others. These systems represent a 

cost-effective solution with minimal setup. Moreover, they allow for high-level 

parallelisation and are particularly suitable for large-number high-throughput screening 

(HTS) experiments. For instance, DoE experiments can be easily set up on these systems in 

batch or fed-batch mode following automated and unsupervised workflows. The main 

drawback of shaken culture MBRs is their fundamental differences to large-scale bioreactors 

along with the inefficient control of key process parameters such as agitation rate, dissolved 
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gasses (e.g. O2, CO2, N2), and pH (Hemmerich et al., 2018; Kiss and Gottschalk, 2018; 

Rameez et al., 2014). This may lead to further issues when it comes to scale-up as the results 

may not be comparable and model prediction may not be accurate. 

On the other hand, stirred variants offer a flexible small-scale system that better mimics the 

large-scale bioreactor operations and hence facilitates the following scale-up steps. These 

systems can monitor and control process parameters such as temperature, dissolved gasses 

and pH. The stirred MBRs hydrodynamics is similar to large-scale units thus, with the help 

of computational simulation, further understanding of process development conditions is 

gained before scale-up. Currently, the most employed stirred MBRs are ambr® systems 

(tapbiosystems.com) and bioREACTOR (2mag.de). These systems allow the accessibility 

of culture volumes in the range of 10-250 mL facilitating the integration of analytical testing 

for PQ monitoring (Strasser et al. 2021; Manahan et al., 2019; Sandner et al., 2019). 

Nevertheless, the technical setup for these systems is more complex with higher costs than 

the shaken culture variants. Thus, stirred MBRs are generally for smaller-number screening 

and optimisation experiments prior to scale up, whereas, shaken-culture MBRs are a better 

fit for large-number screening experiments where less process information is needed. 

Several published articles testify to the extensive use of both shaken and stirred MBRs for 

CLD application such as strain screening, growth parameter optimization, media and feed 

development (Cartwright et al., 2020; Amanullah et al., 2010; Legmann et al., 2009; 

Lamping et al., 2003; Isett et al., 2007; De Jesus et al., 2004).  

1.5.4 High-Throughput Technologies for Downstream Process Development 

Cell culture purification may be necessary at numerous stages of biopharmaceuticals 

development and not just at the final stage of their production (Schmidt et al., 2016). In 

contrast to manufacturing, R&D applications place a greater emphasis on the selection of 

the lead candidate molecule with desirable functional characteristics for therapeutic 

development. In this context, PQ analysis, biological activity and stability are of major focus, 

thus, fast purification processes without polishing are usually performed to rapidly achieve 

an adequate level of purity for testing. Nevertheless, HTPD downstream processing aims to 

find the parameters influencing yield and PQ profile of the recovered protein, front-loading 

method development and optimisation of the operating conditions before scale-up (Chhatre, 

Bracewell, and Titchener-Hooker, 2009; Baumann and Hubbuch, 2017; Liu et al., 2017; 
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Stamatis et al., 2019). Hence, the choice of a scale-down purification model that is 

representative of the downstream unit operation at the process scale is critical and also one 

of the most challenging issues of downstream HTPD (ĞŃcki, 2014).  

Not surprisingly, most of the HTPD purification tools developed in recent years are based 

on affinity chromatography principles (Evans et al., 2017; Liu et al., 2017; Stamatis et al., 

2019). In comparison to other modes of chromatography, affinity separation provides a fast 

one-step purification method to generate material suitable for screening and primary 

characterisation in early process development (Chhatre, Bracewell, and Titchener-Hooker, 

2009; Evans et al., 2017). Affinity chromatography separations require the fine-tuning of a 

series of steps (capture, wash and elution) to recover the product of interest from the cell 

culture supernatants (Arora, Saxena, and Ayyar, 2017). The success of the purification step 

is the result of a complex cascade of events depending not only on the method specifications 

such as buffer composition, pH, temperature, column etc. but is also highly influenced by 

the upstream process conditions. Furthermore, handling of small volume samples easily and 

rapidly may constitute further complications (Treier et al., 2012). Indeed, the development 

of small-scale affinity chromatography methods that maximise yield without affecting PQ 

remains one of the most challenging steps of HT downstream purification (Evans et al., 

2017; Treier et al., 2012). 

HT downstream tools come in various scales and formats: microliter plates, pipette tips and 

microcolumns pre-packed with chromatography resins (reviewed by Evans et al., 2017). 

Previously published papers demonstrate how these methodologies can purify small cell 

culture volumes with levels of recovery comparable to large-scale purification. Moreover, 

workflows are designed to be fully automated on liquid handling platforms including 

neutralisation or buffer-exchange post-purification resulting in an overall gain in time and 

process costs (Treier et al., 2012).  
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1.6 Advanced Analytical Methodologies for 

Biopharmaceuticals Analysis and their Application to High-

Throughput Process Development 

The full potential of HTPD is achieved when HT analytics is integrated into a feedback loop 

engine that generates information necessary for assessing drug developability and process 

control parameters. Analytical method development for HT operations aims to provide tools 

that rapidly and accurately support the analysis of large numbers of low volume samples 

coming from both HT upstream and downstream process development to efficiently generate 

a large amount of data for deepening product and process understanding (Bhambure, Kumar, 

and Rathore, 2011; Ma et al., 2020; Trappe et al., 2018; Jonnalagadda et al., 2016; Redman 

et al., 2015; Lanter et al., 2020). The application of HT analytics is particularly valuable for 

routine analysis when conventional methods are lengthy and lack sensitivity. In this context, 

HT tools are designed to give comparable information to those obtained with traditional 

analytical methods, but with greater throughput capabilities. Table 1.3 compares the 

conventional low-throughput (LT) analytical methodologies with the state-of-the-art HT 

tools supporting the various steps of process development. 

As reviewed by Konstantinidis (2013), HT analytical methods are defined by the time and 

sample amount required for the analysis. Both time and sample amount are directly 

influenced by the method linear dynamic range (LDR) and limits of quantification (U/LLOD 

and U/LLOQ), the complexity of sample preparation and measurement, as well as the 

possibility of implementing parallelisation and automation to the workflows (Konstantinidis, 

Kong, and Titchener-Hooker, 2013). Therefore, when developing or choosing the method, 

the analyst needs to make sure that the method is suitable for working in a HTPD 

environment. The quality attributes to be monitored during development mainly depend on 

the physicochemical properties of the molecule of interest, scale and process characteristics. 

However, in early-stage development, when little process knowledge is gathered, product 

analysis usually gravitates towards titre, potency, glycosylation, size and charge variant 

profiles (Kahle and Hermann, 2018). The HT analysis of these quality attributes is discussed 

hereafter whilst the challenges of the current HT analytical tools are examined in Section 

1.6.6. 
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Table 1.3. Comparison between Conventional LT and State-of-the-Art HT Analytics 

for Biopharmaceutical Process Development. 

Quality 

Attribute  

LT Methodology HT Methodology 

Titre, Residuals, 

Purity, Identity 

ELISA, CE-MS, LC-FLR-MS 

(HILIC, NPLC, RPLC, WAX) 

BLI, FRET-TR, Fluorescence 

Spectroscopy, Smart assays kits, 
Microfluidics, Automated 

immunoassays 

Potency ELISA, SPR BLI, HT SPR 

Size Variants SDS-PAGE, CGE, SEC-HPLC Microfluidics, capillary-based 
western blots, automated assay kits, 

cartridge-based assays, UHPLC 

Charge Variants, 

pI 

cIEF-gel, CE, IEX (HPLC) iCE, IEX (UHPLC) 

Glycosylation PNGaseF digested or intact protein 

HILIC-MS 

Smart assays kits, UHPLC, 

microfluidics 

Other PTMs Peptide-mapping RPLC/MS Smart assay kits, UHPLC-MS, 

MAM, direct infusion MS 

* ELISA: enzyme-linked immunosorbent assay; CE-MS: Capillary electrophoresisïmass spectrometry; LC-

FLR-MS: liquid chromatographyïfluorescenceïmass spectrometry; HILIC: Hydrophilic interaction 
chromatography; NPLC: normal phase liquid chromatography; RPLC: reverse-phase liquid chromatography; 

WAX: weak anion exchange chromatography; BLI: bio-layer interferometry; TR-FRET: time-resolved-

fluorescence resonance energy transfer technolog; SPR: surface plasma resonance; HT SPR: high-throughput 

surface plasma resonance; SDS-PAGE: sodium dodecyl sulphate capillary gel electrophoresis; CGE: capillary 

gel electrophoresis; HPSEC: high-performance size-exclusion chromatography; cIEF: capillary isoelectric 

focusing; CE: capillary electrophoresis; IEX: ion exchange chromatography; UHPLC: ultra-high performance 

liquid chromatography; MAM: multi-attribute method (see List of Acronyms and Abbreviations). 

1.6.1 Bioassays and High-Throughput Quantitation of Expression Titre and 

Residuals  

A diverse array of HT assays provides analytical methods for measuring protein expression 

titre, concentration of residuals, kinetic and binding affinity through the various steps of 

biopharmaceutical discovery and development. Most of these methodologies consist of 

immunoassays combined with optical analytical detection based on bio-layer interferometry 

(BLI) (Octet® platform, ForteBio), time-resolved-fluorescence resonance energy transfer 

technology (TR-FRET) (HTRF® Technology, Cisbio), fluorescence polarization 

(Valitacellôs ValitaTITER IgG assay), UV and fluorescence spectroscopy (GyrolabÊ 

platform, Gyros Protein Technologies). The technology comprises multi-well plates, 

biosensors and microfluidic devices; the procedures can be performed in a semi- or fully 

automated fashion. These tools offer lower LOD, LOQ and faster analysis in comparison to 

the standard analytical HPLC methods and ELISA assays which are now considered of lower 

throughput.  
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The BLI technology offers a few advantages in comparison to fluorescence polarisation, TR-

FRET, UV and fluorescence spectroscopy-based techniques. Firstly, it is less susceptible to 

matrix composition hence, it can be applied on crude, purified and formulated samples of 

various buffers and pH values. Secondly, it can cover the analysis of a wide range of 

molecules from small to large molecular weights. Finally, titre, residuals, impurity and 

potency analysis can be integrated into a single platform. 

One of the most successful examples of HT tools applied for the analysis of mAbs and other 

proteins are the Octet® instruments (ForteBio). Each Octet® system involves biosensors 

and microplates assay kits. The technology is based on BLI consisting in the measurement 

of the shift in the interference pattern of white light caused by an increase in optical thickness 

resulting from the binding between the target molecule and the ligand immobilised on the 

biosensor tip. The real-time, label-free measurement of this interaction allows monitoring of 

the protein concentration as well as kinetics and binding specificity, association and 

dissociation rate in a unique system. The Octet® instruments are routinely used in industry 

labs as a HT platform for the analysis of expression titre, potency, host cell proteins (HCPs) 

and other process-related impurities in both crude and purified samples. The Octet HTX is 

the highest throughput system of the Octet platform and allows the use of as low as 40 µL 

sample volume with LDR falling between 10 pM and 1 mM sample concentration. The 

analysis procedure is designed to be fully automated and the measurement time for running 

up to 384 samples is only 15 min (https://www.fortebio.com/). The remarkable increase in 

throughput balances the heavy costs associated with this technology (Kiss and Gottschalk, 

2018). 

Besides the Octet®, the most successful HT tools for potency analysis are based on SPR and 

combine automation and microfluidics. Examples of commercially available tools are the 

OneStep SPR System (ForteBio), Carterra LSA platform (SensiQ Technologies), BiacoreTM 

System (Cytiva Life Sciences) and ProteOnTM XPR36 System (Bio-Rad Laboratories, Inc.) 

offering a substantial improvement in analysis time and sensitivity compared to automated 

potency binding ELISAs (Joelsson et al., 2008; Kiss and Gottschalk, 2018). 

1.6.2 High-Throughput Analysis of Glycosylation 

Glycan heterogeneity poses a daunting analytical challenge, usually requiring the use of 

hyphenated methods for assessing specific glycosylation attributes, including site, structure 

https://www.fortebio.com/
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and abundance (Dotz et al., 2015; Hajba, Csanky, and Guttman, 2016). Typically, 

glycosylation analysis is classified as macro- and micro-heterogeneity analysis. Macro-

heterogeneity refers to the glycans site-occupancy assessment, whilst micro-heterogeneity 

analysis involves the determination of the glycan structure present at specific sites in the 

mAb molecule. Glycosylation profiling involves the enzymatic deglycosylation of the mAb 

molecule followed by released glycan analysis. 

Zhang (2016) reviewed the approaches used for biopharmaceuticals N-glycan analysis 

(Zhang, Luo, and Zhang, 2016). The diverse state-of-the-art analytical methods for mAb 

glycosylation analysis were reported by Leoz et al. (2020) in an extensive interlaboratory 

study having the NISTmAb as a model molecule (Leoz et al., 2020). High-throughput 

analytical strategies for glycan analysis have been focusing on speed, automation and 

miniaturisation of sample preparation and separation methods (Hajba, Csanky, and Guttman, 

2016). 

Sample preparation protocols involved the automation of digestion, purification and 

labelling by liquid handling (reviewed by Aich, Lakbub, and Liu, 2016). Released-glycan 

sample preparation assays based on magnetic beads (Váradi, Lew, and Guttman, 2014), 

microcolumns (Szigeti et al., 2016), tips (Yang et al., 2017) and microarrays (Fanayan, 

Hincapie, and Hancock, 2012) were proven successful when hyphened with HT liquid-phase 

separation methods such as UHPLC, CE, and microfluidics. Published works account for 

the advantageous use of commercially available HT kits such as ProZyme and Waters 

proprietary glycan kits showing 90% improvement in throughput compared with 

conventional LC-FLR-based methods (Zhang et al., 2020). Furthermore, recent glycan-

labelling techniques improved the sensitivity of MS acquisition which is key when working 

at a small scale (Kimzey et al., 2015; Keser et al., 2018). 

Beads- and sensors-immobilised lectins binding assays coupled to biolayer interferometry 

(Octet QK384 platform) or fluorescence detection (e.g. PAIA assay technology) were 

adopted for the rapid quantification of mAbs glycoforms in early CLD (Jonnalagadda et al., 

2016; Spier and Griffiths, 2012). Despite the great gain of analysis time and easiness of 

operations, these technologies lack the specificity, resolving power and robustness ensured 

by LC/MS-based methods (Lazar, 2011; Chi et al., 2020). Hence, current analytical efforts 

focus on improving the throughput capability of MS-based detection (Chi et al., 2020; Lanter 
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et al., 2020) and their potential integration with fully automated sample preparation protocols 

and microfluidic-based separations (Lazar, 2011; Redman et al., 2015). 
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1.6.3 High-Throughput Analysis of Charge-Variants 

As previously discussed, therapeutic proteins charge variants profile can be indicative of 

important CQAs thus, must be monitored throughout lead candidate, CLD and other 

development activities (Chung et al., 2018; Wagner-rousset et al., 2017; Leblanc et al., 

2017). Charge variants analysis is mostly based on ion-exchange chromatography (IEX) and 

electrophoretic techniques such as capillary gel electrophoresis (CGE), capillary 

electrophoresis (CE), capillary isoelectric focusing (cIEF) with or without MS detection 

(Carillo, Jakes, and Bones 2020; Füssl et al. 2020; Kahle and Hermann, 2018; Ma et al., 

2020; Liu, Ren, Zong and Zhang, 2019; Leblanc et al., 2017). Analysis workflows involve 

the determination of charge heterogeneity at the intact, subunit and peptide levels with the 

Fab region being of particular interest since CDR modification are those that most influence 

mAb activity (Liu, Ren, Zong and Zhang, 2019). The on/offline coupling of liquid-phase 

separations with mass spectrometry is necessary for the identification of the charge variants 

(Liu, Ren, Zong, and Zhang, 2019; Leblanc et al., 2017; Gstöttner et al., 2018; Ma et al., 

2020; Dai et al., 2018; Füssl et al., 2019). High-throughput method development has 

gravitated towards the implementation of fast small-scale liquid-phase separations (Trappe 

et al. 2018), microfluidic chip devices with laser-induced fluorescence (LabChip GXII, 

Caliper, PerkinElmer) and MS detection (ZipChip CE-ESI-MS) (Carillo, Jakes, and Bones 

2020). Moreover, the use of robotic liquid handers is becoming increasingly frequent for the 

generation of automated analytical workflows (Millán-Martín et al. 2020; Redman et al., 

2016; Herring, Ji, and Richter, 2019). 

Wheeler et al. (2014) described the application of the LabChip GXII microchip zone 

electrophoresis method for mAb charge variants achieving 10-fold faster analysis than 

conventional methods with minimal method development, data processing and sample 

volume needed. Other methods that require low sample volume are the cIEF-based methods 

hence, often adopted for large screening assays (Goyon, Exco, et al., 2017). However, 

several authors claimed that chromatography methods generally allow for better resolution 

and are considered more robust than electrophoretic-based separations thus, most suitable 

for accurate quantification (Du et al., 2012; Alekseychyk et al., 2017; Chung et al., 2018; 

Herring and Richter, 2019). A brief discussion on the application of IEC for mAb analysis 

is outlined below with a major focus on HT method development. 
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1.6.3.1 Ion Exchange Chromatography (IEX) 

Together with imaging cIEF, IEX has become the gold standard methodology for the 

analysis of superficially charged proteins under non-denaturing conditions (Parr, Montacir, 

and Montacir, 2016; Garripelli, Wu, and Gupta, 2020). IEX retention mechanism is based 

on the competition between sample ions and mobile phase counter-ions for interaction with 

the stationary phase functional groups. Hence, IEX columns are characterised by ionised or 

ionisable groups bonded to the stationary phase surface, whose chemical nature divides 

cation-exchange (CEX) and anion-exchange (AEX) modes of separations  
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Table 1.4). Based on the interaction between the stationary phase functional groups and the 

analyte surface accessible charge, basic and acid variants can be resolved from the main peak 

isoform. In CEX separations, variants with lower pI values (more acidic) elute before the 

main peak isoform whilst variants with higher pI values (more basic) elute after. Vice versa, 

AEX separations are characterised by basic variants eluting earlier and acidic variants 

eluting after the main peak isoform. Owing to the basic nature of the amino acids, proteins 

such as mAbs, are positively charged at operating pH values (5 Ò pH Ò 7) and usually 

separated by CEX. On the other hand, AEX is mostly used for purification polishing steps 

(Elich et al., 2019; Masuda et al., 2020) besides a few studies reveal successful application 

for the analysis of mAbs and protein glycosylation (Ponniah et al., 2017; Chen et al., 2020; 

Büttner et al., 2021). Therefore, the CEX mode of separation and its application in a HT 

environment will be the focus of this section. 

CEX separations are complex and strictly dependent on the molecule pI. The optimal 

resolution is obtained with the fine-tuning of various parameters such as column, mobile 

phase composition, pH, temperature, flow rate etc. (Fekete, Beck, Veuthey, et al., 2015). 

Notably, the large size and complex surface charge distribution of mAbs can pose challenges 

in CEX method development. Statistical modelling software (e.g. Drylab, Molnár Institute) 

aid understanding of the separation mechanism (Rea et al., 2011; Fekete, Beck, Veuthey, et 

al., 2015) and ease method optimisation, reducing time and complexity of development ï a 

considerable advantage for HT applications (Fekete, Beck, Fekete, et al., 2015; Guillarme, 

Fekete, and Beck, 2015; Joshi, Kumar, and Rathore, 2017; Kumar et al., 2015; Schmidt, 

Hafner, and Frech, 2014). A few authors revealed how both pH and salt-gradients can serve 

as a multi-product approach by testing 10 mAbs with pI values ranging between 6.7-9.0. 

Salt-based separations are an established PAT tool since guarantee robustness and better 

resolution (Guillarme, Fekete, and Beck, 2015; Fekete, Beck, Fekete, et al., 2015; Farsang 

et al., 2019). On the other hand, pH-based gradients are MS-compatible, which guarantees 

online characterisation of the acid and basic variants (Leblanc et al., 2017). 

As extensively reviewed in the literature, the physicochemical properties of CEX stationary 

phase particles play a critical role in resolving protein charge variants (Fekete, Beck, and 

Guillarme, 2015; Murisier et al., 2019). Indeed, non-porous particles minimise the 

transparticle mass transfer resistance band-broadening effect related to the electrostatic 

interactions provided by the large molecular size and complex surface charge of proteins. 

The majority of modern CEX columns commercially available are packed with non-porous 



 

 

45 

 

particles presenting a hydrophobic core coated with a thin layer of hydrophilic material, such 

as highly cross-linked poly(styrene-divinylbenzene) (PS/DVB). The hydrophilic nature of 

the PS/DVB coating material allows for non-specific interactions, extended pH range 

stability (2 Ò pH Ò 12) and high-temperature operation (up to 60 °C) (Fekete, Beck, and 

Guillarme, 2015). Moreover, it was demonstrated how IEX retention can directly depend on 

column particle size (Murisier, Farsang, et al., 2019; Fekete, Beck, and Guillarme, 2015). 

Today, UHPLC CEX columns with dp in the range 1.7-6.0 µm are commercially available 

and adopted in the HTPD environment. Nonetheless, Murisier et al., explained how reducing 

particle size below 2-2.5 µm does not improve IEX separations, opposite to other modes of 

chromatography (Pauw et al., 2014; Sanchez et al., 2013).  

High-throughput applications of CEX offer rapid and sensitive charge variants separations 

of mAbs by using short narrow-bore columns both with pH and salt-based gradients (Trappe 

et al., 2018; Alekseychyk et al., 2017; Ma et al., 2020; Joshi, Kumar, and Rathore, 2015). 

Trappe (2018) achieved a sub-4 min method based on a 2.1 x 50 mm (ID x L) column with 

a pH gradient for the analysis of trastuzumab charge variants expressed from different CHO 

and HEK293 cell lines (Trappe et al., 2018).  
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Table 1.4. IEX Column Stationary Phases and Characteristics 

IEX Phases Functional group Characteristics 

Strong Cation 

Exchange (SCX) 

Sulfonic acid group 

(-SO3H) 

Wide operating pH as the functional group is 

negatively charged when using strong acids-

based mobile phases. 

Weak Cation 

Exchange (WCX) 

Carboxylic acid 

group 
(-COOH) 

Narrow operating pH as the functional group is 

ionised at basic pH and mostly affected by the 
mobile phase conditions, temperature and pH 

shifts. WCX may provide higher selectivity 

than SCX for large biomolecules. 

Strong Anion 
Exchange (SAX) 

Quaternary amine 
group 

(-N(CH3)3)  

Wide operating pH as the functional group is 
positively charged when using mobile phases 

composed of strong bases. 

Weak Anion Exchange 

(WAX)  

Primary/Secondary 

amine group 
(-N(C2H5)2) 

Narrow operating pH as the functional group is 

ionised at acid pH and mostly affected by the 
mobile phase conditions, temperature and pH 

shifts. WAX may provide selectivity that is not 

met with SAX, especially for large molecules. 

1.6.4 High-Throughput Analysis of Size Variants 

As previously mentioned, the formation of protein aggregates, also referred to as high-

molecular-weight species (HMWS), may derive from various mechanisms and is strictly 

influenced by the sequence and structural modifications of each protein. Likewise, 

mechanisms affecting the protein molecular stability may also lead to fragmentation, thus, 

the formation of low-molecular-weight species (LMWS). The tendency of a lead candidate 

protein to both aggregate and fragment is critical for product developability (Ebo et al., 2020; 

Basle et al., 2020). Therefore, HMWS and LMWS levels and mechanisms of formation are 

monitored and characterised since early-stage development (Jarasch et al., 2015). 

According to the US Pharmacopoeia, the gold standard methods for mAb LMWS and 

HMWS analysis include capillary gel electrophoresis (CGE) and size-exclusion 

chromatography (SEC), respectively. Conventional SEC workflows require minimal sample 

preparation and several research groups have developed sensitive HT SEC methods for the 

analysis of HMWS with sub-10 min isocratic runs (Goyon, Beck, et al., 2017; Goyon, 

Fekete, et al., 2018; Hong, Koza, and Bouvier, 2012; Diederich et al., 2011; Rea et al., 2012; 

Goyon, Sciascera, et al. 2018). Another important achievement was the use of non-volatile 

solvents for online MS coupling enabling the identification and conformational 
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characterisation of the SEC separated peaks (Goyon, DôAtri, et al., 2017; Ehkirch et al., 

2018).  

Protein fragments and small impurities are better resolved by CGE; therefore, HT technology 

development has implemented the use of microfluidic chip electrophoretic separation 

methods. Amongst the commercially available platforms for size variants analysis are the 

Caliper®, Maurice®, and Peggy-Sue® from ProteinSimple Inc. which make use of 

microfluidics technology. Besides the net increase in throughput, the main advantages of 

these tools are the easiness of use and compatibility with automation (Ou et al., 2020). 

However, their resolving power remains lower than standard HPLC and CGE methods and 

are unable to provide detailed information at the molecular level such as those obtained by 

MS (Ou et al., 2020; Chi et al., 2020).  

Together with SEC and CGE, dynamic light scattering (DLS), nanoparticle tracking analysis 

(NTA), micro-flow imaging, sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-CGE), analytical ultracentrifugation, and asymmetrical flow field-flow fractionation 

are also used for understanding the size variants (Basle et al., 2020). The analytical methods 

used to support protein size variants during all phases of development were reviewed by 

Basle et al. (2020). 

1.6.5 High-Throughput Mass Spectrometry-based Methods 

Since the 2002 Nobel laureate John Fenn first presented the analysis of proteins by electro-

spray ionisation-mass spectrometry (ESI-MS), this technique has become indispensable in 

the analytical characterisation labs of biopharmaceutical industries and academic research 

centres (Fenn et al., 1989). Generally hyphened with RPLC separations, ESI-MS detection 

is widely used for product characterisation during CLD. Thanks to the introduction of high-

resolution mass spectrometers (HRMS), such as time-of-flight (TOF), orbitrap and Fourier 

transform ion cyclotron resonance (FTICR) excellent protein structural characterisation was 

achieved with a level of accuracy, sensitivity and resolution significantly superior to other 

analytical techniques (Srebalus-Barnes and Lim, 2007; Rosati et al., 2013; Koen, 

Vandenheede, and Pat, 2014). Although MS-based methods are usually considered of mid- 

or low-throughput, several steps forward were taken to speed measurement time, ease of 

data processing and application to crude samples (Chi et al., 2020). 
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In this context, recently published scientific papers described the development of HT 

methods combining fast sample preparation protocols with targeted monitoring of protein 

product quality attributes (PQAs) at the molecular level by LC-MS (Chi et al., 2020; Wang 

et al., 2016; Qian et al., 2020; Lanter et al., 2020; Li , 2016). Particularly, Multi-Attribute 

method (MAM) is gaining momentum amongst the MS-based HT techniques providing a 

solution for the simultaneous detection, identification and quantitation of multiple PQAs in 

a single automated method with sensitivity and resolution far superior to other HT tools 

(Carillo et al. 2021; Wang et al., 2016; Kiss and Gottschalk, 2018). MAM methodology is 

based on peptide mapping analysis using HRMS instrumentation capable of accurate 

identification of residue-specific product quality attributes and quantitation (Rogers et al. 

2018). When first presented by Rogers et al in 2015, MAM involved a quantitative tryptic-

digested peptide mapping method by RPLC-Orbitrap MS (Thermo Scientific Exactive Plus 

mass spectrometer) combined with automated data processing by Pinpoint software (Thermo 

Scientific) (Rogers et al., 2015). The MAM method was built based on the MS2 data 

previously acquired to characterise the molecule of interest ï an anti-streptavidin IgG2 ï and 

a Pinpoint workbook reporting each modification. Following, the MS1 only precursor ions 

were targeted by retention time, accurate mass and isotopic distribution (Rogers et al., 2015). 

Rogersô method was able to simultaneously monitor the mAb primary sequence coverage 

and the PTMs on targeted amino acids, namely glycosylation, deamidation, oxidation, 

isomerisation, and glycation in a single analysis and compared to traditional assays such as 

HILIC-MS for glycans (Rogers et al., 2015). A few years later, supported by several 

published works, Rogers restated the advantages of MAM implementation in QbD over 

conventional profile-based techniques such as chromatographic and electrophoretic 

separations with UV/Vis or fluorescence detection (Rogers et al., 2018; Xu et al., 2017; 

Berger and Fredette, 2017; Dong et al., 2016; Zhang and Guo, 2017). Indeed, MAM provides 

the capability and sensitivity to indicate the site of PTMs and chemical modifications with 

high specificity, typical of MS-based methods. This is particularly advantageous when such 

a level of information is required for CQA monitoring and provide the flexibility of 

application for the analysis of biomolecules other than mAbs (Buettner et al., 2020). 

Additionally, the function of New Peak Detection (NPD) can be used to detect new peaks in 

samples tested against their reference standards empowering a broader detection spectrum. 

Moreover, several research groups have employed MAM on the intact and subunits (Lanter 

et al., 2020) as well as incorporating quick, fully automated sample preparation workflows. 
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These works demonstrated that MAM-based tools can offer a robust HT platform to monitor 

a product CQAs during process development activities such as clone selection, product 

comparability, and stability assessment under cGMP environment (Carillo et al. 2021; 

Zhang, Shah, and Guan, 2019; Rogstad et al., 2019; Jameel, Skoug, and Nesbitt, 2020).  

Despite the several advantages, MAM methods remain difficult to develop and require 

comprehensive knowledge of the structure and sequence liability of the molecule of interest 

as well as expert scientists. Moreover, scientific literature on MAM application for the 

assessment of disulphide bond variants and cysteine adducts is scarce since sample 

preparation protocols generally require reduction (Liu, Ludwig, and Leone, 2019; Rogers et 

al., 2018; Lanter et al., 2020). Additionally, MAM has so far been inadequate to measure 

aggregation and higher-order structure (HOS) nor has been used for the site-specific analysis 

of intact large molecule structure with high sensitivity. Likewise, the analysis of non-

proteinaceous molecules such as DNA and RNA has been hindered by the large size of these 

molecules and the fact that they are not amenable to proteolytic peptide mapping conditions 

(Rogers et al., 2018). Future applications may, therefore, envisage MAM as an in-process, 

easy-to-implement, and regulatory-compliant tool for monitoring aggregation and HOS 

during biopharmaceuticals development.  

1.6.6 Challenges in High-Throughput Analysis of Biopharmaceuticals 

As reviewed in Section 1.5, HT technologies are increasingly rising as integral elements of 

biopharmaceutical development activities enabling more rapid and efficient experimental 

workflows during cell culture, downstream purification and quality assessment (Kiss and 

Gottschalk, 2018). The use of HT screening platforms based on miniaturised cell culture 

systems and automation technology has significantly improved the throughput capability of 

cell culture clone selection and USP development. However, the implementation of small-

scale screening studies suffers from analytical bottlenecks (Berkowitz et al., 2012; Guerra, 

von Stosch, and Glassey, 2019). 

Despite the great advancements in HT analytical methodologies based on chromatography, 

electrophoresis, microfluidics, spectroscopy and mass spectrometry (previously reviewed in 

Section 1.6), several challenges hamper their application in industrial HTPD workstreams. 

This is due to the poor comparability with benchmark low-throughput methods and 

compliance with regulatory requirements. Although several HT analytical technologies may 
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prove successful, their application in industry settings must conform to the regulatory 

guidelines for ñAnalytical Procedures and Methods Validation for Drugs and Biologicsò 

from FDA (US FDA Center for Drug Evaluation and Research, 2015). 

Moreover, such methods are difficult to develop due to a series of analytical challenges 

involving the sample characteristics such as 1) the large number; 2) the complex matrix, due 

to the rich media composition, cell debris and metabolites; 3) the low amount of material 

available for analysis, due to both the small volume and the poor productivity of cells during 

early-stage CLD.  

A further challenge of the current HT analytical methods involves the inherent structural 

complexity of biomolecules. Because of the multiple PTMs, chemical modifications, and 

HOS impacting on the potency, safety and efficacy, most biopharmaceuticals CQAs are 

related to the therapeutic protein structure. Hence, thorough structural characterisation is 

necessary since early-stage development and must be monitored throughout all phases of a 

biopharmaceutical lifecycle (Kesik-brodacka, 2018). Microfluidic chip capillary 

electrophoresis devices such as LabChip GXII (Caliper, PerkinElmer Company, Alameda, 

CA) have been implemented in industry labs and provide platform methods for the analysis 

of titre, size variants, covalent aggregation, purity, stability, charge and N-glycan profiles 

and are easy to operate by non-expert scientists (Reema et al., 2012; Wheeler et al., 2014). 

Despite the low sample volume and time required for the analysis and easiness of operation, 

these tools lack the resolving power typical of MS-based methods (Lazar, 2011; Chi et al., 

2020).  

On the other hand, the large molecular size of recombinant proteins constitutes a burden to 

the HT capability (especially for method sensitivity and detection limits) of the most high-

resolving mass spectrometers, such as TOF, Orbitrap and FTICR. Indeed, high-resolution 

analysis is often time-consuming and requires complex analytical devices resulting in 

analytical methods with poor levels of parallelisation (Berkowitz et al., 2012). Moreover, 

protein characterisation analysis often involves lengthy sample preparation steps including 

purification from cell culture supernatant, buffer-exchange, reduction and digestion 

procedures. Although automation and HT workflows for purification and sample preparation 

have successfully been implemented, these strategies are known to cause artefacts. 

All these reasons explain how difficult the implementation of HT analytical method 

development can be and why the current analytical methodologies cannot always cope with 
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the challenges added by bioprocess requirements. Hence, the need for more efficient 

analytical tools that can support the development of novel therapeutic candidates in line with 

the industry regulatory specifications (Guerra, von Stosch, and Glassey, 2019).  
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1.7 Theoretical framework: Aim of Thesis and Overview 

Analytical testing drives biopharmaceutical product development providing the data for key-

decision making and regulatory approval (see Section 1.4). Therefore, it is essential for 

analytical scientists to provide analytical tools that are adequate for their final application 

and meet the requirements of each development stage. Consequently, analytical 

development is itself influenced and driven by the technological advancements occurring in 

other sectors of biopharmaceutical bioprocessing and the respective regulatory requirements. 

As an example, several research works testify how the analytical technology development 

of the last few decades has been focusing on improving the throughput and real-time 

measurement capability of the current methodologies to fit into both the HTPD and PAT 

framework to meet the requirements of the QbD approach at market pace (see Sections 0, 

1.5, and 1.6). However, the implementation of HT analytics for protein characterisation is 

still hampered by the inherent structural complexity of biologics and process limitations. As 

previously discussed, HTPD CHO cell engineering tools require effective HT analytical 

tools supporting quality assessment during early-stage CLD (see Section 1.5.3). However, 

the low sample amount availability and the need for fast analysis time constitute the 

bottleneck of the current analytical methodologies and hamper the implementation of 

thorough PQ characterisation early in the process (Section 1.6.6). Currently, orthogonal 

assays are used for PQ analysis, each tackling different PQAs. No comprehensive analytical 

method exists that can simultaneously monitor all the potential PQAs of a recombinant 

protein with minimal sample consumption and analysis time adequate for enabling fast 

decision making at the CLD level. 

From such a perspective, this research project brings HT analytics to the fore of 

biopharmaceuticals R&D as an indispensable means for maximising the understanding of 

the engineering principles behind protein expression and efficiently drive the choice of cell 

engineering strategies during early-stage product development. The enhancement of the 

technology throughput is seen as the key enabler for identifying as early as possible both the 

molecules and process conditions that fail to ultimately enable the provision of life-changing 

medicines to patients at a time and costs affordable worldwide. This justifies the scientific 

commitment and endeavours devoted to answering questions such as ñHow to extrapolate 

the maximum amount of meaningful PQ information from the minimum amount of sample in 

a time window that allows cell engineers to quickly modify their strategies within the CLD 



 

 

53 

 

timescale? How to improve the method sensitivity whilst maintaining the resolution and 

analysis speed? How to sustainably develop flexible analytical methods for an NBE when 

the current methods are not fit-for-purpose and how to easily integrate them in the current 

analytical workflows? How should the future analytical tools be to overcome the limitation 

of the current technologies and better drive the development of life-changing medicines for 

unmet medical needs?ò 

This project focuses on the development of a HT analytical platform for the characterisation 

of therapeutic proteins expressed in CHO cells. The goal of the research is to maximise the 

PQ information obtained from minimal sample and time required for the analysis to 

ultimately support clone selection during CLD. Each analytical method was designed for the 

screening of samples deriving from small scale cell culture systems such as 96-DWPs and 

stir-tank MBRs suitable to operate in automated workflows. Most importantly, the analytical 

tools were developed in line with the industrial requirements for implementation in the 

analytical workstream in AZ. The final aim of this work is the hyphenation of HT analytics 

to HT cell line engineering to create a feedback loop system enabling a deeper understanding 

of the engineering and scientific principles underlying protein expression in CHO cells. The 

feedback loop system will ultimately be used to control the variables that affect PQ during 

the CLD process and help to build a smarter biomanufacturing process. 

Part A of Chapter 3 presents the development of a HT analytical workflow for the 

aggregation analysis of proteins expressed in 96-DWP cell cultures. The workflow involves 

the implementation of a fully automated HT purification method based on resin-filled pipette 

tips columns followed by analysis of aggregates by SEC. The SEC method was developed 

using 2.1 mm ID columns allowing for sensitive and rapid analysis of aggregates in mAbs 

and BsAbs products. Part B presents the implementation of a split-DoE approach for 

leveraging the development of CEX methods. The focus is the implementation of the split-

DoE approach for developing a HT CEX method for charge variants analysis of a mAb 

candidate. 

Chapter 4 presents the combination of both aggregates and charge variants analysis in a 

unique 2D-LC set up. Method development focuses on coupling SEC in the first dimension 

(1D) with CEX in the second dimension (2D) by heart-cutting 2D-LC mode. 2D SEC-CEX 

separations were developed using both non-volatile and volatile solvents. The advantages 

and disadvantages of UV detection over direct coupling to MS was thoroughly discussed. 



 

 

54 

 

The adoption a 2D-LC approach over conventional 1D-LC methods and its implementation 

to the industrial analytical workhorse was addressed. 

Chapter 5 introduces the development of a MS-based method for quantifying aggregates of 

a BsAb drug candidate. The method is based on a targeted MS method monitoring Cys 

modifications associated with aggregates formation in the BsAb candidate. Peptides bearing 

other PQAs such as glycosylation, deamidation, and C-terminal Lys clipping were also 

monitored by MRM offering a novel MAM  workflow for addressing multiple quality 

attributes in a single method. 

Chapter 6 demonstrates the application of the HT methods previously developed to case 

study samples. The complete analytical platform is integrated to CLD strategies in support 

of clone selection to drive better decision making. 
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Chapter 2 

Materials and Methods 

The coming chapter provides the reader with a detailed description of the materials and 

methods used to complete the experiments described in the following results chapters. The 

experimental work was carried out in the laboratories of either the Department of Chemical 

and Biological Engineering at The University of Sheffield or the Department of 

Biopharmaceutical Development of AstraZeneca in Cambridge. 
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2.1 Liquid Chromatography -Mass Spectrometry Materials and 

Equipment 

2.1.1 Chemicals and Materials 

The preparation of LC mobile phases for SEC and CEX applications involved the use of 

sodium phosphate dibasic, sodium phosphate buffer monobasic, sodium chloride, 

hydrochloric acid, sodium hydroxide, hydrochloric acid, ammonium acetate, acetic acid 

(Sigma-Aldrich), and 2-(N-morpholino)ethanesulfonic acid (MES) (Fisher Scientific). The 

pH of all the buffers was confirmed by Benchtop pH Meter (Mettler Toledo) and each was 

filtered with NalgeneÊ Rapid-FlowÊ Sterile Disposable Filter Units with a 0.2 µm pore 

size PES Membrane (Thermo Scientific). IonHance CX-MS pH concentrates A & B kit in 

MS certified LDPE containers (10X concentrates) were purchased from Waters and 

dedicated to IEX-MS work. All the buffers for non-MS application were prepared by using 

deionised water dispensed by Barnstead Nanopure Diamond Lab Water System (Thermo 

Fisher), whereas those dedicated to MS application were prepared by using LC-MS grade 

water (Merk Group Ltd.). Buffers for RPLC were prepared by using LC-MS grade water, 

acetonitrile, methanol, isopropanol, trifluoroacetic acid, and formic acid. 

Sample preparation involved the use of tris (hydroxymethyl)aminomethane, dithiothreitol 

(DTT), N-ethylmaleimide (NEM), guanidine, ethylenediaminetetraacetic acid (EDTA), 

iodoacetamide, urea, 2-(N-morpholino)ethanesulfonic acid (MES) sodium citrate, 

tris(hydroxymethyl)aminomethane (Tris-base/Tris-HCl), hydrogen peroxide (H2O2) 

solution, Ŭ,Ŭǋ-azodiisobutyramidine dihydrochloride (AAPH) solution (Sigma-Aldrich), 

microdialysis devices (Thermo Scientific), trypsin and PNGase F (Promega). Buffer 

exchange prior to analysis was achieved using Zeba TM Spin Desalting Plates 96-well, 7K 

(Thermo Scientific), and AZ proprietary platform formulation buffer. 

2.1.2 LC Equipment 

2.1.2.1 1D-LC System  

1D-LC analysis was performed using an Agilent 1260 Infinity II UHPLC System equipped 

with a degasser, quaternary pump, thermostatted multi-sampler, and diode array detector 



 

 

58 

 

(DAD) in conjunction with a multi-column compartment with a column selection valve. All 

LC parts were joined by 1.6 mm OD, 0.12 µm ID stainless steel capillary tubing with 

stainless steel fittings. System control and data analysis were accomplished with Agilent 

OpenLAB CDS ChemStation Edition, version C.01.07. Mobile phase recipes and separation 

gradients were created using the Agilent Buffer Advisor Software with ZedGraph Library, 

version 5.0.8.20000, and DotNetZip Library, version 1.9.1.5. LC equipment and software 

packages were all purchased from Agilent Technologies Inc. The JMP® Pro 15.0 statistical 

software (SAS Institute Inc.) was used for assisting method development by DoE models 

and data analysis.  

2.1.2.2 2D-LC System  

2D-LC analysis was conducted on an Agilent 1290 Infinity II system. The first dimension 

was composed of a quaternary pump with a degasser, an autosampler with a cooler, a 

thermostatic column compartment, and a multi-wavelength detector (MWD). The second 

dimension was equipped with a binary pump, a degasser, and a diode-array detector (DAD). 

The two dimensions were interconnected by the Agilent 1290 Infinity series 2-position/4-

port 2D-LC valve head with 80 uL loops and 2x multiple heart-cutting valves equipped with 

40 µL loops. All parts of the 2D-LC system were connected with 1.6 mm OD, 0.13 mm ID 

PEEK tubing with PEEK fittings. Instrument control and data analysis were achieved with 

Agilent OpenLAB CDS ChemStation Edition, version C.01.07. All LC instrumentation was 

purchased from Agilent Technologies Inc. This equipment set-up was used for 2D-LC 

method development and applications. Mass spectrometry hyphenation to 2D-LC 

separations was achieved by connecting the 2D-LC system DAD to the Q Exactive HF-X 

hybrid quadrupole-Orbitrap mass spectrometer with ESI (Thermo Scientific) and BioPharma 

Option. Source parameters were optimised to a spray voltage of 3.5 kV, a capillary 

temperature of 250 °C, and in-source CID fragmentation of 80 eV. Further information on 

method development is reported in Chapter 4.  

2.1.3 Software for Method Development and Data Analysis 

Statistical method development and data analysis were aided by the use of JMP® Pro 15.0 

(SAS Institute Inc.) and Python Software Foundation (Python Language Reference, version 

3.7, available at http://www.python.org). 

http://www.python.org/
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2.1.4  Methods 

This section summarises additional chromatography equipment used for the development of 

LC and LC-MS methods. Further information is reported in the results and discussion 

chapters dedicated to the development and applications of specific methods. Table 2.1 lists 

all the LC and LC-MS methods developed throughout this research project, the 

chromatography columns used for method development, and the respective providers. 

2.1.4.1 RP-LC-ESI-MS Intact Mass Analysis 

Intact mass analysis was conducted on a Waters Acquity UPLC with a vacuum degasser, 

binary pump, autosampler with a temperature-controlled sample compartment, a dual-

wavelength detector, a switching valve to the MS, and Mass Lynx software coupled with the 

Waters SYNAPT MS with ESI source (Waters Corp.). Reverse phase separation was 

achieved following a linear gradient using Acquity UPLCÈ BEH300 C4 1.7 ɛm 2.1 x 50 

mm column (Waters Corp.) column, flow rate of 0.15 mL/min, and temperature maintained 

at 60 °C. Mobile phase A was 0.01% TFA and 0.1% formic acid in water, and mobile phase 

B was 0.01% TFA and 0.1% formic acid in acetonitrile. The ESI source was operated in 

positive ion mode, capillary voltage was set to 3.4 kV, source temperature 120 °C, sampling 

cone, 40 kV, extraction cone 3 kV, desolvation temperature 400 °C. Mass spectra were 

collected at an m/z range of 800ï4,500. Further information regarding the method, procedure 

and specifications have been omitted as they are proprietary to AstraZeneca. Data processing 

was done by BioPharma Finder 3.2 (Thermo Fischer Scientific) and GPMAW 9.51 

(Lighthouse data). BioPharma Finder 3.2 was set for ReSpect deconvolution algorithm.  

2.1.4.2 RP-LC-ESI-MS Reduced Peptide Mapping 

Protein sample concentrations were diluted to 5.0 mg/mL with HPLC-grade water. Sample 

denaturation consisted in the addition of the denaturing buffer (7.2 M guanidine HCl, 90 mM 

Tris, 0.1 mM EDTA, 30 mM dithiothreitol, pH 7.4) and incubation at 37 °C for 30 min. After 

incubation, alkylation was performed by adding 500 mM IAM to each sample to a final 

concentration of 70 mM and incubating at room temperature for 30 min in the dark. After 

alkylation, samples were transferred to a Pierce 96-well 10 K MWCO dialysis plate 

(catalogue no. 88260; Thermo Fisher Scientific) containing dialysis buffer (6 M urea, 150 

mM Tris, pH 7.6), which was shaken for 2 h to desalt the samples. Subsequently, the samples 
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were recovered and digested with Trypsin Gold (Promega) at a mass ratio of 1:12 

(enzyme:sample) and incubated at 37 °C for 4 h. Upon completion, the digestion was 

quenched by 10% TFA. The reduced peptide mapping (RPM) analysis of tryptic digest 

samples was performed on a Waters Acquity UPLC with a vacuum degasser, binary pump, 

autosampler with temperature-controlled sample compartment, dual-wavelength detector, 

switching valve to the MS and Xcalibur software coupled with the Q Exactive HF-X hybrid 

quadrupole-Orbitrap mass spectrometer with ESI (Thermo Scientific) and BioPharma 

Option. Acquity UPLC BEH C18 1.7 ɛm 2.1 x 150 mm column (Waters Corp.) column with 

temperature set to 55 °C. Mobile phase A was 0.02% TFA in water, and mobile phase B was 

0.02% TFA and in acetonitrile. Samples were eluted with a linear gradient at a flow rate of 

0.2 mL/min. The ESI source was operated in positive ion mode, capillary voltage was set to 

3.5 kV, capillary temperature 320 °C, and mass range of 250ï2,000 m/z. Top 5 data-

dependent acquisition was used for peptide identification and PTM localisation and the 

fragmentation mass spectra were obtained by collision-induced dissociation (CID). Tryptic 

peptides were identified by their mass corresponding to the amino acid composition, and the 

fragmentation masses were determined by MS2. BioPharma Finder 3.2 was used for data 

processing. Full methods procedures and specifications have been omitted as they are 

proprietary to AstraZeneca.  

  



 

 

61 

 

2.1.4.3 RP-LC-ESI-MS EThcD-Assisted Non-Reduced Peptide Mapping 

Non-reduced tryptic peptides were obtained by following a protocol developed in 

AstraZeneca. Samples were diluted to 1 mg/mL. Alkylation was achieved by adding 200 

mM N-ethylmaleimide (NEM) solution and incubating at room temperature in the dark for 

30 min. Subsequently, the samples were denatured with 8M urea in 100 mM MES buffer, 

pH 6.0 and digested with trypsin sequencing grade, (Promega, catalogue number V5111) at 

a mass ratio of 1:12 (enzyme:sample) and incubated at 37 °C for 4 h. Finally, digestion was 

quenched by 10% TFA. Non-reduced peptide mapping (NRPM) was executed on a Waters 

Acquity UPLC with a vacuum degasser, binary pump, autosampler with temperature-

controlled sample compartment, dual-wavelength detector, switching valve to the MS, and 

Xcalibur software coupled to the Orbitrap FusionÊ TribridÊ mass spectrometer with ESI 

(Thermo Scientific). Reverse phase separation was achieved using ACQUITY UPLC CSH 

C18 2.1X150mm column maintained at 60°C. Mobile phase A was 0.02% TFA in water, 

and mobile phase B was 0.02% TFA and in acetonitrile. Samples were eluted by using a 30 

min linear gradient with a flow rate of 0.15 mL/min. The ESI source was operated in positive 

polarity, and mass range of 250ï2,500 m/z with 120K resolution, precursor automatic gain 

control (AGC) target was set to 2 × 105, and the maximum injection time was set to 50 ms. 

The MS/MS method was programmed in the data dependent acquisition mode with the 5 

most intense peaks subjected EThcD fragmentation with 30K resolution, an automatic gain 

control (AGC) target of 5 × 104, and maximum injection time of 54 ms. As the method was 

developed in AstraZeneca, the source and fragmentation parameters were optimised for in-

house application but the details are reserved and proprietary of the company. Thermo 

Xcalibur Ê Software was used for data processing. 

2.1.4.4 RP-LC-ESI-MS Non-Reduced Peptide Multiple-Reaction Monitoring 

The preparation of non-reduced tryptic peptides was conducted on a Tecan Freedom EVO® 

200 robotic liquid handling platform (TECAN Group Ltd.) equipped with a positive pressure 

HEPA enclosure, a Tecan Liquid Handling (LiHa) arm, and a MultiChannel ArmÊ (MCA) 

96. Consumables included 25 mL troughs (TECAN Group Ltd.), reagent rack, 1.5 mL 

Eppendorf tubes, 96-well PCR plates (Thermo Scientific) Greiner 96-well plates with u-

bottom with half skirt Eppendorf on top (Greiner Bio-One Ltd.) and 96-well 1 mL V-bottom 

plate (Waters Corp.). The automation script was written by Samuel Shepherd (AstraZeneca) 

on Freedom EVOware®, Version 2.7 (TECAN Group Ltd.). NRPM analysis was executed 
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on a Waters Acquity UPLC with a vacuum degasser, binary pump, autosampler with 

temperature-controlled sample compartment, CSH C18 130A, 1.7, 1 mm x 150 mm RP-LC 

column, dual-wavelength detector, switching valve to the MS and Mass Lynx software 

coupled with the Xevo TQ-S triple quadrupole mass spectrometer with ESI (Waters Corp.). 

The MS system was operated in multiple-reaction monitoring (MRM) mode which involved 

filtering of the peptide precursor ions a specific mass-to-charge (m/z) in the first quadrupole 

(Q1). Subsequently, the precursor ions entering the collision cells (q) were subjected to 

fragmentation. Finally, the precursor ion fragments with a predefined m/z were filtered in 

the third quadrupole (Q3) and detected. LC-MS buffers were prepared in-house and the 

recipes are property of AstraZeneca.  

Skyline software was used for the optimisation of the peptides transition list and 

fragmentation parameters as well as for data analysis. Three transitions were monitored for 

each peptide precursor ion, of which the most intense fragment ion was used for 

quantification, whilst the other two served as qualifier ions. The cone voltage and collision 

energy were optimised for each peptide and the duty cycle was reduced to 0.02 s targeting 

each peptide for a 1-3 min time window. More information on method development is 

reported in Chapter 5. JMP® Pro 15.0 (SAS Institute Inc.), and Python Software Foundation 

(Python Language Reference, version 3.7 available at http://www.python.org) were used for 

automated data processing and visualisation. The data processing workflow involved various 

steps encompassing 1) the calculation of the ratio between the qualifier ion vs. the quantifier 

ion peak area of each peptide monitored; 2) the calculation of the coefficient of variation 

(CV) of each qualifier/quantifier peptide ratio; 3) the relative quantification of each quality 

attribute displayed as %area of the modified species peak vs. the %area of the unmodified 

species peak. For accurate quantification analysis, the qualifier/quantifier peptide ratio CV 

was required to be < 20%. 

  

http://www.python.org/
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Table 2.1 List of the LC and LC-MS methods and the columns used for method 

development with their respective providers and final applications 

Method Column Provider Application Reference 

HT SEC 

 

ACQUITY UPLC Protein BEH 

SEC 200 Å, 2.1 x 150 mm, 1.7 

µm 

Waters Aggregates  Chapter 3,  

Part A, 
Section 3.3.2 

UnixÊ-C SEC-300, 300 Å, 2.1 x 

150 mm, 1.9 µm 

Sepax Aggregates  

HT CEX AgilentBio WCX column 2.1 x 

50 mm, 5 um, np 

Agilent Charge 
variants 

Chapter 3, 
Part B 

BioResolve SCX mAb 2.1 x 40 

mm, 3 µm, np 

Waters Charge 

variants 

bioZen WCX 2.1 x 50 mm, 6 um, 

np 

Phenomene
x 

Charge 
variants 

Proteomix SCX 2.1 x 50 mm, 1.7 

um, np 

Sepax Charge 

variants 

2D SEX-CEX-
UV 

 

ACQUITY UPLC Protein BEH 
SEC 200 Å, 4.6 x 150 mm, 1.7 

µm column 

Waters  Aggregates Chapter 4 
 

Agilent AdvanceBio SEC 200A, 

4.6 x 150 mm, 1.9 µm 

Agilent Aggregates 

bioZenÊ 4.6 x 150 mm, 1.8 Õm  Phenomene

x  

Aggregates 

Agilent: AgilentBio WCX 

column 2.1 x 50 mm, 5 um, np 

Agilent Charge 
variants 

2D SEX-CEX-

UV-MS 

Agilent AdvanceBio SEC 200A, 

4.6 x 150 mm, 1.9 µm 

Agilent Aggregates Chapter 4 

 

BioResolve SCX mAb column, 3 

µm,  2.1 mm x 50 mm 

Agilent Charge 
variants 

MAM  CSH C18 130A, 1.7, 1 mm x 150 

mm RPLC 

Waters BsAb-1 

PTMs 

Chapter 5 
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2.1.5 Samples used for Method Development, as Controls and System 

Suitability Checks 

The samples used for method development were all CHO-derived and provided by 

AstraZeneca, namely mAb-1 and mAb-2 reference standards (RS) and BsAb-1 and BsAb-2 

reference materials (RM). Proof-of-concept application of the analytical methods was 

achieved using samples generated by the Cell Line Development (CLD) team in 

AstraZeneca and Prof David C. Jamesôs research team at the University of Sheffield. 

Detailed information on all the samples used during method development, system suitability 

(SST) checks, control and application of all the methods developed in this research project 

are summarised in Table 2.2. 

Table 2.2 Summary of the samples used for research with the respective providers and 

application description. 

Sample Provider Application 

mAb-1, BsAb-1 AstraZeneca PhyTip purification development 

mAb-1, BsAb-1, BsAb-2 AstraZeneca PhyTip purification application 

mAb-1, BsAb-1 AstraZeneca PhyTip purification control 

Gel Filtration Standard Bio-Rad Laboratories HT SEC SST 

Heat-stressed mAb-1, heat-

stressed mAb-2, BsAb-1 RM, 

BsAb-2 RM. 

AstraZeneca HT SEC development 

mAb-1 RS and BsAb-1 RM AstraZeneca HT SEC control 

BsAb-1, BsAb-2 AstraZeneca/The 

University of Sheffield 

HT SEC proof-of-concept 

application 

mAb-1 RS AstraZeneca HT CEX and 
2D SEC-CEX-UV(MS) 

development and control 

Stressed mAb-1 AstraZeneca HT CEX and 2D SEC-CEX-

UV(MS) proof-of-concept 
application 

mAb-1 The University of 

Sheffield 

2D SEC-CEX-UV application 

Peptide Retention Time 
Calibration 

Mixture 

Thermo Scientific MAM SST 1 

NR tryptic digested BsAb-1 RM AstraZeneca MAM SST 2 

BsAb-1 AstraZeneca MAM development 

BsAb-1 AstraZeneca/The 

University of Sheffield 

MAM proof-of-concept application 

Peptide Retention Time 

Calibration 
Mixture 

Thermo Scientific RPM SST 

mAb-2 AstraZeneca RPM control 

mAb-2 AstraZeneca Intact mass analysis SST/control 
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2.2 Purification  of CHO Cell Culture 

2.2.1 Chemicals 

Gibco 1x Dulbecco phosphate buffer (DPBS) (Thermo Fisher Scientific), acetic acid glacial, 

hydrochloric acid, methanol, ethanol and isopropanol (Merk Group Ltd.), glycine 

hydrochloride, L-histidine hydrochloride monohydrate, sodium acetate anhydrous, sodium 

chloride, sodium hydroxide, and sucrose (Sigma-Aldrich) were used for protein purification 

and column storage buffers. 

2.2.2 Low-Throughput Purification 

The purification protocol was developed by Jennifer Spooner (AstraZeneca) and adapted for 

this work. Purification was performed using HiTrap MabSelect SuRe 1 mL columns on the 

 KTAxpressÊ system, and data were analysed by Unicorn 5.31 software (GE Healthcare 

Life Sciences). After purification, the samples were buffer exchanged into formulation 

buffer using disposable PD 10 desalting columns (Merck Group Ltd.). Details of the 

purification procedure and buffer composition are proprietary to AstraZeneca.  

2.2.3 High-Throughput Purification 

PhyTip 200 µL volume columns, containing 20 µL of ProPlus (MabSelect SuReÊ) affinity 

resin (PhyNexus Inc.) were operated on a Tecan Freedom EVO® 200 robotic liquid handling 

platform (TECAN Group Ltd.) equipped with a positive pressure HEPA enclosure, Tecan 

Liquid Handling (LiHa) arm, and MultiChannel ArmÊ (MCA) 96. Consumables used 

included 25 mL, 100 mL, and 300 mL troughs (TECAN Group Ltd.), 96-well DWP, 2.2 mL, 

deep-well plates (Thermo Fisher Scientific), Greiner 96-well plates with u-bottom (Greiner 

Bio-One Ltd.), and V-squared bottom 96-well plates (Agilent Technologies Inc.). All the 

automation scripts were written by Samuel Shepherd (AstraZeneca,) on Freedom 

EVOware®, Version 2.7 (TECAN Group Ltd.). The high-throughput (HT) purification 

procedure and its development are described in Chapter 3 with more information on buffers 

composition reported in Section 3.3.1. 
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2.3 CHO Cell Culture 

Research involving mammalian cell culture, product purification and analysis were carried 

out in separate laboratories to prevent cell contamination and ensure culture sterility. 

Materials and consumables were purchased with high quality and cell culture grade. Single-

use sterile material was used for cell culture, particularly when coming into direct contact 

with living cells. Sterilisation of reusable consumables was achieved by autoclavation at 121 

°C as well as membrane filtration with 0.22 µm pore size sterile membranes. Class 2 HEPA 

filtered laminar airflow cabinets served for handling mammalian cell culture material during 

experiments and guaranteed cleanliness of the work zone along with protection of both user 

and samples. All surfaces and consumables were decontaminated with 70% ethanol before 

entering the airflow cabinet. 

2.3.1 Cell Lines and Model Molecules 

The cell lines and molecules used for this research are proprietary to AstraZeneca. The 

company kindly provided pool and clone-derived CAT-S CHO cell lines which were 

transfected for the expression of an IgG1, kappa monoclonal antibody (mAb-1),  and two 

bispecific antibodies (BsAb-1 and BsAb-2) dedicated to research work. 

2.3.2 Cell Culture Maintenance 

Routine maintenance involved the culture of cells in vented Erlenmeyer flasks (Corning) 

using CD-CHO medium (Thermo Fisher Scientific) supplemented with 50 mM L-

Methionine sulfoximine (MSX, Sigma-Aldrich). The cell culture volumes used were 20-

25% of Erlenmeyer flask total volume. Flasks were incubated at a temperature of 37 °C, in 

5% (v/v) CO2, and shaken at 140 rpm. Cells were subcultured at a density of 0.3 x 106 

cells/mL on a 3 to 4 days schedule to ensure the maintenance of exponential growth. To 

minimise genetic drift, cells were subcultured up to a maximum of 15 passages. The average 

cell viability, cell density, and diameter were determined by a ViCell viability analyser 

(Beckman-Coulter).  
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2.3.3 Cryopreservation, Cell Bank Generation and Revival 

Recombinant GS-CHO cells were frozen and revived following standardised protocols to 

ensure consistent and successful recovery of the cells after storage in liquid nitrogen. Master 

and working cell banks were created for the cell lines received from AstraZeneca. The 

generation of cell banks consisted of cell pelleting three days after subculture (mid-

exponential phase) by centrifugation at 130 x g for 8 minutes and resuspension at a 

concentration of 1 x 10E+7 cells/mL in CD-CHO media containing 10% DMSO (Sigma-

Aldrich). Aliquots of 1.5 mL were assorted into NUNC cryovials (Thermo Fisher Scientific) 

and stored in ñMr Frostyò containers (Thermo Fisher Scientific), filled with 100% 

isopropanol, at -80 °C overnight to allow gradual freezing of cell solutions. Cryovials were 

then transferred to a liquid nitrogen freezer (-196 °C) for long-term storage. Cell revival 

from liquid nitrogen storage was carried out by thawing at 37 °C and subsequent addition of 

30 mL of pre-warmed non-supplemented CD-CHO media to the cell solution. After 

determination of viability and viable cell density (VCD), cells were finally seeded with 25 

mL CD-CHO/MSX media at a concentration of 0.3 x 10E+6 cells/mL, in a 125 mL 

Erlenmeyer flask. These cells were labelled ñDay 0ò and were subcultured two days after 

the first passage and subsequently on a 3- to 4-day regime. Cells were acclimatised to these 

conditions for four subcultures before being used for any experimental work.  

2.3.4 Shake-Flasks Fed-Batch Overgrows of CHO Cells 

All the fed-batch overgrows were set up 3 days post-subculture and seeded at a density of 

0.7 x 10E+6 cells/mL in CD-CHO media supplemented with AstraZeneca proprietary in-

house feed. Cells were counted on a ViCell viability analyser on the day of seeding to check 

the variation in seeding between cultures when required. Subsequently, cells were sampled 

on a 2-day regime and all ViCell measurements were carried out with a 1:4 dilution. 

Additional feeding was supplemented on the third day from the start of the overgrow and 

carried on a 2-day schedule. Metabolites and glucose consumption analysis were carried out 

using a YSI 2950D Biochemistry Analyzer (YSI Life Sciences). For this assay, 200 µL of 

cell culture was aliquoted and centrifuged at 4000 g before analysis. When the glucose 

concentration was below 10 g/L, an in-house glucose supplement was added to feedback to 

10 g/L. Samples for titer analysis were taken from day 7 until the end of the culture. 
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2.3.5 Harvesting 

At the end of the overgrowth, cell culture supernatants were harvested by centrifugation at 

2500 rpm for 90 min and filtered with NalgeneÊ Rapid-FlowÊ Sterile Disposable Filter 

Units with a 0.2 µm pore size PES Membrane (Thermo Fisher Scientific). 

2.4 Recombinant Protein Quantification 

2.4.1 Titre Analysis by Analytical Protein-A Affinity Chromatography 

High-throughput analytical Protein-A affinity chromatography was carried out on an Agilent 

1200 HPLC system (Agilent Technologies) equipped with a degasser, binary pump, well 

plate autosampler, column oven, UV detector, and Agilent ChemStation software. The 

separation was performed using an analytical HPLC column packed with POROSÊ A 

functionalised beads with 20 µm particle size, 2.1 mm x 30 mm (ID x L), and 0.1 mL bed 

volume (Applied Biosystems, Inc.) and HPLC grade water (Merk Group Ltd.). The mobile 

phase was prepared using sodium phosphate, sodium chloride, hydrochloric acid, and 

sodium hydroxide purchased from Sigma-Aldrich. Buffer A was composed of 10 mM 

sodium phosphate and 150 mM sodium chloride at pH 7.2 whereas buffer B was composed 

of 12 mM hydrochloric acid and 150 mM sodium chloride at pH 2.0. All buffers were filtered 

with NalgeneÊ Rapid-FlowÊ Sterile Disposable Filter Units with a 0.2 Õm pore size PES 

Membrane (Thermo Fisher Scientific). Protein concentration was extrapolated from 

molecule-specific standard curves generated from purified material in the range 10 mg/L ï 

10 g/L. 

2.4.2 UV/Vis Absorption Spectroscopy 

UV/Vis absorption measurements were collected using the Stunner (Unchained Labs) and 

the DropSense 96 (Trinean). Each plate was loaded with 2-3 µL of sample and measured 

immediately by the spectrophotometer. 
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2.5 Equations 

2.5.1 Chromatography Peak Analysis 

Detailed below are the equations used for chromatography peak analysis. 

Tailing factor or 

Symmetry factor 
4

ʖȢ

ςÆ
 (2.5.1.1) 

 

Tailing factor (USP) or Symmetry factor (EP, BP, JP), where w is the peak width at 5% peak 

height, and f is the distance from the peak apex to the leading edge of the peak measured at 

5% of the peak height. 

Resolution  
2Ó

ςȢσυȾς ὸ ὸ

w w
 

(2.5.1.2) 

 

Resolution (EP) where, ὸ  and ὸ  are the retention time and wand w  are the widths of 

the first peak, and second peaks, respectively. 

Experimental Peak 

Capacity (ePC) 
Å0#

ὸ ὸ

w
 (2.5.1.3) 

 

Experimental peak capacity (ePC), where ὸ  is the retention time of the last peak in the 

chromatogram, ὸ  is the retention time of the last peak in the chromatogram, and w is the 

peak width of a reference peak in the chromatogram. 

 

2.5.2 Method Assessment 

Proportional 

protein load (PPL) 
00,

mὃ 
mὃ

 ὼ ὖὒ mὫ (2.5.2.4) 
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Proportional protein load (PPL), where mὃ  is the mean of the target peak area, mὃ  

is the mean total peak area of all the peaks in a chromatogram, and PL is the protein load.  

Limit of 

quantification 

(LOQ) 

,/1 mÇ
ρπ Ø ʎ

Ὓ
 

 

(2.5.2.5) 

Limit of quantification (LOQ), where ů is the standard deviation amongst the replicates at a 

specific level of the linearity study, and S is the slope of the calibration curve. 

Per cent limit of 

quantification 
,/1 Ϸ

,/1 mÇ

ὖὒ mὫ
 ὼ ρππ (2.5.2.6) 

 

Per cent limit of quantification (LOQ %), where LOQ is the method LOQ in mg, and PL is 

the protein load in mg. 

Limit of Detection 

(LOD) 

,/$
ὒὕὗ

σ
 

 

(2.5.2.7) 
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2.6 Statistics 

2.6.1 Actual-by-Predicted Plot 

The actual-by-predicted plot is a scatter plot displaying the observed response (x) on the 

abscissa vs. those predicted (Y) by the model on the ordinate. The horizontal blue line 

corresponds to the null hypothesis (the response does not depend on the factors) and the 

slanted red line to the alternative hypothesis (the response depends on the factors). The 95% 

confidence interval is indicated by the red shading region. If the horizontal blue line is 

contained within the red shaded region then the model is not significant at the alfa level 0.05. 

Conversely, if the blue line is not contained within the red region, the model is significant at 

the same alfa level. The plot was also used in this manuscript to determine the model ñlack 

of fitò. When unbiased, a prediction should produce estimates that agree with the observed 

values on average. Thus, the red line should go through the middle of the data points. On the 

other hand, the data points generated by a biased model will deviate from the line. The 

goodness of fit in the actual-by-predicted plot was evaluated in terms of coefficient of 

determination (R2) and root mean square error (RMSE), whilst the model significance is 

given by the p-value. 

2.6.2 Effect Summary Report 

The model effects correspond to all the factors and their interactions investigated by the 

model. The effect summary reports presented in this manuscript list all the effects estimated 

by models that contained more than one effect. Each model effect was reported together with 

its false discovery rate -log10(p-value) (FDR LogWorth) and FDR p-value. The FDR 

LogWorth transformation adjusted the p-value to display a scale of graphing, where values 

that exceeded 2 (normally indicated as a blue line) were significant at the 0.01 level. The bar 

chart of the FDR LogWorth displays dashed vertical lines at integer values. The FDR was 

calculated using the Benjamini-Hochberg technique (Benjamini 1995). 
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2.6.3 Parameter Estimates Table  

The model parameter estimates are shown for each model parameter together with the t-test 

results for hypothesis equals to zero. The ñTermò column corresponds to the estimated 

parameter with the intercept always reported as the first term. The estimates of the model 

coefficients of each term are reported under ñEstimateò. The sign of the coefficient indicates 

whether the correlation is positive (+) or negative (-), whilst the coefficient value represents 

how much the mean of the dependent variable (Y) varies given a one-unit shift in the 

independent variable (xn) while holding the other variable constant. The standard error of 

the estimated parameters is reported under ñStd Errorò and computed using equation 

(2.6.3.8). The t-test results are listed under ñt Ratioò and reported as the ratio of the estimates 

to their respective standard error given the t Ratio having a Studentôs t-distribution under the 

null hypothesis as per (2.6.3.9); where ØӶ is the sample mean, m is the population mean, ί 

is the standard deviation, and Ѝὲ is the square root of the sample size. The óProb>|t|ô column 

lists the p-value of the two-tailed hypothesis test. 

Standard Error 

(SE) 
ὛὉ  „ȾЍὲ (2.6.3.8) 

t Ratio ὸ
Ø mπ
ίȾЍὲ

 (2.6.3.9) 

2.6.4 Prediction Profiler 

The prediction profiler was used to display the conditional relationship between the response 

(Y) and a given predictor (X), given the level selected on the other predictors (X1, X2, X3, 

Xn, etc.). The graph provides a visual representation of the interactions between the variables 

and how the response is dependent on them. 

2.6.5 Desirability Function 

The desirability function approach was used for optimisation and the identification of the 

operating conditions (factors setting in a DoE model) that provide the ñmost desirableò 

response. The desirability function, Ὠ ὣ , assigns a value from 0 to 1 for each response, 

ὣὼ, with Ὠὣ π representing the most undesirable value and Ὠ ὣ ρ 
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corresponding to the most desirable response. The geometric mean is used to combine the 

individual response desirabilities to obtain overall desirability. Different desirability 

functions can be used depending on whether the response, ὣὼ, is to be maximised, 

minimised or assigned to a target value. The type of desirability function used in this 

manuscript was the one proposed by Derringer and Suich (1980): let ὒ, Ὗȟ and Ὕ be the 

lower, upper, and target values desired for response Ὥȟ where ὒ  Ὕ Ὗ, the desirability 

function of Ὥ is: 

Desirability 

function 
Äὣ

ừ
Ừ

ứ
ὕ

  

π

 

 ὭὪ  ὣὼ ὒ 

ὭὪ  ὒ  ὣὼ Ὕ 

ὭὪ  Ὕ  ὣὼ Ὗ 

ὭὪ  ὣὼ Ὗ 

(2.6.5.10) 

Where the exponents s and t indicate the importance of each target value. 
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Chapter 3 

Part A: High-throughput platform workflow 

for the purification and aggregation analysis 

of mAbs and BsAbs 

3.1 Abstract  

Scale-down cell culture systems such as shaken deep-well plates (DWPs) offer a valuable 

approach in high-throughput process development (HTPD) for screening several clones and 

process conditions to ultimately reduce costs and accelerate cell line development (CLD). 

Due to the small cell culture volume and low expression titres, the selection of both clone 

and process conditions is often limited by cell productivity. Product quality (PQ) analysis is 

generally carried out at a later stage when the titre levels are high enough to allow sufficient 

material for analytical testing. Purification of the therapeutic proteins from the host cell 

culture fluid (HCCF) is often required before analytical characterisation. Protein aggregation 

is a critical quality attribute (CQA) of monoclonal antibodies (mAbs) and bispecific 

antibodies (BsAbs), compromising the safety and efficacy of the protein. Size-exclusion 

chromatography (SEC) is the industry standard analytical methodology for the analysis of 

aggregates. However, its implementation as a highly sensitive small-scale analytical tool in 

the biopharmaceutical industry has been hampered by the considerable drop in resolution 

(Rs) resulting from the use of narrow ID columns. Here is presented the development of a 

fully automated platform workflow for the purification of mAbs and BsAbs expressed in 96-

DWP cell cultures, combined with rapid small-scale SEC analysis with sub-2 mg sensitivity. 

Protein purification by resin-filled pipette tip columns was successfully automated on a 

robotic liquid handler for the parallel processing of 96 samples at a time. At-line coupling of 

SEC on a 2.1 mm ID column enabled highly sensitive characterisation of protein aggregates 

with a 3.5 min run time per injection. The entire workflow was designed to apply to mAbs 

and mAb-like next-generation biopharmaceuticals, empowering the CLD process with an 

analytical ranking tool for clone selection as described in Chapter 6. 
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3.2  Introduction  

As previously mentioned (Chapter 1, Section 1.1.3), mAbs continue to dominate the 

biopharmaceutical market whilst next-generation biopharmaceuticals, such as BsAbs, 

promise to revolutionise tumour immunotherapy (Reichert, 2019; Kontermann and 

Brinkmann, 2015). Cell line development and engineering (CLD&E) are the first steps of 

biopharmaceutical process development and aim to generate high-producing clones that 

express the product of interest with the desirable PQ (Tihanyi and Nyitray, 2021). Scale-

down cell culture systems, such as shaken DWPs have successfully been employed in HTPD 

for clone selection (Cartwright et al., 2020) and optimisation of the media and supplements 

composition (Sokolov et al., 2017). This approach enables the execution of large screening 

experiments and has proven advantageous in reducing the time and costs for CLD. 

Biopharmaceutical process development relies on analytical methods at all stages of a 

product life cycle to ensure the entrance of safe and efficacious drugs to market. However, 

the implementation of analytical testing to small-scale cell culture systems is hampered by 

the low expression titres and limited sample volume available for analysis. Thus, the 

selection of both clones and process conditions during the very early stages of CLD is often 

driven by expression titre, whilst PQ data are introduced at a later stage. Microfluidics-based 

platforms such as LabChip GXII (PerkinElmer) have successfully been applied for the HT 

analysis of protein size, purity, and glycans (Gerster et al., 2016; Scheller, 2021). However, 

chip-based techniques use denaturing conditions for the analysis and when it comes to sizing 

large biomolecules, they lack sufficient Rs for the separation of high-molecular-weight 

species (HMWS). Therefore, aggregates analysis is often carried out by size-exclusion 

chromatography (SEC) (Garripelli, Wu, and Gupta, 2020). Despite the great advancements 

in SEC column technology for UHPLC operations, the use of small-scale ID columns has 

been limited by the poor resolving power of this mode of chromatography (3.3.2.1). The use 

of large ID columns may hamper the sensitivity of SEC methods thus, their application for 

the analysis of low concentrated samples.  

Another challenge of developing analytical methods to support biopharmaceutical 

development is their easiness of operation and flexibility of application to a variety of 

molecular formats. Because HT tools are often expected to be used for routine testing, they 

must be simple, robust and easy to perform by non-expert scientists. Moreover, they should 
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provide a platform approach for a defined class of molecules thus, minimising the need for 

additional method development. 

Part A of this chapter presents the development of a high-throughput (HT) analytical 

platform workflow integrating the purification of mAbs and BsAbs expressed in 96-DWP 

cell cultures systems with aggregation analysis. This study aimed to design an analytical 

workflow suitable to work at microscales and providing with PQ data with minimal sample 

requirements. The analytical procedure was destined to be implemented as a HT routine 

testing tool to support CLD. Therefore, the choice of the technology used for both 

purification and aggregation analysis was driven by their ease of operations and potential for 

automation. Protein-A resin-filled pipette tips were adopted due to their feasibility in 

processing small cell culture volumes providing purified and enriched material for analytical 

testing. Robotic liquid handling enabled the automation and parallel purification of 96 

samples at a time. The development of a rapid small-scale SEC method on a 2.1 mm ID 

column allowed for aggregation analysis with sub-mg sensitivity and automated processing 

of a 96-DWP on an LC system. This established the development of a HT engine to link PQ 

to cell engineering strategies to help guide the CLD process and maximise efficiency. 

Application of the method is described in Chapter 6. 
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3.3 Results and Discussions 

3.3.1 A Fully Automated Platform Method for Small Scale Purification mAbs 

and BsAbs by PhyTip Columns 

3.3.1.1 Overview 

This experiment aimed to develop a fully automated analytical platform to enable high yield 

purification of mAbs and BsAbs expressed in small scale cell culture systems. The method 

was designed to be suitable for the purification of 300 mL HCCF in 96-DWPs. Resin-filled 

pipette-tip technology for affinity chromatography was implemented as a purification tool 

in this research due to the established superior capability in handling low-volume samples 

(< 1 mL) over other commercial products (Evans et al., 2017). Moreover, this methodology 

is amenable to automated workflows and is flexible for application to a plethora of molecules 

and cell culture scales thanks to the variety of resin chemistries and tip volumes available 

(Matte, 2020). PhyTip columns (PhyNexus Inc.) are an example of commercially available 

resin-filled pipette-tips suitable for HT applications and designed for parallel operation on 

robotic liquid handlers for automated laboratory workflows (Tecan Group Ltd., 2010). 

Protein purification by PhyTip columns is governed by the fundamental principles of Dual 

Flow Chromatography (DFC) (PhyNexus Inc.), characterised by a controlled bidirectional 

flow of sample and mobile phase travelling in and out/back and forth in all the steps of the 

process including sample loading (capture), washing, and elution (Bonn, 2017). This is 

fundamentally different from traditional flow-through chromatography where samples and 

mobile phases are pumped in and out of the column unidirectionally. The physical and 

mechanical properties of the DFC columns differ from those employed for flow-through 

chromatography to facilitate the control of the fluids through the column. Likewise, the 

control of chromatographic selectivity is also different. The time for interaction between the 

protein and the resin plays a critical role to maximise both protein binding and final recovery. 

In DFC, this can be controlled by adjusting the volume of the fluids processed during each 

aspirate/dispense cycle (processing volume), the number of cycles, and the flow rate (F) in 

each purification step. In this context, the use of a programmable robotic system was key for 

controlling the F of liquid aspiration and dispensing to modulate the time of interaction of 

the target protein with the resin bed to maximise sample recovery. The robotic arm was also 
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required for positioning and holding the pipette-tip at adequate height from the well bottom 

to facilitate the bidirectional flow. Figure 3.1 illustrates the mechanism of DFC applied to 

protein purification. 

 

Figure 3.1 Schematic representation of DFC mechanism on resin-filled pipette-tips. 

A) The pipette-tip packed with protein A resin is dipped into the HCCF containing the expressed 
biopharmaceutical together with a mixture of host cell proteins (HCPs). The tip is positioned at 1 

mm height from the bottom of the well to facilitate the continuous in/out flow. B) The robotic arm is 

used to aspirate the HCCF with a controlled F, whilst the protein of interest binds selectively to the 

protein A resin bed at the tip end. Liquid overage avoids the entrance of air into the system whilst 
aspirating. After aspiration, the liquid is held for a set time before being dispensed. C) The robotic 

arm dispenses the liquid out of the tip at a controlled F whilst the target protein remains bound to the 

resin. D) The pipette tip is dipped into the wash buffer solution. E) Aspiration of the wash buffer and 
desorption of the nontarget sample materials from the resin. F) Liquid dispensing and removal of the 

HCCP impurities. G) The pipette-tip resin binding the target protein is immersed into the elution 

buffer. H) The elution buffer is aspirated and (I) dispensed causing the target protein to completely 
desorb from the resin bed and finally being recovered. The aspirate/dispense cycles during the 

capture, wash and elution steps can be repeated several times to maximise the protein binding. 
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Initial work demonstrating the application of the PhyTip columns was performed using 

clarified supernatants of a CHO cell line expressing a mAb (IgG1, k). The SDS-PAGE gel 

run under non-reducing conditions (Figure 3.2) demonstrated the successful purification of 

the mAb from HCCF by PhyTip methodology. The intact mAb was selectively bound to the 

resin during the capture step (Figure 3.2, 1) whilst the other HCPs present in the HCCF, the 

free mAb heavy chain (HC) and light chain (LC) were left unbound (Figure 3.2, 2). 

Successively, 2 washing steps were performed to release any impurity that might have been 

non-specifically bound to the column (Figure 3.2, 3 and 4). Lastly, the intact mAb was 

successfully eluted and enriched in the final step. More information on the buffers used was 

reported in Chapter 2, Section 2.1.1). 

 
Figure 3.2 Non-reducing SDS-PAGE gel electrophoretogram of the purification of a 

mAb from the cell culture supernatant. 

Non-reducing SDS-PAGE gel electrophoretogram showing the steps involved in the PhyTip 

purification methodology: 0) Protein ladder; 1) 15 mL loading of cell culture supernatants from a cell 

line expressing mAb-1; 2) 15 mL loading of the supernatants unbound after the capture step; 3 and 

4) 15 mL loading of the sample left unbound after the washing steps; 5) 5 mL loading of the purified 

mAb recovered from the affinity resin. 

During early-stage CLD, expression titres are often scarce. This is particularly accentuated 

when both transient expression and microscale bioreactors systems such as 24- and 96-

DWPs are used. Desirable protein recovery achieved by standard HT purification 

methodologies is usually in the range of 70-90%. Maximising the sample recovery during 
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purification is key for enabling successive analytical testing. Thus, the proposed DoE 

strategy was focused on the identification and subsequent optimisation of the purification 

process parameters that enhanced protein recovery. Two model molecules, mAb-1 and 

BsAb-1, were selected as being representative of each molecule class and used throughout 

method development. A flexible script was written by AstraZeneca to aid the execution of 

the DoEs on the Tecan robotic liquid handler. Further description of the equipment and 

chemicals used for the PhyTip purification was given in Section 2.2.3. 

3.3.1.2 DoE1: Screening DoE 

Despite the apparent ease of operating the PhyTip affinity purification, several factors may 

impact the total sample recovery. Based on the fundamental understanding of the DFC 

principles, the main effects screening design (MESD) was used to evaluate which process 

parameters during the capture, wash and elution steps most importantly impact on the sample 

recovery. The process parameters studied for each purification step were the number of 

aspirating/dispensing cycles and F. Additionally, the volume of elution buffer was included 

as a factor in the MESD since, in theory, larger processing volumes increase the time of 

interaction of the protein with the affinity resin. To generate a consistent starting material 

for method development that would be representative of HCCF, the samples of mAb-1 and 

BsAb-1 were diluted in cell culture media in bulk at a concentration of 2 mg/mL. Based on 

the standard 96-DWP cell culture scale, the sample volume at the start of the purification 

was 300 µL. Thus, the initial PhyTip column loading was at ~75% of the resin capacity, this 

being the theoretical capacity of a 20 µL resin bed at ~800 µg. Analytical Protein A 

chromatography was performed to verify the sample concentration before purification to 

allow accurate estimations of the protein per cent recovery (%R). The processing volumes 

were kept constant at 160 µL for all the steps except during the elution where it was varied 

from 80-120 µL according to the MESD. A 20% volume overage was introduced in all the 

wells to avoid the aspiration of air in the system. The final sample concentration was 

calculated by UV absorbance at 280 nm and used to address the %R. The factors evaluated 

and analysis conditions are summarised in Appendix A, Table 9.1. The MESD comprised 

16 treatments analysed in duplicate, resulting in 32 samples in total. Linear regression 

analysis was used to build an empirical model to identify the factors that most significantly 

correlate with an improved %R. The model demonstrated a good fit with coefficients of 

determination were R2 Ó 0.85 and p-value Ò 0.05 for both molecules (Appendix A, Figure 
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9.1). As shown in Table 3.1, both the number of capture cycles and F were statistically 

significant for the %R of both molecules, with the final elution volume also significant for 

BsAb-1.  

Table 3.1 Summary of estimates of the PhyTip purification MESD model parameters 

with t -test results  

mAb-1 Parameter Estimates 

Term Estimate Std Error  t Ratio Prob>|t| 

Intercept 16.89 1.67 10.09 <.0001* 

Capture cycles (4,15) 5.56 1.67 3.32 0.0031* 

Capture F (mL/sec)(4,16) -3.63 1.67  -2.17 0.0410* 

Wash1 cycles (1,3) 2.37 1.67 1.42 0.1701 

Wash1 F (mL/sec)(4,16) -2.24 1.67  -1.34 0.1949 

Wash2 cycles (1,3) -0.31 1.67  -0.18 0.8556 

Wash2 (mL/sec)(4,16) -2.84 1.67  -1.70 0.1037 

Elution cycles (4,15) -2.28 1.67  -1.36 0.1877 

Elution F (mL/sec)(4,16) -0.04 1.67  -0.02 0.9816 

Final Elution Volume (mL)(80,120) 0.19 1.67 0.11 0.9115 

BsAb-1 Parameter Estimates 

Term Estimate Std Error  t Ratio Prob>|t| 

Intercept 37.54 1.27 29.57 <.0001* 

Capture cycles (4,15) 8.90 1.27 7.01 <.0001* 

Capture F (mL/sec)(4,16) -4.62 1.27  -3.64 0.0014* 

Wash1 cycles (1,3) -0.54 1.27  -0.42 0.6750 

Wash1 F (mL/sec)(4,16) -0.76 1.27  -0.60 0.5574 

Wash2 cycles (1,3) 1.79 1.27 1.41 0.1720 

Wash2 F (mL/sec)(4,16) 0.36 1.27 0.29 0.7773 

Elution cycles (4,15) -0.09 1.27  -0.07 0.9465 

Elution F (mL/sec)(4,16) 1.31 1.27 1.03 0.3124 

Final Elution Volume (mL)(80,120) 4.68 1.27 3.69 0.0013* 

* = factors found to be significant with a probability of p Ò 0.05 
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e  

Figure 3.3 PhyTip purification MESD prediction profiler.  

MESD model prediction profiler for (A) mAb-1 and (B) BsAb-1, displaying the %R variation 

concerning changes of the factors under investigation. The desirability function (Appendix A, 
Equation 9.1) was computed to identify the factor settings that maximised sample recovery and 

display the response predictions. 

A

B
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The model desirability function (see Appendix A, Equation 9.1) was used to find the optimal 

conditions to maximise the %R for both molecules. As displayed by the model prediction 

profiler (Figure 3.3), increasing the number of capture cycles and decreasing the F 

maximised the %R of both the molecules. Likewise, greater elution volumes improved the 

%R of BsAb-1 whilst no significant effect was observed on mAb-1. Nevertheless, the model 

estimates for maximum %R were ~40% and ~60%R for mAb-1 and BsAb-1, respectively, 

which was still far from the desirable 70-90% range. Varying the number of cycles and F 

during the washing steps didnôt have a significant effect, however, greater %R for both 

molecules were obtained at low F (4 µL/sec). To minimise the purification time and maintain 

a desirable %R, the washing steps parameters were optimised to 1 cycle at 4 µL/sec whilst 

the other parameters were subjected to further optimisation to improve %R. 

3.3.1.3 DoE2: Central Composite Design for PhyTip purification Method Optimisation 

A Box-Wilson central composite design (CCD) was used for optimising the number of 

capture cycles, F and final elution volume to maximise %R. As shown in Figure 3.4, the 

CCD is a type of DoE characterised by a factorial or fractional factorial design with centre 

points and axial points to estimate the presence of curvature. For these characteristics, the 

CCD is generally used in response surface methodology (RSM) for optimisation 

experiments. 

 
Figure 3.4 Box-Wilson CCD points representation on a cube. 

The axial points (yellow stars) are used to augment the centre points (blue circle) to allow the 

estimation of curvature. The distance from the centre of the design space to a factorial point (purple 

circle) is ± 1 unit for each factor, whilst the distance from the centre of the design space to a star 

point is Ñ Ŭ. 
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The MESD served to identify the factors that most significantly affect the %R as well as 

their range of investigation. Based on the results of the MESD (Figure 3.3, Table 3.1) the 

range of investigation of the number and F of the capture cycles and the elution volume were 

varied, whilst the other method parameters were kept constant as previously mentioned 

(Appendix A, Table 9.1). Linear regression analysis was used to generate an empirical model 

for each molecule to study the relationship between the factors under investigation and the 

%R. The results showed that both models had a good fit with R2 Ó 0.85 (Appendix A, Figure 

9.2). Table 3.2 reports the main effects and second-order interactions explored by the model 

together with a summary of the model parameter estimates with respective t-test results. A 

desirability function (Appendix A, Equation 9.2) was computed to obtain optimal factor 

levels that maximised the %R. The prediction profilers displayed the model estimates with 

the factors set to optimal values as obtained by the maximise desirability function (Figure 

3.5).  

Table 3.2 Summary of the estimates of the PhyTip purification CCD model parameters 

with t-test results 

mAb-1 Parameter Estimates 

Term Estimate Std Error  t Ratio Prob>|t| 

Intercept 28.59 4.39 6.52 <.0001* 

Capture cycles(8,20) 4.69 2.58 1.82 0.0844 

F(ul/sec)(2,4) -0.45 2.58  -0.17 0.8637 

Elution Volume (uL)(80,160) 10.02 2.58 3.88 0.0009* 

Capture cycles*F(ul/sec) -2.21 2.88  -0.77 0.4523 

Capture cycles*Elution Volume (uL) -0.38 2.88  -0.13 0.8968 

F(ul/sec)*Elution Volume (uL) -2.93 2.88  -1.02 0.3219 

Capture cycles*Capture cycles 6.38 5.09 1.25 0.2241 

F(ul/sec)*F(ul/sec) -1.17 5.09  -0.23 0.8199 

Elution Volume (uL)*Elution Volume (uL) -3.35 5.09  -0.66 0.5173 

BsAb-1 Parameter Estimates 

Term Estimate Std Error  t Ratio Prob>|t| 

Intercept 50.03 4.31 11.62 <.0001* 

Capture cycles(8,20) 9.10 2.53 3.59 0.0018* 

F(ul/sec)(2,4) -3.39 2.53  -1.34 0.1963 

Elution Volume (uL)(80,160) 6.75 2.53 2.67 0.0149* 

Capture cycles*F(ul/sec) 6.54 2.83 2.31 0.0317* 

Capture cycles*Elution Volume (uL) 0.88 2.83 0.31 0.7597 

F(ul/sec)*Elution Volume (uL) -0.97 2.83  -0.34 0.7356 

Capture cycles*Capture cycles -2.76 5.00  -0.55 0.5871 

F(ul/sec)*F(ul/sec) -11.32 5.00  -2.27 0.0347* 

Elution Volume (uL)*Elution Volume (uL) 1.20 5.00 0.24 0.8126 

* = factors found to be significant with a probability of p Ò 0.05 
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Figure 3.5 PhyTip purification CCD prediction profiler.  

A) mAb-1 and B) BsAb-1 model prediction profiler displaying the optimal CCD factor 

settings to obtain the maximum %R as estimated by the maximise desirability function. 

These results were consistent with the observations from the MESD (Figure 3.3) and showed 

that increasing the number of capture cycles and elution volume as well as decreasing the 

capture F improved the %R in both molecules. Optimal capture F for BsAbs was identified 

at 3 µL/sec whilst the %R for mAb-1 was greater at 2 µL/sec. The number of capture cycles 

and the elution volume were optimised for both molecules to 20 cycles and 160 µL, 

respectively. Noteworthy, the significant factors identified by the BsAb-1 model were the 

first-order interaction capture cycles, elution volume, the second-order interactions Capture 

cycles*F, and the F*F quadratic effect, whilst the only significant factor of the mAb-1 CCD 

model was the elution volume (Table 3.2). The results of this experiment highlighted the 

different dependencies of the two molecules in response to the process parameters. 

Moreover, the scarce %R obtained for both molecules led to the hypothesis that this may be 

more strongly influenced by a process factor that was not explored in the DoE models. 

Although the maximum %R obtained by the CCD was improved in comparison to the 
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MESD, the estimated values were still lower than sought, namely ~50% and ~65%R vs. for 

mAb-1 and BsAb-1, respectively (Figure 3.5). Based on the information captured from both 

DoEs as well as from process knowledge, it was deduced that the nature of the elution buffer 

may significantly impact the final %R. Hence, an elution buffer composed of 0.1 M glycine 

hydrochloride, pH 2.6 (Gly·HCl-2.6) was evaluated and compared to the previously used 

acetate buffer (AcOOH-3.6). The two elution buffers were evaluated by purifying mAb-1 

and BsAb-1 in duplicate using the optimised method parameters as reported in Table 3.3. 

The %R achieved for both molecules when using AcOOH-3.6 were ~50% and ~55% for 

mAb-1 and BsAb-1, respectively, confirming the CCD model estimates. However, by using 

the Gly·HCl-2.6 buffer, the %R reached ~90% and ~70% for mAb-1 and BsAb-1, 

respectively. This experiment confirmed that the nature of the elution buffer was strongly 

affecting the %R in both molecules and the lower pH buffer improved protein recovery. 

Nevertheless, it is well established in the literature that the chemical properties of the buffers 

used during purification may affect PQ with major emphasis on the generation of size 

variants. The preservation of the physicochemical properties of a molecule during the 

purification is generally more important than the final yield. Aggregation analysis by HT 

SEC (Section 3.3.2) was carried out to assess the impact of the type of elution buffer on the 

final PQ. Figure 3.6 showed the SEC profiles of mAb-1 and BsAb-1 purified by AcOOH-

3.6 and GlyHCl-2.6 buffers overlaid against their respective reference standard (RS). An 

increase in mAb-1 HMWS impurities was observed as a consequence of using the AcOOH-

3.6 buffer. However, the mAb-1 SEC profile overlayed perfectly to its RS when GlyHCl-2.6 

was employed. Conversely, the SEC profile of BsAb-1 was not impacted by the use of the 

two buffers. 
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Figure 3.6 Assessment of the effect of different elution buffers on PQ. 

SEC chromatograms of (mAb-1) and BsAb-1 (B) purified using AcOOH-3.6 (red) and GlyHCl-2.6 
(green) as elution buffers overlaid against their RS (blue). The SEC method conditions used for the 

analysis are summarised in Table 3.7. 

This experiment underlined the complexity of the purification process and demonstrated that 

fine-tuning method conditions is necessary to maximise the %R. Despite certain factors 

influencing the purification yield may be molecule-specific and require case-by-case 

optimisation, platform methods aim to address specific classes of molecules rather than 

individual candidates. The final optimised method parameters are reported in Table 3.3. 

Table 3.3 Optimised PhyTip purification method 

PhyTip Process Parameters 

Equilibration cycles: 2 x 15 

Equilibration F: 8 µL/sec 

Equilibration processing volume: 160 µL 

Capture cycles (20) 

Capture F (3 µL/sec) 

Wash1 cycles (1 ) 

Wash1 F (4 µL/sec) 

Wash2 cycles (1 ) 

Wash2 F (4 µL/sec) 

Elution cycles (4) 

Elution F (16 µL/sec) 

Final Elution Volume (160 µL) 

Purification Buffers  

Equilibration and Wash1 buffer: DPBS 

Wash2 buffer: 25 mM acetate, 120 mM NaCl, pH 5.5 

Elution buffer: 0.1 M glycine HCl, pH 2.6 
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3.3.1.4 Method Assessment 

One of the key aspects of platform methods is their fitness for routine use therefore, their 

consistent performance has to be thoroughly evaluated during method development. Method 

assessment was carried out using both mAb-1 and BsAb-1 as reported in Table 3.4. The 

repeatability study was conducted by monitoring the %R coefficient of variation (CV) over 

6 replicates. A 5-levels linearity study was performed in duplicate over a column loading 

range of 70-900 µg, corresponding to ~10-110% of the resin capacity. Linear regression 

analysis of the column loading (mg) vs. the protein recovery (mg) was performed for mAb-1 

and BsAb-1 separately and confirmed R2 Ó 0.99 (Figure 3.7). The linearity study enabled us 

to determine the column loading range that allowed for consistent recovery (Figure 3.7, B). 

The average %R obtained across the column loading range investigated was 80% and 85% 

for BsAb-1 and mAb-1 with CV < 20% (Appendix A, Table 9.3). This experiment 

demonstrated that the optimised PhyTip-purification method achieved a consistent %R of 

83% across mAb and BsAb samples with various levels of concentrations. 
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Figure 3.7 PhyTip linearity and column loading range. 

A) 5-level linearity study assessed 70, 175, 350, 600, 900 mg column loads. Linear regression analysis 

performed to study the relationship between column loading (mg) and recovery (mg) confirmed R2 = 

0.99 for both molecules and RMSE = 22.98 and 28.13 for BsAb-1 (blue) and mAb-1 (red), 

respectively. B) Bivariate normal density ellipse displaying the range of BsAb-1 (blue) and mAb-1 

(red) %R obtained vs. the PhyTip loads expressed as column % capacity. The %R ranges were 69-

104% and 72-99% for BsAb-1 and mAb-1, respectively. 
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The assessment of the sample stability was aimed to evaluate whether the purification 

process affected the size variants profile. The mAb-1 reference standard (RS) and BsAb-1 

reference material (RM) size variants profiles were analysed before and after purification 

(n=3) by two different SEC methods for each molecule (Appendix A, Table 9.5). T-test 

confirmed that the size variants profile analysed by each method did not vary significantly 

(p-value < 0.05) before and after purification (Appendix A, Table 9.4). The suitability-for-

use of the PhyTip-based method for the purification of samples containing various levels of 

HMWS impurities was confirmed by blending a heat-stressed sample of mAb-1 with its RS 

at different ratios (0%, 35%, 65%, and 100%). As expected, the change in %HMWS across 

the sample set was linear (Figure 3.8). The samples were processed in duplicate by PhyTip 

purification followed by HT SEC analysis for evaluating the changes in the aggregation 

profile. As expected, the %HMWS varied linearly (R2 = 0.96) across the samples and the 

%HMWS CVs of the sample replicates of each level (% of stressed sample spike) were 

<10%. 

 

Figure 3.8 Assessment of the PhyTip purification method suitability for use. 

A) Chromatograms overlays of mAb-1 sample blends analysed by HT SEC containing 0% (blue), 

35% (red), 65% (green), and 100% (pink) of mAb-1 stressed sample spiked into the RS. The sample 
was stressed by exposing the RS to 70 °C for 60 min to induce the formation of HMWS. B) Linear 

regression analysis of the %HMWS present in the sample blend analysed by HT SEC. 

  

Time (min)

0.5 1 1.5 2 2.5 3

A
b

s
o

rb
a
n

c
e
 (

m
A

U
)

0

25

50

75

100

125

150

175

A B



 

 

92 

 

The method assessment study confirmed that the proposed PhyTip purification method was 

fit for processing as little as 300 µL of cell culture supernatants in 96-DWP achieving 80 ± 

5 %R within 70-900 µg column loading range and providing 160 µL of purified product for 

following downstream analytical characterisation. Further assessment of the method fitness-

for-purpose demonstrated that the HMWS profile of the molecule of interest was not 

compromised by the purification conditions. The application of the PhyTip-based method 

for the purification of samples containing various levels of HMWS impurities was 

demonstrated. 

Table 3.4 PhyTip purification method assessment results. 

Parameter Target Expectation Results 

Precision 
(Repeatability) 

No more than 20% CV in %R amongst the 
replicates (n=6). 

mAb-1 %R CV = 0.50 
BsAb-1 %R CV = 2.08 

Linearity R2 Ó 0.85 for %R vs. column load expressed 

as PhyTip column %capacity. 

mAb-1: R2  = 0.99 

BsAb-1: R2 = 0.99 
(Figure 3.7, A) 

Column loading range %R Ó 70% with CV Ò 20% ~10-110% column 

capacity 83 %R, CV = 

14% 

(Figure 3.7, B; Appendix 
A, Table 9.3) 

Sample stability T-test showing no significant changes (p-

value, 0.05) in the size variants profile 

before and after purification. 

T-test p-value < 0.05 in 

all the conditions tested 

(Appendix A,  
 

Table 9.4) 

Suitability-for-use Linear variation of %HMWS impurities (R2 

Ó 0.85 for the HMWS peak) and %HMWS 
CV < 10% amongst the replicates. 

R2 = 0.96; 

%HMWS CV <10% 
(Figure 3.6) 
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3.3.2 Fast and Sensitive Aggregation Analysis by Size-Exclusion 

Chromatography 

3.3.2.1 Overview 

SEC is a straightforward approach for the analysis of size variants in biopharmaceuticals. 

Compared to other modes of chromatography such as IEX, HILIC, and RP, SEC method 

development is driven by the optimisation of only a few factors, predominantly the column 

chemistry and mobile phase composition. Nevertheless, this advantage comes with a limited 

number of measures that can be implemented to improve the separation regardless of its final 

application. Due to the non-retentive nature of SEC separations, the expected peak volume 

is low and severely affected by the system dispersion occurring as a consequence of the 

extra-column dead volume (Vec). The minimisation of the Vec is, therefore, of paramount 

importance to achieve optimal size variants separation by SEC. Sources of Vec are the 

injection volume, the fluidic path of the LC system to the column inlet and from the column 

outlet to the detector including the flow cell, as well as all the connections embedded therein. 

The use of large ID columns compensates for the loss of efficiency due to the considerable 

dispersion occurring in classical HPLC systems. Nevertheless, recent technological 

advancements have brought the implementation of ultra-high-performance size exclusion 

chromatography (UHP-SEC) columns characterised by decreased column volumes and 

particle size that, together with the increased mechanical resistance to high pressure, improve 

the analysis throughput whilst still maintaining a desirable Rs. The ordinary dimensions of 

modern UHP-SEC columns are 4.6 mm x 150 mm ID x L (internal diameter x length) packed 

with sub-2 µm particles. This column format enables faster separations than those obtained 

by the standard HPLC columns with 7.8 mm ID x 300 mm L, and 3-5 µm particles without 

substantial compromise of the analysis Rs. Along these lines, UHPLC systems were 

optimised to have low Vec (< 10 µL) to compensate for the band broadening effect resulting 

from the use of small ID columns. Modern UHPLC setups with sub-2 µm particle columns 

provide a 2-5 fold decrease in plate height and a 2-4 fold boost in analysis speed (Fekete et 

al., 2013; Yang et al., 2015; Goyon et al., 2018). However, there is little evidence of the use 

of SEC columns with < 4.6 mm ID. Small-scale chromatography columns such as capillary 

SEC columns coupled to fluoresce detection prove promising for enhancing sensitivity (Rea, 

Moreno, et al., 2012; Rea, Lou, et al., 2012). 
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Despite reductions in column ID being a common practice for improving method sensitivity, 

this might not be the best approach for SEC since the reduction of the column ID produces 

larger band heights with a detrimental effect on peak Rs. Thus, the implementation of small-

scale SEC in the biopharma community has so far been limited. Furthermore, small-scale 

SEC columns are difficult to pack due to the poor resistance to packing pressure of the small 

scale highly porous material. Up to date, < 1 mm ID SEC columns are not commercially 

available or only available as custom-packed products. The lack of both the availability of 

such column formats and manufacturing QC consequent to custom-packing procedures 

hamper the implementation of small-scale SEC in the industry for supporting platform 

testing.  

Aiming to develop a SEC-based ranking tool for clone selection during early-stage product 

development, the 2.1 mm ID column format was found to be a suitable compromise between 

the peak Rs and sensitivity required in comparison to traditional 4.6 mm ID SEC columns. 

This study presents the development of a platform HT SEC method using 2.1 mm ID 

columns for the analysis of mAbs and BsAbs aggregates expressed in CHO cells cultured in 

96-DWPs.  

3.3.2.2 DoE-Assisted Method Development for mAbs and BsAbs HMWS Analysis 

The development of a platform HT SEC method for monitoring aggregation in mAbs and 

BsAbs was achieved by using a DoE approach. The molecules chosen as models for method 

development were mAb-1 and mAb-2 (both IgG1, ə), and BsAb-1 (a BIS5 antibody format). 

For generating samples suitable for method development, the two mAbs containing >99% 

main product were stressed at 70 °C for 60 min which induced the formation of ~17% and 

~3% HMWS impurities in mAb-1 and mAb-2, respectively analysed by the AstraZeneca 

benchmark SEC method for QC testing (AZ SEC SOP) (Appendix A, Figure 9.3 A and B). 

A CAT-S CHO stable clone fed-batch overgrow expressing BsAb-1 (Chapter 2, Section 2.3) 

was cultured to obtain the BsAb RM used for method development. The HCCF was purified 

in bulk by Protein-A chromatography to generate homogeneous material for analytical 

method development. Aggregation analysis by AZ SEC SOP confirmed that the BsAb-1 RM 

contained 35% HMWS impurities (Appendix A, Figure 9.3, C). Therefore, no further stress 

conditions were applied to induce aggregation. SEC analysis of all the sample models was 



 

 

95 

 

performed using the AZ SEC SOP for the accurate quantitation of the HMWS impurities. 

This provided an indicative %HMWS target level to match by the HT SEC method. 

The DoE approach used for method development involved the use of a multi-factorial, two-

level MESD, which served for selecting the most influential factors that significantly 

impacted the separation of the 2 mAb candidates. For this study, F, injection volume, NaCl 

concentration and column chemistry were selected as factors to screen (Appendix A, Table 

9.6). In respect to the column chemistry, two types of columns were assessed, the Waters 

and the Sepax columns, both of equal dimensions, 2.1 x 150 mm ID x L (Chapter 2, Section 

2.1.4, Table 2.1). The former was packed with ethylene-bridged hybrid (BEH) diol-coated 

spherical particles with 1.7 mm diameter and 200 Å pore size particles, whilst the latter was 

characterised by a lay-down monolayer hydrophilic film bonded to spherical silica particles 

of 1.8 mm diameter and 300 Å pore size. More information on the packing chemistry is 

proprietary to the manufacturers and, therefore, not provided herein. Other variables such as 

sample pH and concentration were not taken into consideration for further optimisation since 

these parameters are strictly dependent on the process conditions upstream of the analysis. 

To ease the workflow and maintain the throughput, steps such as buffer exchange and sample 

concentration normalisation were not evaluated herein. Along these lines, the mobile phase 

Na3PO4 buffer concentration was also fixed at 50 mM. Owing to the importance of method 

sensitivity for its final application, multi-wavelength monitoring of the UV absorbance at 

both 210 and 280 nm was selected since the former was reported to improve method 

sensitivity (Rea, Moreno, et al., 2012), although the latter may be necessary to specifically 

discriminate large proteins. The buffer and the column temperature were kept constant at pH 

6.8 and 25 °C as per standard operating procedures (SOP) previously optimised within the 

company for this class of molecules. The quality of the separation was assessed through the 

calculation of the tailing factor (Ts) of the main product peak, and the Rs between the main 

product and HMWS peak. These parameters were chosen as the DoE responses (Appendix 

A, Table 9.6). For a better understanding of how the factors examined in the DoE influenced 

the separation efficiency, linear regression analysis was used to build an empirical model for 

each response separately (Appendix A, Figure 9.4). As evidenced in Table 3.5, all the factors 

were predicted to have a statistically significant impact on the separation efficiency (p-value 

Ò 0.05) with the main contributor being the NaCl concentration. The DoE model showed 

that a minimum of 100 mM NaCl was necessary for resolving the HMWS from the main 

product peak. However, further improvements of the chromatographic separation were 
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attained when using a NaCl concentration of 200 mM. Additional considerations on the final 

method conditions selected as a result of this experiment are discussed below.  

Table 3.5 Effect summary report of the HT SEC MESD model estimates.  

  

The model prediction profiler (Figure 3.9) displayed how the Ts, %HMWS and Rs varied 

depending on changes in the method conditions which impacted each of the responses 

significantly. The model estimates were reported as predicted by the desirability function 

(Appendix A, Equation 9.3). This enabled the identification of the optimal method 

conditions that led to values of Ts and %HMWS close to 1 and 17%, respectively as well as 

an increase in the Rs between the HMWS and main product peaks. All the MESD responses 

were significantly influenced by the concentration of NaCl and the F (Figure 3.9 A, B, and 

C). In SEC separations, Ts is usually a sign of protein-stationary phase interactions, hence 

the addition of salting-out agents such as NaCl to shield the protein hydrophobic regions 

minimises the secondary interactions with the column. Furthermore, these experiments 

demonstrated that higher F improved peak shape by reducing peak width and distortion as 

well as playing a part in minimising the secondary interactions. The Rs between the main 

product and HMWS peaks was also positively influenced by mobile phases containing 200 

mM NaCl. Interestingly, lower F improved the Rs values, however, this effect was not as 

strong as the contribution given by the NaCl concentration as evidenced by the lower slope 

displayed by the prediction profiler (Figure 3.9, C). Noteworthy, higher F reduced analysis 

time which is key for HT applications, thus F was optimised to 0.15 mL/min according to 

the column backpressure limit. Moreover, the Waters column enabled an overall greater 

performance than the Sepax column for both mAb models, hence it was selected as the 

optimal stationary phase for this method. Lastly, low injection volumes had a positive effect 

on the Rs. This provided a first estimate of the method sensitivity and dynamic range for 

samples containing 3-17% HMWS impurities. However, further considerations on the 

Source FDR LogWorth FDR 

PValue

NaCl (mM)(5,200) 6.350 0.00000

InjectionVolume(uL)(0.5,10) 1.969 0.01073

Column 1.875 0.01333

F (mL/min)(0.05,0.15) 1.274 0.05317
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injection volume limit and its impact on peak broadening will be discussed in Section 

3.3.2.4. The conditions estimated by the MESD were sufficient to obtain a desirable 

separation between HMWS impurities and main product peak in both mAbs models thus, no 

further optimisation was undertaken. The final optimised method is reported in Table 3.7  

which underwent method assessment to evaluate its suitability  for application to the analysis 

of the HMWS impurities in mAbs and BsAbs samples (see Section 3.3.2.4).  

 

Figure 3.9 HT SEC MESD prediction profiler.  

Model prediction profilers for all the MESD responses with factor values estimated at the maximum 
of the desirability function. A) Ts varied significantly in relation to F, NaCl concentration and was 

closer to its target value (1 ± 0.2) at higher F, and NaCl and by using the Waters column. B) %HMWS 

was set to a target match of 17% and was significantly influenced by F, NaCl and column type. 
Higher values of F and NaCl along with the Waters column enabled HMWS quantitation closer to 

its target value. C) The model was set to maximise the Rs and was significantly influenced by the 

injection volume (Inj. V), the concentration of NaCl and the column type. Maximum Rs value was 

achieved by decreasing the Inj. V, increasing concentrations of NaCl, and by using the Waters 

column. 

A

B
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3.3.2.3 Method Development Considerations for BsAbs Models 

Bispecific antibodies are larger than mAbs and usually prone to generating a higher extent 

of aggregation (Manikwar, Hari, et al., 2020). The causes of HMWS formation are diverse 

and often unknown due to the multifaceted possible aggregation pathways. Therefore, 

several strategies are often attempted to tackle this problem from different angles and HTS 

experiments are frequently adopted. HT size profiling of large biomolecules is hampered by 

the size of the aggregates and the great extent of the HMWS impurities expected in BsAbs 

samples may challenge the method resolving power. Therefore, further investigations on the 

HT SEC method development were undertaken with the aim to maximise the separation 

efficiency for BsAbs candidates. A full factorial design (FFD) DoE was carried out to 

optimise the method conditions for the BsAb-1 model. Based on the result of the MESD, the 

mobile phase ionic strength proved to be the most significant factor impacting the separation 

efficiency (Table 3.6). Moreover, several published studies testified to the influence of 

column chemistry in SEC separations and the importance of column selection for specific 

classes of molecules (Goyon, Beck, et al., 2017; Uliyanchenko, Schoenmakers, and Wal, 

2011; Popovici and Schoenmakers, 2005; Fekete et al., 2014; Goyon, DôAtri, et al., 2017; 

Fekete et al., 2018). In this study, the DoE approach was focused on both the optimisation 

of the mobile phase composition in respect of Na3PO4 buffer and NaCl concentrations, 

alongside the evaluation of three columns of equal dimensions (2.1 mm ID x 150 mm L) but 

with different packing chemistries. The column chemistries of the Waters and Sepax 

columns were previously described (see Section 3.3.2.2). Additionally, a third column 

manufactured by Agilent was also evaluated. This column is characterised by a highly 

hydrophilic stationary phase composed of sugar-coated silica particles with 1.9 mm diameter 

and 300 Å pore size. The other parameters were kept consistent as reported in Appendix A, 

Table 9.7. The quality of the separation was evaluated in terms of peak Rs and %HMWS. 

The latter was set to match the quantitative data obtained by the AZ SEC SOP (Appendix A, 

Figure 9.3, C). 

A linear regression analysis was used to build an empirical model for each response and 

study how the %HMWS and the peak Rs varied in relation to the mobile phase ionic strength 

and column chemistry (Appendix A, Figure 9.5). The summary of the model effects is 

reported in Table 3.6. Interestingly, none of the model factors and interactions had a 

significant effect on the Rs between the main product and HMWS peaks. However, the 
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effects on the Rs between HMWS H1 and H2 (Rs(H1/H2) (Figure 3.10) were significant, 

hence the Rs(H1/H2) was used as a parameter to evaluate the efficiency of the separation.  

 
 

Figure 3.10 BsAb-1 size variants profile of BsAb-1 with peak assignment details. 

Chromatogram of BsAb-1 analysed by HT SEC displaying the separation between the HMWS, the 

main product peak and system peaks. The zoomed area illustrates the HMWS H1/H2 shoulder. The 

sample concentration was diluted to 5 mg/mL before analysis and the injection volume was 1 mL. 

Further method details conditions are described in Table 3.7. 

It is worth considering that further improvements in the Rs between HMWS (H2 and H1) 

and main product peak were limited by the poor resolving power of the SEC separation, 

accentuated by the use of a narrow ID column. Further attempts at increasing the Rs of the 

method may be focused on reducing the instrument Vec by optimising the fluidics path. This 

would entail reducing the length and diameter of the capillary tubing and optimising the 

fittings as well as replacing the instrument parts to lower the internal dispersion volume. Due 

to the complexity and resources required for such a procedure, this was not included in the 

scope. Despite the instrument limitation, the HMWS/main product Rs values were 

considered fit-for-purpose hence, the method development moved forward.  
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Table 3.6 BsAbs HT SEC method development DoE effect summary 

 

Not surprisingly, the mobile phase ionic strength generated by the concentration of both 

Na3PO4 buffer and NaCl was the most significant factor influencing the separation 

efficiency. These results were consistent with the previous analysis (see Section 3.3.2.2). 

The DoE model prediction profiler (Figure 3.11) estimated that the mobile phase composed 

of 50 mM Na3PO4 buffer and 200 mM NaCl column maximised the Rs(H1/H2). Moreover, 

the HMWS quantitation achieved by using the Waters column was closer to the one provided 

by the AZ SEC SOP in comparison to the Agilent and Sepax columns. Noteworthy, the Rs 

between HMWS and monomer peak of BsAb-1 was improved when using either the Sepax 

or the Agilent columns. This may be explained by the larger pore size of these columns  (300 

Å) in comparison to the Waters column (200 Å) allowing for better separation of the BsAb-

1 HMWS. Nevertheless, it is worth considering that the improved Rs may also be the result 

of the lower HMWS area obtained by both Agilent and Sepax, which in turn compromised 

the quantitation of the HMWS impurities. Therefore, the Waters column was selected as the 

optimal stationary phase for the present method. 

 

Source FDR LogWorth FDR PValue

Na3PO4 (mM)*[NaCl] (mM) 4.151 0.00007

Na3PO4 (mM)(50,200) 4.151 0.00007 ^

NaCl (mM)(0,200) 1.813 0.01538 ^

NaCl (mM)*Column 0.625 0.23698

Na3PO4 (mM)*Column 0.409 0.39030

Column 0.409 0.39030 ^
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Figure 3.11 FFD model prediction profiler for BsAbs method development. 

2x2x3 FFD model prediction profiler at the maximum of the desirability function. The ionic strength 

mobile phase was reported in terms of the concentration of Na3PO4 and NaCl, both in the range 50-

200 mM. The effect of the stationary phase chemistry was assessed by the use of three different 

columns manufactured by Agilent, Waters and Sepax. The %HMWS with target match = 35% was 
improved by the use of increasing concentrations of NaCl and by using the Waters column. 

Conversely, the Rs(H1/H2) and was enhanced by decreasing the concentration of Na3PO4 and by 

using the Sepax column. 

This experiment confirmed that the method conditions previously selected for mAbs can also 

successfully be adopted for the analysis of BsAbs candidates. The present analytical tool 

was proposed as a platform HT SEC method for supporting the analysis of HMWS 

impurities in both mAbs and BsAbs, designated to be applied as a ranking tool for drug 

candidate and clone selection in early drug development.   
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3.3.2.4 Method Optimisation and Throughput Evaluations 

To ensure the suitability of the HT SEC method as fit-for-purpose to support in-process 

development sample testing further optimisation was performed. During early-stage CLD, 

the expression titres are often low and the samples are poorly concentrated even after 

purification. As previously mentioned, large injection volumes result in an increased Vec 

affecting SEC separations, especially when small ID columns are adopted. Therefore, it is 

important to identify the injection volume range before qualifying the method. To evaluate 

the optimal injection volume range, samples with different concentrations were prepared in 

duplicates and injected by varying the injection volume (0.8-18.5 µL) to maintain an 

equivalent mass loaded on the column (5 µg). As shown in Figure 3.12, increased injection 

volume resulted in the alteration of the SEC profile. The injection of 18.5 mL resulted in 

larger peak width (reported as peak width at half height (wh) and distortion (Ts) of the main 

product peak, as evinced by the appearance of a right shoulder (Figure 3.12, C). The Rs 

between HMWS and main product peak was also compromised and the smaller peak-to-

valley ratio (p/v) observed may be the result of the extensive band broadening effect as a 

consequence of increased Vec. Moreover, the considerable drop in peak area may result as a 

consequence of the extensive band broadening. This experiment enabled the identification 

of a suitable injection volume range. Conversely, keeping the injection volume constant (10 

µL) and varying the column loading both within the range limits did not affect the SEC 

profile as displayed in Figure 3.13. This, together with the linearity study, served to estimate 

the column loading range of the method (2-15 µg). 
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Figure 3.12 Evaluation of the HT SEC method optimal injection volume range. 

A) BsAb-1 samples with concentrations 0.27, 0.89, 3.33, and 6.25 mg/mL were prepared in 

duplicates and analysed by HT SEC, keeping the column loading constant to 5 mg by adjusting the 

injection volume to 18.5 mL (pink), 5.6 mL (green), 1.5 mL (red), and 0.8 mL (blue), respectively. 

Peak distortion was observed when analysing the samples with a concentration of 0.23 mg/mL by 

injecting 18.5 mL. B) Peak analysis of the chromatograms obtained when injecting 0.8 mL. The Rs 
between HMWS and main product peak was 0.9, the peak-to-valley ratio of the HMWS (pH/v) and 

main product peak (pM/v) were 7 and 1.3, respectively; the peak area of the HMWS (AH) and main 

product peak (AM) were 387 and 2240, respectively; the main product peak height, (h), width at half 

height (wh), and Ts were 217.38, 0.146, and 0.7, respectively. C) Peak analysis of the chromatograms 

obtained when injecting 18.5 mL and displaying Rs between HMWS and main product peak as 0.7, 

the peak-to-valley ratio of the HMWS (pH/v) and main product peak (pM/v) as 5 and 1.0, respectively; 

the peak area of the HMWS (AH) and main product peak (AM) as 10.27 and 89.73, respectively; the 

main product peak height, (h), width at half height (wh), and Ts = 77.035, 0.229 min, and 0.5, 

respectively.   
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Figure 3.13 Overlay of 10 µL injection of samples with different concentrations. 

BsAb-1 samples with concentrations 0.27 (pink), 0.89 (green), 3.33 (red), and 6.25 (blue) mg/mL 
were prepared in duplicates and analysed by HT SEC, keeping the injection volume constant to 10 

mL.  

To increase the throughput, the overlapped injections option was chosen as the default 

instrument setting. This enabled ~0.7 min time gain per injection without compromising the 

separation efficiency and method repeatability (Appendix A, Table 9.8). Injection 

overlapping allows the instrument to prepare for the next injection before the completion of 

the previous. This way, the next injection starts right at the end of the previous run bypassing 

the time spent by the instrument to prepare for the next injection. This maximises the 

instrument capabilities for higher throughput applications. The total run time of the HT SEC 

method from injection to data acquisition was 3.5 min enabling the analysis of a 96-DWP in 

5.6 hours. A summary of the optimised HT SEC method is reported in Table 3.7. 
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Table 3.7 HT SEC method 

3.3.2.5 Method Assessment 

Method assessment was performed to qualify the HT SEC method for its intended use. Table 

3.8 outlines the qualification parameter, target expectations, and results from this study. The 

method specificity was assessed by comparing the UV profile of a sample containing mAb 

against those obtained by injecting 20 µL of process buffers (Appendix A,  

Figure 9.6). Precision was assessed in terms of repeatability, evaluated by calculating the 

CV of the main product and HMWS peaks retention times and relative peak areas over the 

6 replicates of heat-stressed mAb-1 and mAb-2. The sample concentration was diluted to 1 

mg/mL before analysis and the injection volume was kept constant to 5 mL (Appendix A, 

Figure 9.7). The stability-indicating capability of the method was assessed by comparing the 

UV profiles of stressed samples against the mAb-1 RS and BsAb-1 DS (Appendix A, Figure 

9.8). A l inearity study was performed for each molecule which involved the assessment of 

5 concentration levels, each analysed in triplicate. The sample concentration for BsAb-1 

were 0.2, 0.4, 0.8, 1.7, and 2.5 mg/mL with an injection volume of 10 mL, whilst sample 

concentrations for mAb-1 and mAb-2 were 10, 8, 4, 2, and 1 mg/mL with an injection 

volume of 0.1 mL. This evaluated the method linearity at the extremes of the injection volume 

range, over a range of concentrations, and different molecules. Linear regression analysis 

confirmed a linear response of the variation of HMWS and main product peak area against 

the sample concentration (Appendix A, Figure 9.9). Accuracy was inferred by the linearity 

study of each molecule and involved determining the difference between the mean of 

HMWS and main product peak %area of the sample replicates of each level (n=3) and the 

grand mean (n=15). The data reported in Appendix A Table 9.9 demonstrated the accuracy 

of the method. The method limit of detection (LOD) and limit of quantification (LOQ) were 

inferred from the calibration curve of BsAb-1 used for the linearity study calculated for the 

HT SEC Method 

Column Waters ACQUITY UPLC Protein BEH SEC Column, 200Å, 1.7 µm, 
2.1 mm X 150 mm 

Mobile phase 50 mM NaH2PO4/Na2HPO4, 200 mM NaCl, pH 6.8 

F 0.15 mL/min  

Temperature 25 ↔C 

Injection Volume 0.5-10 µL 

Column loading range 2-15 µg  

UV 210 nm, 280 nm 
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HMWS peak as described in (Chapter 2, Section 2.5, Equations (2.5.2.7) and (2.5.2.6), 

respectively). Linear regression analysis of the peak area vs. the proportional protein load 

(mg) was performed to determine the LOQ and subsequently the LOD (Appendix A, Figure 

9.10). 

Table 3.8 HT SEC method assessment results. 
Parameter Target Expectation Qualification Results 

Injection 

Volume range 
Comparable peak shape and no peak 

distortion observed (n=2) 
0.1-10 µL (Appendix A, Figure 9.9). 

Column loading 

range 

Consistent %HMWS with S/N ratio 

>10 

2-15 µg (Appendix A, Figure 9.9). 

Specificity No interfering peaks between the 

sample and the in-process buffer LC 
traces. 

No interfering peaks from mobile 

phases and formulation buffer at the 
retention times of the RS peaks were 

observed (Appendix A,  

Figure 9.6). 

Stability-

indicating 

Observe changes in the RS peak profile Changes Observed (Appendix A, 

Figure 9.8). 

Repeatability No more than 10% CV for both the 

main product peak and HMWS peak 
retention time (RT) and areas (A) over 

the replicates (n=6). 

mAb-1 main product peak RT CV = 

0.1, area CV = 1.81%, HMWS RT 
CV = 0.19, area CV = 8.86; mAb-2 

main product peak RT CV 0.07, area 

CV = 0.05, HMWS peak RT CV = 
0.09, area CV = 1.73 (Appendix A, 

Figure 9.7). 

Linearity  R2 Ó 0.950 for reference peak area 

linearity (5 concentration levels, n=3 
technical replicates) 

Main product: R2  = 0.99 

HMWS: R2 = 0.99 
(Appendix A, Figure 9.9). 

Accuracy 

(inferred from 
all the levels in 

the linearity 

study. 

CV Ò 20% between the mean of 

%HMWS of each linearity level of the 
molecule(s) in examine (n=3 x 5 x 3 

molecules) and the grand mean (total 

n=15 x 3). 

BsAb-1 %HMWS CV = 4.92%; 

mAb-1 %HMWS CV Ò 11.84%; 
mAb-2  

%HMWS CV Ò 9.09% (Appendix 

A, Table 9.9) 

 

LOQ The CV of the reference peak at each 

concentration level must be Ò 20%. R2 

Ó 0.95 for reference peak area vs. the 
protein load. Results reported as % of 

the total peak area 

LOQ BsAb-1 HMWS = 4.6% (2.3 

mg) 

LOD Results reported as % of the total peak 

area 

LOD BsAb-1 HMWS = 1.55% (0.77 

mg) 

  

  



 

 

107 

 

3.3.3 Proof-of-Concept Application of the HTSEC Method  

The proposed analytical method was developed for application in early-stage product 

development as a ranking tool for clone selection based on the total %HMWS impurities 

present in the samples. To demonstrate the capability of the method to discriminate amongst 

samples with different levels of HMWS, samples containing various degrees of aggregates 

were generated artificially. For this proof-of-concept experiment, BsAb-1, BsAb-2, and 

mAb-1 were chosen as models of the BsAbs and mAbs classes. SEC analysis by the AZ SEC 

SOP method demonstrated that the %HMWS of BsAb-1 and BsAb-2 were ~35% and ~22%, 

respectively whilst mAb-1 showed ~17% HMWS after heat-stress at 70 °C for 1 hour. 

Subsequently, the HMWS and main product peak fractions were collected and blended at 

different ratios to generate samples with various levels of HMWS impurities. The samples 

were analysed by HT SEC and the results are shown in Figure 3.14. Linear regression 

confirmed that the HMWS peak area measured by HT SEC varied linearly in response to the 

%HWMS spiked (Appendix A, Figure 9.11). This evidenced that the method was suitable 

to distinguish from samples with low and high %HMWS and could therefore be adopted as 

a ranking tool in clone selection (see Chapter 6). 
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Figure 3.14 HT SEC of samples with various degrees of HMWS impurities. 

HT SEC stacked chromatograms of A) BsAb-1, B) BsAb-2, and C) mAb-1 blends showing the 

presence of different levels of HMWS impurities. To generate the BsAb-1 and BsAb-2 sample 

blends, the HMWS fraction was spiked into the main product peak fraction to form samples 
containing 0% (blue), 10% (red), 20% (green),40% (pink), 60% (gold), and 100% HMWS whereas 

the mAb-1 blends were constituted by 0% (blue), 35% (red), 65% (green), and 100% (purple) stressed 

material spiked into the RS. The samples were diluted to 1 mg/mL prior to analysis by HT SEC with 

an injection volume of 5 mL. 
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Part B: DoE-Assisted Method Development 

for the Analysis of mAb Charge Variants by 

Cation Exchange Chromatography 

3.4 Abstract 

Cation-exchange chromatography (CEX) is the industry gold standard for the analysis of 

biopharmaceuticals charge variants. However, the development of CEX methods in a time 

and resource-efficient manner constitutes a bottleneck in protein characterisation. CEX 

separations are complex and governed by multiple factors such as column chemistry, 

gradient type, flow rate, mobile phase composition and pH. Several scientific publications 

have proven the successful application of design-of-experiment (DoE) in chromatography 

method development. Nevertheless, performing DoEs with a large number of factors may 

be challenging, time-consuming and expensive. This work illustrates the use of a split-DoE 

approach to aid the development of a CEX method for the analysis of the charge variants 

profile of a mAb candidate. Analytical method development was intended to provide a high-

throughput (HT) CEX method to support charge variants analysis with minimal sample and 

time requirements. The split-DoE approach is based on fundamental knowledge of the CEX 

separation mechanism and aims to reduce the number of experimental runs whilst exploring 

a wide experimental space. Regression modelling was used to study the effect of both 

individual process parameters and their interactions on the separation efficiency to ultimately 

identify the optimal method conditions. This study provides an efficient workflow for 

leveraging the development of CEX methods.  
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3.5 Introduction  

Salt-based linear gradients are considered the gold standard in CEX method development 

providing high charge variants resolution and desirable method robustness (Guillarme, 

Fekete, and Beck, 2015). However, several scientific studies have focused on evaluating the 

use of pH gradients and reported the successful application in the analysis of therapeutic 

proteins charge variants (Füssl, Trappe, et al., 2018; Leblanc et al., 2017). The separation 

mechanism of CEX is inherently complex and influenced by several factors such as column 

chemistry, mobile phase composition, pH, type and shape of gradient often requiring 

optimisation for each protein drug candidate (Rea et al., 2011; Fekete, Beck, Veuthey, et al., 

2015). Moreover, CEX separation mechanisms can be influenced by the type of molecule 

and its pI in solution, thus requiring case-by-case optimisation (Farsang et al., 2019; 

Murisier, Farsang, et al., 2019; Fekete, Beck, Veuthey, et al., 2015; Farsang et al., 2020). 

Therefore, the development of CEX methods in a time and cost-efficient way constitutes a 

bottleneck in protein characterisation, especially when platform methods are not fit-for-

purpose. 

DoE approaches have proven valuable tools for chromatography method development 

enabling the investigation of several factors simultaneously to finally achieve the desired 

separation ( Kumar et al., 2018). The split-DoE approach presented in this chapter was based 

on fundamental knowledge of the CEX separation mechanism and was used to aid method 

development by reducing the number of experiments required to study multiple factors at a 

time and their dependencies. An example of a split-DoE strategy was previously described 

by Shekhawat et al. to support the development of chromatographic methods used in protein 

purification (Shekhawat et al. 2019). The method presented herein used a salt-based linear-

gradient coupled to DAD detection for charge variants profiling of mAb-1 under native 

conditions. Similar to what was previously described by Shekhawat, a first DoE (DoE1) was 

used to investigate the factors that were expected to influence the separation most 

significantly, whilst a second DoE (DoE2) served to fine-tune other factors that were likely 

to affect the separation but were also dependent on the choice of the process parameters 

screened in DoE1. Precisely, DoE1 served to select the column and the mobile phase pH, 

whereas DoE2 was used to optimise the gradient, the buffer ionic strength, and the flow rate 

(F). The separation efficiency was evaluated in terms of experimental peak capacity (ePC) 

which was used as a response for both the DoEs (Chapter 2, Section, 2.5, Equation (2.5.1.3)). 
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Moreover, the resolution (Rs) between the main species peak (M) and the first basic peak 

(B1) was monitored as a response in DoE2. Other parameters such as gt, column temperature, 

UV absorbance, injection volume, and column loading were kept constant throughout the 

method development as reported in Appendix A, Table 9.10. Moreover, the CEX method 

was implemented as a HT analytical tool, therefore it was designed to require minimal 

sample and time for analysis. 

This study aimed to provide an efficient platform analytical workflow for CEX method 

development. The workflow was applied to generate a HT CEX method for the analysis of 

the charge variants of a mAb candidate.  

3.5.1 DoE1: 4X2 Factorial Design 

DoE1 is a full factorial design (FFD), a type of DoE that estimates a first-degree polynomial 

model and is used to gather information about all possible interactions. The size of an FFD 

depends on the number of factors (n) and the levels of the factors (L) under investigation 

which defines the number of experimental treatments (Ln). In comparison to screening 

designs, FFDs are large, thus, more efficiently adopted when a small number of factors are 

studied. The design presented here is a 4x2 factorial design, characterised by 2 factors, 

column and pH, of which the former is a 4 level categorical factor (4 columns) and the latter 

is a 2 levels continuous factor (pH 5.5 and 6.5). Moreover, a centre point was added for each 

categorical factor, to gather the data at the middle point of the pH range for each column as 

well as increasing the model strength resulting in 12 experiments in total.  

Figure 3.15 illustrates the spatial representation of DoE1. CEX separations are often 

characterised by multiple charge variant peaks, however, it is generally impractical to 

achieve significant Rs for all peaks of interest whilst maintaining a desirable analysis 

throughput. Thus, the separation power of the chromatographic method was evaluated in 

terms of ePC rather than peak Rs. The ePC was chosen as a response in the DoE used for 

method development.  
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Figure 3.15 Visualisation of the DoE1 data points on a cube. 

Experimental space of the 4x2 FFD under investigation displaying factorial points (purple) and the 

centre points (blue) on a cube. The column is a categorical factor with 4 levels (1-4) corresponding 

to the Agilent, Phenomenex, Sepax, and Waters columns; the mobile phase pH is a numerical 

continuous factor with 2 levels (+/-) corresponding to Na3PO4 buffer pH 5.5 and pH 6.5. The centre 

points correspond to the middle point of the pH range (6.0) added for each column. 

To develop a HT CEX separation fit for supporting charge variants analysis of 

biopharmaceuticals expressed in small scale cell culture systems, the final method must also 

be fast and sensitive. Hence, four columns with equal dimensions (2.1 mm ID x 50 mm L) 

but different chemistries and packing properties were evaluated as reported in (Chapter 2, 

Section 2.1.4, Table 2.1). The relatively short column length enabled the use of fast gradient 

time (gt) 10-15 min for separating the mAb charge variants. Each column was packed with 

a stationary phase made from non-porous (np) particles coated with hydrophilic polymers 

with a buffering capacity of 2-12 pH range. The hydrophilic polymer coating of each column 

was functionalised with different cation exchange ligands. The column purchased by Agilent 

and Waters bore a strong cation-exchanger (SCX) ligand (sulfonic group), whereas the 

stationary phase of the columns provided by Phenomenex and Sepax contained a weak 

cation-exchanger (WCX) (weakly acidic moieties such as carboxylic acid groups). 

Noteworthy, the columns particles had different diameters (dp) (Sepax 1.7 µm, Waters 3 

µm, Agilent 5 µm, and Phenomenex 6 µm dp). It is well established that the chemical nature 

of the column ion exchanger, the ligand density as well as particle size can significantly 

influence the retention mechanism of large biomolecules in CEX (Murisier, Farsang, et al., 

2019).  

Since the net charge of a molecule is strongly affected by the pH, a common practice in CEX 

is to use mobile phases with a pH that is two values higher or lower than the analyte pI to 
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ensure the presence of a superficial charge. The pI of mAb-1, measured both in-silico by 

GPMAW and experimentally by cIEF analysis, was 9.2. Hence, the choice of a buffer system 

(Na3PO4 buffer) that covered the pH range of 5.5-6.5 was most suitable to enable the 

formation of a net positive superficial charge. For the reasons outlined above, the stationary 

phase chemical properties, structure and morphology as well as the mobile phase pH were 

selected for DoE1. A generic linear-gradient ramping from 40 mM to 500 mM NaCl in 15 

min was applied at a flow rate of 0.17 mL/min.  

Linear regression analysis was adopted to build on an empirical model to identify the best 

stationary phase amongst the four columns screened (Agilent, Waters, Sepax and 

Phenomenex) together with the optimal mobile phase pH in range 5.5-6.5. The model 

obtained with ePC as a response was statistically significant with p-values < 0.05 and 

coefficient of determinations R2 > 0.85 (Appendix A, Figure 9.12). The colour-coded heat 

map in Figure 3.16 showed the variation of the ePC response obtained from each column vs. 

the mobile phase pH investigated. The results showed that all the columns achieved higher 

ePC values at pH 6.5 however, the Phenomenex column demonstrated greater separation 

efficiencies (29.38 ePC) in comparison to the other columns. This can be visualised by 

overlaying the mAb-1 CEX traces obtained from each column when using a mobile phase 

with pH 6.5 (Figure 3.17, A). The data showed that the Sepax column achieved lower ePC 

(12.25) than the Waters column and Agilent column (12.41 and 16.77, respectively). 

This experiment demonstrated that when comparing mobile phases with equal ionic strength 

and flow rate, the separation efficiency appeared to be improved by the nature of the weak 

ion exchange ligand as well as the larger particle size of the Phenomenex column. Therefore, 

the Phenomenex column and the mobile phase pH 6.5 were identified as optimal to achieve 

high-resolution separation of mAb-1 charge variants. 
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Figure 3.16 DoE1 heatmap of the ePC response in relation to the column chemistry and 

mobile phase pH. 

The heatmap displaying the variation of the ePC in response to the mobile phase pH and the column 

chemistry under investigation, Agilent (blue), Phenomenex (red), Waters (green), and Sepax 

(purple). 

 

Figure 3.17 CEX charge variants profile of mAb-1 by using different column 

chemistries and mobile phase chromatograms. 

Comparison of the mAb-1 charge variants profile obtained with the Agilent (blue), Waters (red), 

Phenomenex (green), and Sepax (pink) columns and a mobile phase of pH 6.5. B) Comparison of 

mAb-1 charge variants profile obtained with the Phenomenex column when using mobile phases of 
pH 6.5 (blue), 6.0 (red), and 5.5 (green). The sample was diluted to 1 mg/mL before analysis and the 

injection volume was kept constant at 5 mL. The method used a linear gradient ramping from 40 mM 

to 500 mM NaCl in 15 min, 0.17 mL/min F, 25 °C column temperature, 280 nm UV detection. Before 

each DoE1 treatment, column equilibration was achieved by flushing with 20 column volumes of the 

mobile phase composition at the start of the gradient. The column was conditioned with a blank 

injection before analysis of the sample. 
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3.5.2 DoE2: Box-Behnken Design 

The design chosen for DoE2 was a Box-Behnken design (BBD), a type of response surface 

design generally used for optimising the response variables investigated. As shown in Figure 

3.18, the BBD requires three levels and each treatment combination at the midpoint of the 

cube edges and the centre. This type of DoE model was considered suitable for optimising 

the F, gradient steepness, and mobile phase ionic strength to ultimately achieve the most 

desirable separation of mAb-1 charge variants. The quality of the separation was evaluated 

in terms of ePC and Rs between the main species peak and the first basic variants peak 

(Rs(M/B1)) (Figure 3.17, B). The BBD comprised a total of 15 experimental treatments. 

 
 

Figure 3.18 Visualisation of the data points of the DoE2 on a cube. 

Experimental design space of the BBD on a cube displaying the factors under investigation, the 

factorial points (purple) and the centre points (blue). All the factors, namely flow rate (F), NaCl 

concentration at the start of the gradient (Csalt(t0)), and buffer concentration (Cbuffer) were numerical 

and continuous with 3 levels (+, 0, and -) corresponding to the maximum, medium and minimum 
points of their range examined: F (0.13, 0.17 and 0.21 mL/min), Csalt(t0) (0 40, 80 mM), Cbuffer (10, 20, 

30 mM). The ePC and Rs(M/B1)-were chosen as model responses to evaluate the quality of the 

chromatographic separation. 

Linear regression analysis was used to build an empirical model to study how the ePC and 

Rs(M/B1) varied in relation to the DoE2 factors under investigation. The model was 

statistically significant with p-values <0.05 and R2 > 0.85 (Appendix A, Figure 9.13). Table 

3.9 summarised all the model effects and their dependency on the separation efficiency 

evaluated as a function of both the ePC and Rs(M/B1). The Cbuffer, Csalt(t0), and F main effects 

were significant (p-value < 0.05) together with the Cbuffer*Cbuffer, and F*F quadratic effects. 

The quadratic effects indicate the presence of curvature, thus, a range of Cbuffer and F values 

Cbuffer

F

-

+

- +

-

+

0
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that allow for optimal ePC and Rs(M/B1). Moreover, the first-order interaction Cbuffer*Csalt(t0) 

was also considerable (p-value 0.09). When studying the model parameter estimates for each 

response (Appendix A, Table 9.12), it is clear that all the factors main effects significantly 

impacted both ePC and Rs(M/B1). However, the F*F quadratic effect was significant for the 

ePC and not for the Rs(M/B1), whilst the Cbuffer*Cbuffer quadratic effect and Cbuffer*Csalt(t0) first-

order interaction were significant for the Rs(M/B1) and not for the ePC. This study 

demonstrated that the overall efficiency of the chromatographic separation was optimal at a 

particular F, Cbuffer, and Csalt(t0). 

Table 3.9 Summary of the DoE2 model parameters effects. 

 

The DoE prediction profiler exhibited how the model predictions varied in response to 

changes of the individual factors (Figure 3.19). A desirability function was used to estimate 

the factor setting which would maximise both ePC and Rs(M/B1) (Appendix A, Equation 9.5). 

It was observed that decreasing the Cbuffer to 10 mM and increasing F to 0.2 mL/min 

improved the separation of the charge variants. Furthermore, increasing the Csalt(t0) improved 

both ePC and Rs(M/B1) linearly, implying that shallower gradients improved the separation 

efficiency. However, it is worth noting that in CEX separations increasing the mobile phase 

Csalt causes the analyte to elute, therefore, the Csalt(t0) must be low enough to permit binding 

of the analyte to the stationary phase. The optimised method conditions are summarised in 

Table 3.10. 

Source FDR LogWorth FDR PValue

F (mL/min)(0.13,0.21) 2.746 0.00179

Cbuffer [mM](10,30) 2.206 0.00622

Csalt [mM](0,80) 1.884 0.01307

Cbuffer [mM]* Cbuffer [mM] 1.547 0.02837

F (mL/min)*F (mL/min) 1.505 0.03129

Cbuffer [mM]* Csalt [mM] 1.038 0.09161

Csalt [mM]* F (mL/min) 0.462 0.34491

Cbuffer [mM]* F (mL/min) 0.220 0.60305

Csalt [mM]* Csalt [mM] 0.036 0.91945



 

 

118 

 

 

Figure 3.19 HT CEX DoE2 prediction profiler.  

HT CEX DoE2 model prediction profiler displaying how the BBD responses ePC and Rs(M/B1) vary 

in response to changes in factors Cbuffer, Csalt(t0), and F. The relationship between ePC and Rs(M/B1) 

with changes in Cbuffer in the range 10-30 mM shows a curvature in the Cbuffer lower range. Increasing 
Csalt(t0) in the range 10-80 mM improved both ePC and Rs(M/B1) linearly as did increase the F in the 

range 0.13-0.21 mL/min where the Rs(M/B1) whilst the ePC showed a curvature in F upper range. The 

BBD factors were set to the maximum desirability function and the model estimates optimal values 

of Cbuffer, Csalt(t0) and F as 10 mM, 80 mM, and 0.2 mL/min, respectively.  

Table 3.10 Summary of the optimised HT CEX method.  

HT CEX Method 

Column: Phenomenex: bioZen WCX 2.1 x 50 mm, 6 um, np 

Mobile phase: A) 10 mM Na3PO4, 80 mM NaCl; B) 10 mM Na3PO4, 

80 mM 1 M NaCl 

Gradient: 8-40%B in 0-10 min linear ramp, 40-80%B in 0.1 min, 80%B 

2 min hold, 8%B in 0.1, 8%B 3 min hold. 

gt: 10 min 

F: 0.2 mL/min 

Temperature: 25 °C 

Injection Volume: 5 mL 

Sample concentration: 1 mg/mL 

UV: 210 nm, 280 nm 
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3.5.3 Model Verification and Method Assessment 

Method assessment was performed to evaluate whether the HT CEX method was fit to 

support sample testing. Specificity was assessed by comparing the UV profile of a sample 

containing mAb-1 against those obtained by injecting 20 µL of process buffers and no 

interfering peaks were observed (Appendix A, Figure 9.14). Method repeatability was tested 

by calculating the Rt, Rs(M/B1), and ePC CV of the main species peak and B1 using 5 µL 

injection of 6 technical replicates of a mAb-1 sample at a concentration of 1 mg/mL. The 

repeatability test verified the DoE model estimates with average ePC and Rs(M/B1) values of 

18.15 and 3.6, respectively (Appendix A, Figure 9.15). A sample of mAb-1 RS was treated 

to induce chemical oxidation by AAPH in order to assess the method stability-indicating 

capability (Figure 3.20). The UV profile overlay of mAb-1 RS vs. the stressed sample 

demonstrated that the method was able to identify differences in mAb-1 superficial charge 

distribution. An 8-levels linearity study was performed as previously described (see Section 

3.3.2.5) to assess the linear response of the main species peak area vs. the sample 

concentration as well as to extrapolate the method LOD and LOQ and determine the column 

loading range. The method LOD and LOQ were defined for the smallest basic species peak 

in the chromatogram (B3). The method assessment data were reported in Table 3.11. 

 
Figure 3.20 HT CEX method stability-indicating capability. 

HT-CEX chromatograms mirror-overlay of a mAb-1 sample stressed with AAPH (red) against its 

RS (blue). Chemical stress was induced by exposure to 1% AAPH for 24 hours at 25 °C and then the 
sample was buffer-exchanged to remove the stressor. Both RS and the stressed sample were diluted 

to 1 mg/mL before analysis and the injection volume was 10 mL. 
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Table 3.11 HT CEX method assessment results. 

Parameter Target Expectation Qualification Results 

Specificity  Buffer profiles No interfering peaks 

from mobile phases and 

formulation buffer at 
the retention times of 

the RS peaks (Appendix 

A, Figure 9.14). 

Stability-indicating Observe the change in the RS peak profile Changes Observed 
(Figure 3.20). 

Repeatability No more than 0.5 min retention time (RT) 

difference between the shortest and longest 

reference peak retention time across the 
sample replicates (n=6). NMT 10% CV 

Rs(M/B1) and ePC across the sample 

replicates (n=6). 

RTM CV = 0.24; RTB1 

CV = 0.27; Rs(M/B1) 

across CV = 3.2; ePC 
CV = 2.7 (Appendix A, 

Figure 9.15). 

Linearity R2 Ó 0.98 for the charge variant reference peak 

area linearity. 

Main Species peak: R2 

= 0.99. 

Basic peak (B1): R2 = 
0.98. 

(Appendix A, Figure 

9.16). 

LOD  Linear response of reference peak area vs. the 
protein load (B3) R2 Ó 0.95. Results reported 

as % of the total peak area. 

B3 1.14% (1.7 mg) 

LOQ Results reported as % of the total peak area B3: 3.4% (5 mg) 

Column loading 

range 

Extrapolated from the linearity and LOQ study 5-25 µg 
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3.6 Conclusions 

The present chapter introduced the development of HT tools to support the purification and 

product quality analysis of mAbs and BsAbs expressed in 96-DWP cell culture systems. 

Moreover, efficient DoE-based analytical approaches to method development were proposed 

and implemented. 

Part A presented the development of a HT platform workflow for the purification and 

aggregation analysis of mAbs and BsAbs from shaken 96-DWP cell cultures. The 

purification method employed Protein-A filled PhyTip columns and was successfully 

automated on a robotic liquid handler for the parallel processing of 96 samples at a time. 

Method development aimed to maximise the protein %R to provide sufficient material for 

following analytical testing in a suitable time for HT operations. DoE-assisted method 

optimisation helped the identification of optimal purification conditions in a total of 32 

experimental runs. The final validated PhyTip-based purification method was fit for the 

purification of as little as 300 mL of HCCF providing >80%R over a titre range of 200-3000 

mg/L in < 2 hours. Post-purification product quality analysis was assessed by HT SEC which 

confirmed that the PhyTip-based purification method did not alter the size variants profile 

of the molecule of interest. Method assessment studies confirmed consistency with the 

requirements of the final application which is the purification of mAbs and BsAbs from 96-

DWP cell culture systems. The PhyTip-purification process provided a 96-DWP with 160 

mL per well of purified and enriched product to support analytical testing. 

A small-scale HT SEC method was developed on 2.1 mm ID columns and provided a rapid 

analytical tool for aggregation analysis with sub-2 mg sensitivity. The HT SEC method 

showed some loss in Rs compared to the benchmark SEC method (AZ SEC SOP) however, 

the HT method allowed the separation and relative quantification of HMWS in a much faster 

time scale and can therefore be applied as a ranking tool to support early-stage CLD. With 

3.5 min analysis time per sample, the HT SEC enabled the processing of a 96-DWP in < 6 

hours with a 6-fold throughput gain in comparison to the benchmark SEC method. Moreover, 

the need for as little as 2 mg of sample per injection provided a 10-fold lower material 

required for analysis than HT SEC methods performed on 4.6 mm ID columns (AZ HT SEC 

method). 
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The entire analytical workflow from HCCF purification to aggregation analysis allowed the 

processing of a 96-DWP in ~8 hours and demonstrated enough sensitivity to be applied to 

cell cultures with low expression titres. This analytical workflow was qualified as a suitable 

HT engine to feedback CLD activities with PQ information to support process development. 

Part B of the present chapter presented a split-DoE approach to aid the development of CEX 

methods for novel therapeutic candidates. Owing to the complexity of CEX separations, 

method development is often laborious and resource-demanding. The proposed approach 

aimed to minimise the time and resources required for the development of a CEX fit for HT 

applications. The split-DoE workflow involved the use of an FFD for selecting the column 

and mobile phase pH range, followed by a BBD to optimise the method F and gradient 

steepness. With a total of 27 experimental runs, this approach enabled the screening of 4 

columns, mobile phase composition, pH range, and F to optimise a CEX method for the 

charge variants analysis of a mAb candidate. 

Method development was directed to provide a small scale HT CEX method to be employed 

as a HT tool in process development to support the charge variants analysis of a mAb 

candidate. The method used a 2.1 mm x 50 mm (ID x L) column and allowed a 15 min 

separation requiring 5 mg of sample per run. This would lead to the processing of an entire 

96-DWP in ~8 hours. The present method can be applied as part of the PhyTip-

purification/HT SEC workflow, however, it is limited for use with the specific mAb 

candidate. Potential implementations of the HT CEX as a platform method can use the 

proposed split-DoE approach to develop a platform method by extending the procedure to 

6-10 candidates from a class of molecules with different pIs. The implementation of the 

methods developed herein is further discussed in Chapter 6. 
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Chapter 4 

Integrating aggregation and charge variants 

analysis in one single method by heart-

cutting 2D SEC-CEX-MS. 

4.1  Abstract  

Monoclonal antibodies (mAbs) are extremely complex due to the presence of structural 

modifications resulting from various enzymatic and chemical reactions such as 

glycosylation, glycation, deamidation, isomerisation, oxidation, aggregation and 

fragmentation. Analysis of size and charge variants are carried out from the early stages of 

drug development throughout a product lifetime to investigate degradation pathways and 

process conditions. This chapter presents the development of a 2D-LC approach combining 

both size and charge variants profiling of a mAb candidate in a single method. The 

quantification of aggregates was performed in the first dimension (1D) by SEC, followed by 

online fraction transfer of the main product peak by a heart-cutting to the second dimension 

(2D) for charge variants analysis by CEX. Aiming to maximise the information obtained 

from minimal sample and time required for analysis, a salt-based separation with UV 

detection was developed for supporting the processing of a large number of samples in 

compliance with high-throughput (HT) applications. In addition, a mass spectrometry (MS) 

compatible SEC-CEX separation was developed enabling online identification of charge 

variants. Accelerated forced degradation and stability studies of a mAb were performed to 

generate samples with relevant structural modification and thus demonstrate the application 

of the proposed methodology. This study proved that the 1D SEC was compatible with the 

2D CEX and linked size and charge variants analysis in a real-time and efficient manner. To 

date, this is the first 2D SEC-CEX-UV and SEC-CEX-MS application for intact mAb 

analysis.  
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4.2 Introduction  

Over the last decade, the value of 2D-LC for the analysis of large molecules has been 

evidenced by a wide range of publications focusing both on mAbs and next-generation 

antibody formats (Sarrut et al., 2016; Petersson et al., 2017; Sandra et al., 2017; An et al., 

2017; Pirok et al., 2019; Camperi et al., 2021). In a review published in 2021 on multi-

dimensional (mD) LC-MS techniques, Camperi stressed the advantage of 2D-LC approaches 

in hyphenating orthogonal separation modes to enable the analysis of multiple product 

quality attributes (PQAs) in one single method. The potential of mD-LC in automating 

sample preparation was previously reviewed by Graf et al. (Graf et al., 2020). The authors 

reported the works of Bathke, Gstöttner and Goyon as proof of fully automated mD-LC 

workflows supporting online sample reduction, digestion and separation coupled to MS 

detection (Bathke et al., 2021; Goyon et al., 2020; Gstöttner et al., 2018). According to both 

Graf and Camperi, the recently published scientific literature emphasised the suitability of 

mD-LC for application to HT analytical platforms. This is due to the fact that online 

fractionation minimises sample loss and accelerates analysis workflows in comparison to 

offline fraction collection techniques. This is achieved by a modulator that collects a portion 

of eluents from the 1D and transfers them to the 2D. The device forms the heart of 2D-LC 

systems and is generally constituted by a valve or ensemble of valves equipped with 

sampling loops for parking and transferring the fractions of effluent from the 1D to the 2D. 

Depending on the complexity of the sample and the type of analysis that is desired, several 

modes of 2D-LC can be selected for online fraction transfer. The fractionation of a limited 

number of peaks is achieved by LC-LC modes such as heart-cutting, and multiple-heart 

cutting, whilst LC × LC modes such as selective comprehensive and comprehensive are 

usually preferred for complex mixtures. 

Evidence of the growth of 2D-LC approaches in industry was the scientific publications 

reporting the implementation of 2D-LC methods for supporting analytical testing. An 

example is the 2D IEX-SEC method developed by An et al. used to bridge size and charge 

variants analysis to support mAbs developability studies (An et al., 2017). Online 

fractionation of IEX peaks using a heart-cutting schedule enabled the analysis of the size 

variants of each IEX cut minimising sample requirement and analysis time that would be 

necessary with conventional offline methods. The popularity of 2D-LC has recently gained 

momentum in PAT to streamline the purification of the target protein from the host cell 
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culture fluid (HCCF) and structural characterisation analysis in a time-efficient fashion. 

Industrial applications of 2D-LC methods have been successful in leveraging lead candidate 

selection, clone selection, process optimisation, and extended characterisation. For instance, 

Dunn et al. have presented a sub-5 min 2D-LC Protein A-SEC method for measuring titre 

and aggregation of a target mAb from HCCF (Dunn et al., 2020). Similarly, Williams et al. 

have demonstrated the implementation of a 2D heart-cutting Protein A-SEC method for 

automating aggregate analysis to crude in-process samples (Williams et al., 2016). Sandra 

et al. explored the combination of Protein A to different modes of chromatography such as 

SEC-UV, IEC-UV and RP-MS to cover the analysis of a range of PQAs (Sandra et al., 2017). 

Besides the higher resolving power of 2D-LC approaches being particularly beneficial for 

MS analysis, the presence of concentrated salts and additives in LC mobile phases has 

serious consequences on MS detection and often hampers the online coupling of the two 

analytical techniques. In this regard, several examples were reported in the literature 

demonstrating that online hyphenation of salt-mediated chromatographic separations to MS 

can be possible when the 2D is used for desalting prior to MS injection (Luo et al., 2017; 

Petersson et al., 2016). Both Jaag (2021) and Stoll (2015) presented 2D-LC strategies for 

multi-level characterisation of mAbs charge variants by CEX×RPLC-TOF-MS highlighting 

the comparability as well as the advantages of the 2D approaches vs. the conventional 1D-

LC-MS methods (Stoll et al., 2015; Jaag et al., 2021).  

Despite the superiority of 2D-LC in addressing large biomolecules characterisation, method 

development remains challenging with the incompatibility between the two dimensions 

solvent systems being a frequent limitation (Stoll and Carr, 2017). For instance, peak 

broadening and distortion can be observed when the properties of the 1D effluent result in 

low retention of the analyte in the 2D. Another challenge of 2D-LC separations is the partial 

sample loss and dilution resulting as a consequence of peak fractionation and parking into 

the 2D-LC valve loops before the transfer to the 2D. This constitutes an issue for the method 

sensitivity and is particularly accentuated when one peak of the 1D is cut into many (e.g. 

multiple-heart-cutting) hence, each peak will result in a significant loss in the 2D signal. 

Therefore, complications regarding the complexity of method development may still hamper 

the integration of 2D-LC methods to routine analytical workflows. Egeness et al. described 

various modulation strategies developed for ensuring both the compatibility between 

chromatographic dimensions and sample enrichment prior to 2D-LC injection (Egeness et 

al., 2016). The current most popular modulation strategies adopted to overcome mismatches 
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in mobile-phase composition are the Active Solvent Modulation (ASM) introduced by Stoll 

et al. and the Stationary-Phase-Assisted Modulation (SPAM) described by Vonk et al. (Stoll 

et al., 2017; Vonk et al., 2015). The former is obtained by diluting the 1D solvent through an 

ASM capillary before it reaches the 2D column resulting in the sample focusing at the head 

of the 2D column and consequent improvement of the resolution (Rs). The latter consists of 

the use of trapping columns instead of storage loops that retain the analytes whilst the 1D 

solvent flows through. Upon the valve switching, the 2D solvent enters the trap column and 

the sharp band of analytes is eluted into the 2D column. The introduction of such 

technological advancements has favoured the implementation of 2D-LC methods for routine 

biopharmaceutical analysis (Pirok et al., 2018; Stoll et al., 2017; Vonk et al., 2015; Pirok et 

al., 2019).  

The present study aims to develop a 2D-LC approach for the analysis of mAb multiple 

quality attributes in a single method by coupling orthogonal modes of chromatography. The 

combination of orthogonal chromatography modes in a 2D-LC set-up maximises the 

information obtained from minimal sample consumption and analysis time demonstrating 

suitability for application to HTPD workflows. Analytical testing for supporting mAbs size 

and charge variants analysis is pivotal at all stages of drug development, manufacturing and 

shelf-life. The surface charge diversity of a protein may be indicative of the structural 

modifications which may translate to different efficacy and immunogenicity and must 

therefore be tightly controlled. The charge variants profile of a mAb can be used as a 

fingerprint of its structural heterogeneity throughout the development process. Over the last 

decades, SEC and IEX have established themselves as gold standard analytical 

methodologies for the assessment of intact therapeutic protein aggregation and charge 

variants, respectively. Both techniques do not require laborious sample preparation and their 

implementation in analytical workflows is usually straightforward. However, peak 

characterisation remains a challenging task of both SEC and CEX methods often requiring 

fraction-collection and peak identification by MS. Traditional workflows involve peak 

fractionation and desalting followed by middle-up or bottom-up analysis such as peptide 

mapping. Recent studies have demonstrated the benefit of using volatile buffers for 

hyphenating IEX to MS online for the analysis of mAb charge variants at the intact level 

(Haberger et al., 2021; Polderdijk et al., 2019; Yan et al., 2018). One of the drawbacks of 

MS analysis is the overall loss of the method throughput due to the complexity of the 

procedure requiring expensive equipment and specialised expertise. 
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This chapter proposes the development of an online 2D SEC-CEX separation for combining 

the analysis of mAb aggregates and charge variants in a single method. Up to date, there is 

no evidence in the literature of online 2D SEC-CEX methods developed for supporting 

biopharmaceuticals PQ analysis in HTPD. Using this novel approach, aggregate analysis 

was assessed in the 1D by SEC; heart-cutting 2D-LC was used to transfer the main product 

peak to the 2D for charge variants analysis to separate the charge variants associated with the 

main product without including the aggregates. The SEC-CEX separation was achieved 

using both non-volatile buffers with UV detection and volatile buffers for online coupling 

with ESI-MS detection. The advantages and disadvantages of using MS and the feasibility 

of native MS analysis were discussed. Finally, the application of both methods to case study 

samples in support of clone selection (see Chapter 6) and product developability studies were 

presented. This work demonstrated the versatile application of the present method to various 

stages of product development and is proposed as an effective analytical tool to be integrated 

into HTPD workflows. 
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4.3  Results and Discussion 

4.3.1 Heart-cutting 2D SEC-CEX-UV method development, Part A: selection 

of the 1D SEC conditions for coupling CEX in the 2D 

One challenge of the online coupling of SEC to CEX is the incompatibility between the 1D 

and the 2D mobile phases. SEC separations require high ionic strength mobile phases to limit 

the non-binding interactions between the analyte and the column stationary phase (Goyon et 

al., 2018). The mobile phases are usually composed of a mixture of >0.1 M PO4
3- or SO4

2- 

buffers with the addition of >0.1 M Na/KCl to prevent ionic interactions. Conversely, CEX 

mobile phases require low-ionic strength (typically <50 mM PO4
3- or MES) buffers. Salt-

based gradients in CEX separations start at a low salt concentration to favour the retention 

of the mAb ions to the cation exchange matrix. By gradually increasing the mobile phase 

counter ions, the protein ions are displaced from the ion-exchange sites and begin to elute. 

For this reason, the high salt content of SEC mobile phases may impede the initial binding 

to the 2D CEX stationary phase resulting in a significant breakthrough of unbound protein. 

Likewise, low-ionic strength mobile phases (<0.1 M Na/KCl) may not be suitable for SEC. 

In the context of this study, the development of the 2D SEC-CEX-UV method focused on 

finding the optimal conditions that allowed the separation of HMWS impurities in the 1D as 

well as the binding of the mAb to the 2D stationary phase for charge variants separation. A 

DoE approach was adopted to identify the optimal SEC conditions that enabled aggregate 

analysis along with the coupling of CEX in the 2D. A full -factorial DoE was chosen for 

selecting the optimal SEC column and mobile phase composition. The percentage high-

molecular-weight species (%HMWS) and Rs between the main product and HMWS peaks 

were monitored as DoE responses. More information on the chromatography columns, 

chemicals and equipment used were shown in (Chapter 2, Section 2.1.4, Table 2.1). Different 

combinations of Na3PO4 and NaCl concentrations in the range 50-200 mM and 0-200 mM, 

respectively, were assessed. The choice of the concentration range used for the mobile phase 

was based on previous knowledge of the class of molecules and aimed to maintain their 

native state without impacting the formation of HMWS impurities and unfolding events. 

Other chromatographic method parameters were kept constant as reported in Table 4.2. To 

generate a sample suitable for method development, mAb-1 reference standard (RS) was 

stressed at 70°C and 300 rpm shaking for 60 min. As previously assessed by a standard 
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operating procedure (SOP) method developed by AstraZeneca for supporting SEC platform 

testing (AZ SEC SOP), the heat-stress treatment allowed the formation of ~15-20% HMWS 

impurities and served to generate a model sample for analytical method development 

(Appendix B, Figure 10.1). More information on the LC equipment and chemicals used for 

this analysis can be found in Chapter 2, Section 2.1.2.2. The complete list of the DoE 

treatments and response values was reported in Appendix B, Table 10.1. 

Linear regression analysis was used to build two empirical models to identify the column 

resin and mobile phase composition that achieved ~15% HMWS and maximised the Rs 

between the HMWS and main product peaks with minimal salt content. The models obtained 

for both responses were statistically significant with p-values Ò 0.05, RMSE < 2, and R2 Ó 

0.95 (Appendix B, Figure 10.2).  

Table 4.1 DoE factors effects summary. 

 

All the DoE main effects, second and third-order interactions between column, and 

concentration of NaCl and Na3PO4 in the mobile phase were significant (p-value Ò 0.05) for 

both %HMWS and Rs (Table 4.1), indicating that optimal SEC separations were the result 

of the harmonised interplay of column chemistry and mobile phase composition. The contour 

plots reported in Figure 4.1 showed the effects of the NaCl and Na3PO4 concentration on 

both the %HMWS and Rs obtained for each column.  

Source FDR LogWorth FDR 

PValue

Column 10.182 0.00000

[NaCl] (mM)(0,200) 8.960 0.00000

[Na3PO4] (mM)*[NaCl] (mM) 7.542 0.00000

[Na3PO4] (mM)(50,200) 7.138 0.00000

[NaCl] (mM)*Column 5.259 0.00001

[Na3PO4] (mM)*[NaCl] (mM)*Column 4.895 0.00001

[Na3PO4] (mM)*Column 3.806 0.00016
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Figure 4.1 Contour plot showing the effect of the mobile phase composition and column 

chemistry on SEC separation. 

The contour plot showed how Rs (top) and %HMWS (bottom) change in response to modifications 

in mobile phase composition across the three columns. The colour gradient shifts from blue to red 
shades to indicate low and high response values, respectively. The shaded areas were labelled with 

the respective values of Rs and %HMWS. 

Overall, the separation efficiency improved by increasing the mobile phase ionic strength 

within the range tested in the DoE. The major contribution was given by the concentration 

of NaCl since it is a stronger salting-out agent than Na3PO4. Improved Rs and optimal values 

of %HMWS could be achieved with mobile phases composed of > 100 mM NaCl with all 

the columns. Interestingly, the %HMWS and Rs response values as a consequence of 

changes in mobile phase composition were different across the three columns. The Rs 

obtained with the Phenomenex column was lower than both the Agilent and Waters columns 

with Rs values Ó 1 achieved only with mobile phases containing >100 mM NaCl. The 

analysis performed by using the Waters and Agilent columns with mobile phases composed 

of 125-200 mM Na3PO4 and 75-200 mM NaCl, resulted in %HMWS comparable to those 

achieved by the AZ SEC SOP method (~15%) and Rs > 1.5. However, when compared to 

Waters and Phenomenex, the Agilent column required lower ionic strength mobile phases to 

achieve the desirable %HMWS and optimal Rs.  
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Figure 4.2 Overlay of heat-stressed mAb-1 chromatograms obtained by using the same 

ionic strength mobile phase across three columns. 

SEC chromatograms overlay of the heat-stressed mAb-1 sample analysed using the Phenomenex 
(green), Waters (red), and Agilent (blue) columns and the mobile phase composed of 200 mM 

Na3PO4, 200 mM NaCl, pH 6.8. The sample was analysed by injecting 10 mL of the same vial across 

the three columns. The peak total areas obtained from each column were 2487, 2377, and 2290 

Agilent, Waters, and Phenomenex, respectively. 

Figure 4.2 shows the chromatographic overlay of mAb-1 obtained with the highest ionic 

strength mobile phase tested. Although the peak total areas obtained from each column were 

comparable (2487 Agilent, 2377 Waters, 2290 Phenomenex), the Phenomenex column 

showed extensive peak tailing and poor Rs between HMWS and main product peaks, 

suggesting the presence of secondary electrostatic interactions between the mAb and the 

stationary phase. The chromatograms obtained with the Agilent and Waters columns 

overlayed without major differences. 

Since Na2+ functions as a counter ion in CEX separations competing with the mAb ions for 

binding to the stationary phase, gradients starting with high concentrations of NaCl may not 

be appropriate for CEX applications. This experiment proved that the efficiency of SEC 

separation was strongly dependent on the column chemistry and suggested that the 

Phenomenex column may require either higher NaCl concentrations or the addition of 

organic solvents to the mobile phase to achieve better separations. Nevertheless, neither of 

these adjustments would be beneficial for coupling CEX in the 2D. Overall, the separation 
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performance of the Agilent column was less influenced by the concentration of NaCl with 

the highest separation efficiencies achieved with mobile phases composed of Ó 100-175 mM 

Na3PO4 buffer.  

The DoE prediction profiler reported in Figure 4.3 displayed how %HMWS and Rs changed 

as a consequence of the variation in the mobile phase concentration of Na3PO4 and NaCl 

across the columns tested. Prediction parameters set for a mobile phase composed of 100 

mM Na3PO4 showed that the %HMWS predicted for the Agilent was 12.5%, whilst for 

Waters and Phenomenex columns was 6% and 3%, respectively. Likewise, the Rs between 

HMWS and main product peak was greater with the Agilent column (Rs = 1.6) than the 

Waters and Phenomenex (Rs = 0.7 and 0.9, respectively). Therefore, the Agilent column was 

selected for this application and the DoE model was verified experimentally for this column 

only (see Section 4.3.1.1).  
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Figure 4.3 DoE prediction prof iler for the 2D SEC-CEX-UV method 1D column 

selection. 

The DoE prediction profiler factors were set with fixed values and the response estimates were 
calculated by the model. The concentration of Na3PO4 buffer and NaCl were set to 100 mM and 0 

mM, respectively. The %HMWS (left) and Rs (right) values were calculated separately for each 

column. The Agilent column (top) was predicted to obtain 12.5% HMWS and 1.6 Rs; the Waters 
column (middle) was estimated to obtain 5.8% HMWS and 0.7 Rs; the Phenomenex column 

estimates were 2.7% and 0.9 for HMWS and Rs, respectively. 
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4.3.1.1 DoE Verification and 2D CEX Coupling by heart-cutting 2D-LC 

To verify the DoE model and evaluate the compatibility between the two dimensions, a 

sample of heat-stressed mAb-1 was analysed in duplicate by using three different ionic 

strength mobile phases containing 50 mM, 100 mM and 200 mM Na3PO4 buffer (Figure 4.5). 

The 2D CEX separation was performed on the AgilentBio WCX Column, (Chapter 2, Section 

2.1.4, Table 2.1). The 2D mobile phase was composed of 25 mM Na3PO4, pH 6.0 as buffer 

A and 25 mM Na3PO4, 1 M NaCl, pH 6.0 as buffer B. The mAb-1 main product peak eluting 

at 2.3 min was transferred to the 2D by an heart-cutting schedule. 

The 2D-LC valve configuration for heart-cutting is described in Figure 4.4. The 2D CEX 

separation was achieved by using a salt-based linear-gradient ramping from 0%B to 48%B 

in 12 min at 0.2 mL/min flow rate, followed by wash and column equilibration with a total 

2D separation time of 20 min. 

 

Figure 4.4 Schematic of the 2D-LC system with 2D valve plumbing flow path. 

Schematic representation of the 2D-LC system and pumping diagram with the central 2 positions/4 

ports 2D-LC valve in concurrent configuration. A) The 2D-LC starts with the valve in position 1 
with the 1D effluent passing through loop 1 (blue path). Here the heart-cutting fraction coming from 

the 1D is parked into sample loop 1. B) Switching valve in position 2 injects the sample in loop 1 into 

the 2D cycle (red path) whilst loop 2 is filled with the 1D effluent. At the completion of the 2D 
separation, the valve switches back to position 1 and the contents of loop 2 are injected. The green 

arrows indicate the concurrent direction of the flow during loop filling and analysis. When loop 

filling and analysis have opposite flow directions, the valve is set to counter current configurations. 
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Figure 4.5 DoE verification  and evaluation of the 1D SEC mobile phase compatibility 

with the 2D CEX separation. 

Verification of the predictions from the DoE model was performed on the Agilent column for 3 

conditions involving the use of mobile phases composed of 50 mM (green), 100 mM (blue), and 200 

mM (pink) Na3PO4 buffer, pH 6.0. (A). The %HMWS obtained experimentally (B) followed the 
responses estimated by the model with greater separation efficiency obtained with higher Na3PO4 

buffer concentrations. The 2D mAb-1 CEX profiles (C) showed that SEC mobile phase ionic 

strengths >100 mM are not compatible for online coupling of CEX in the 2D. 

The data shown in Figure 4.5 (A, B) confirmed that the response values were close to their 

estimates for the three conditions tested and across the technical replicates. As previously 

reported by the DoE study, the experimental results confirm that the Agilent column 

stationary phase chemistry enabled the separation of mAb aggregates without the addition 

of NaCl. The %HMWS varied across the mobile phase tested, 7.4%, 11.7% and 13.4% using 

50, 100 and 200 mM Na3PO4 buffer, respectively. The %HMWS acquired by using 50 mM 

Na3PO4 was significantly lower than those obtained with 100-200 mM Na3PO4 and showed 

greater variation across the replicates (Appendix B, Figure 10.3). This study confirmed that 

Ó100 mM Na3PO4 buffers were necessary to minimise protein-stationary phase interactions 

and improve Rs. Nevertheless, both 50 mM and 100 mM Na3PO4 buffer SEC mobile phases 

enabled the coupling of CEX in the 2D with binding of mAb-1 to the CEX stationary phase. 

Conversely, the 200 mM Na3PO4 mobile phase ionic strength impeded the binding of the 

protein to the 2D and resulted in an extensive breakthrough. Since the quantitation of HMWS 

impurities was aimed to match the AZ SEC SOP, the mobile phase composed of 100 mM 

Na3PO4 was chosen as optimal for this application. To assess how the two SEC methods 

differ in the quantitation of HMWS impurities, 6 technical replicates of a heat-stressed mAb-
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1 sample were analysed with both methods. The mean %HMWS was 17% obtained with the 

AZ SEC SOP and 13% with the SEC-CEX method. A 4% difference in HMWS quantitation 

was considered acceptable for the final method application.  

Other 2D LC-LC modes such as multiple-heart-cutting and high-resolution sampling may 

be used to profile both the charge variants of HMWS impurities and main product peak 

separately. High-resolution sampling can also be used to online fraction-transfer portions of 

the SEC chromatogram for CEX analysis to verify the charge variants and peak purity. 

However, these setups may not be ideal for HT applications due to the requirement of larger 

amounts of sample and longer analysis time which would lower the method throughput. 

Moreover, the increased complexity of the instrument operations of multiple-heart-cutting 

and High-Resolution sampling over heart-cutting 2D-LC may hamper their implementation 

for routine testing. The LC × LC modes such as comprehensive 2D-LC can be used to 

transfer the entire SEC chromatogram to the 2D. However, comprehensive 2D-LC is 

normally used for improving the resolution of complex sample mixtures and its set-up would 

require the 2D to be faster than the 1D. Therefore, the implementation of comprehensive 2D-

LC in this context may not be straightforward and an heart-cutting 2D-LC approach with a 

larger sampling volume may be more appropriate. Nevertheless, it is worth considering that 

the HMWS and LMWS are normally purified from the drug substance and thus it remains a 

key goal to continue the quality analysis on the main product peak without compromising 

the workflow efficiency. 

The optimised method conditions as reported in Table 4.2 were selected according to the 

experimental data and statistical evaluation. Figure 4.6. showed the chromatograms obtained 

from the analysis of a mAb by the 2D heart-cutting SEC-CEX-UV method. 
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Table 4.2 2D SEC-CEX-UV final method conditions. 

Method 2D SEC-CEX-UV 

2D Mode heart-cutting 
1D Column Agilent AdvanceBio SEC 200A 1.9um, 4.6 x 150mm 
2D Column Agilent AgilentBio WCX column 2.1 x 50 mm, 5 um, np 
1D Mobile phase 100 mM Na3PO4 buffer, pH 6.0 
2D Mobile phase  A: 25 mM Na3PO4, pH 6.0; B: 25 mM Na3PO4, 1M NaCl, pH 6.0 
1D Temperature 25 °C 
2D Temperature 25 °C 
1D Flow rate 0.5 mL/min 
2D Flow rate 0.2 mL/min 
1D detector MWD 280 nm, 210 nm 
2D detector DAD 280 nm, 210 nm 

Injection Volume 10 uL 

 

Figure 4.6 2D heart-cutting SEC-CEX-UV analysis of a mAb. 

A) 1D SEC MWD profile demonstrating the separation of the aggregates (HMWS) peaks 

from the main product of a heat-stressed mAb-1 sample. The sample concentration was 1 

mg/mL and the injection volume was set to 10 mL. The pink shaded area represents the heart-

cutting sampling for online fractionation. Time-based sampling modes with 0.16 min of 

sampling rate were used to fraction-transfer the main product peak to the 2D. B) 2D CEX 

DAD charge variants profile of the mAb-1 main product peak fractionated and transferred 

from the 1D to the 2D column. The mAb-1 charge profile shows the presence of acid and 

basic species peaks separated from the main peak. 
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4.3.1.2 2D SEC-CEX-UV Method Assessment 

The qualification study aimed to ensure that the 2D SEC-CEX-UV method was fit-for-

purpose to support in-process development sample testing. All the information on the 

method assessment parameters, target expectations and data are summarised in Table 4.3. In 

this study, method specificity was evaluated for mobile phase and formulation buffer 

components. All buffers and samples were injected with 10 µL injection volume (Appendix 

B, Figure 10.4). The addition of 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) 

was used to generate stressed material of mAb-1 for the stability-indicating study. The UV 

profile of the stressed sample was compared to the reference standard (RS) (Appendix B, 

Figure 10.5) to show the difference in size and charge variants induced by the chemical 

stress. Precision was assessed in terms of repeatability over six technical replicates of a 

sample of mAb-1 RS. The linearity evaluation consisted of 7 levels, each analysed in 

triplicates, and the injection volume was kept constant at 5 µL. The concentration of the 

mAb-1 RS dilutions was measured by UV absorbance at 280 nm before injection and 

corresponded to 9.97, 5.53, 2.76, 1.34, 0.66, 0.3 and 0.15 mg/mL (Appendix B, Figure 10.9). 

The linearity study defined the linear dynamic range of the method. Method accuracy was 

inferred from the linearity data. Accuracy was determined by calculating the mean of the 

%area of all the size and charge variants peaks (%main product, %HMWS, %acid species, 

%main species, %basic species) for the minimum (3.96 mg), medium (13.8 mg) and 

maximum (49.85 mg) column loads used in the linearity study. Each of the group mean (n=3) 

was compared to the grand mean of all the replicate samples analysed in the linearity study 

(n=15) and the difference between the groups was reported by calculating the coefficient of 

variation (CV). Limit of detection (LOD) and limit of quantification (LOQ) were inferred 

from the calibration curve used for the linearity study and calculated for the HMWS peak. 

The precision and accuracy of each column loading level were calculated. Column loading 

was expressed as proportional protein load (mg) (Chapter 2, Section 2.5, Equation (2.5.2.4)). 

Linear regression analysis of the peak area vs. the proportional protein load (PPL) (mg) 

(Appendix B, Figure 10.10) was performed to determine the LOQ and subsequently, the 

LOD applying the equations reported in Chapter 2, Section 2.5, Equations (2.5.2.6), and 

(2.5.2.7). The method assessment demonstrated the 2D SEC-CEX-UV suitability for HT 

profiling of intact mAb size and charge variants and can be applied to PQ assessment during 

product development. 
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Table 4.3 2D SEC-CEX-UV method assessment results. 

Parameter Target expectation Qualification results 

Specificity Buffer profiles No interfering peaks from mobile 

phases and 

formulation buffer at the 
retention times of the 

RS peaks (Appendix B, Figure 

10.4). 

Stability-indicating Observe changes in the RS peak 
profile 

Changes Observed (Appendix B, 
Figure 10.5). 

Repeatability No more than 0.5 min retention 

time difference between the 

shortest and longest reference peak 
retention time across the sample 

replicates (n=6). No more than 10% 

CV of % reference peak among the 
replicates (n=6). 

1D: main product retention time 

range: 2.311-2.312 min; %peak 

CV = 0.8% 
2D: Main peak retention time 

range: 7.6-7.7 min; %peak CV = 

1% 

Linearity R2 Ó 0.980 for reference peak area 

linearity. 

 

1D main product: R2  = 0.997 
1D HMWS: R2 = 0.994 
2D Main peak: R2 = 0.998 
2D First basic peak: R2 = 0.999  

(Appendix B, Figure 10.9) 

Accuracy 
(inferred from the 

low, medium and high 

sample concentration 
level used in the 

linearity study) 

CV Ò 20% between the mean of 
%main product, %HMWS, %acid 

species, %main species, and 

%basic species of each group (n=3 
x 3 groups) and the grand mean 

(total n=15). 

%Main product CVÒ 20% 
%HMWS CV Ò 20% 

%Main species CV Ò 20% 

%Acid species CV Ò 20% 
%Basic species: CV Ò 20% for 

all sample groups as reported in 

Appendix B,  

Table 10.12 

LOQ The CV of the reference peak of 

each level must be Ò 20%. R2 Ó 0.95 

for reference peak area vs. the 
protein load. Results reported as % 

of the total peak area 

LOQ HMWS = 48.18% (9.6 mg) 
 

LOD Results reported as % of the total 

peak area 
LOD HMWS = 24.09% (3.2 mg) 
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4.3.2 Application of the 2D SEC-CEX-UV Method to Support the Analysis of 

Size and Charge Variants during mAb-1 Accelerated Forced-

Degradation and Stability Study 

A forced degradation study is a common practice adopted to elucidate protein structure, 

assess the degradation pathways upon extreme stress conditions, and ultimately establish 

structure-function relationships for quality attributes of a drug candidate (Garripelli, Wu, 

and Gupta, 2020). Depending on the pre-clinical or clinical phases of the drug candidate, the 

forced degradation study includes varying stress conditions and time window investigated, 

which can take from days up to several months. In this study, the aim was to demonstrate 

the potential of the 2D SEC-CEX-UV method for application as a HT analytical tool in 

conjunction with forced degradation studies. 

The stress conditions tested on mAb-1 RS involved low pH, high pH, and chemical 

oxidation. Low and high pH stress was achieved by adjusting mAb-1 pH to 3.5 with 0.1 M 

citrate buffer and 8.5 with 0.1 M Trizma HCl/Trizma base buffer, respectively. The samples 

were incubated at 25 °C and aliquots were taken after 7 days at the end of the incubation 

time. Chemical oxidation was achieved by exposing mAb-1 to 3% H2O2 and 10% AAPH 

solutions. These chemicals are known to target methionine (Met) and tryptophan (Trp) 

residues, respectively. However, other amino acids present in the protein sequence may be 

amenable to oxidative events such as histidine (His) tyrosine (Tyr), and cysteine (Cys). In 

particular, both H2O2 and AAPH are known to oxidise Met residues irreversibly via 

nucleophilic substitution reactions, whilst Trp residues are modified by peroxyl and alkoxyl 

radicals via free-radical oxidation generated upon degradation of AAPH (Zheng et al., 2021; 

Shah et al., 2018; Dion et al., 2018). The mAb-1 degradation pathways resulting from 

chemical oxidation were monitored over time and aliquots were taken after 1, 3 and 7 days 

incubation at 25 °C with the respective chemicals. Additionally, an accelerated stability 

study was done by incubating a mAb-1 RS sample at 37 °C for 30 days. At the end of each 

time point, the samples were frozen at -80 °C and defrosted all on the same day to allow 

sample consistency. Buffer exchange was performed prior to analysis for removal of the 

chemical stressor with the exception of low pH treatment, in which the samples were buffer-

exchanged before freezing to avoid precipitation caused by the freeze-thaw cycle at low pH. 

A t-test was conducted to evaluate the size and charge variants differences between mAb-1 

RS and the control sample at the end of the forced degradation study (after 7 days at 25 °C). 
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These were then compared to the size and charge variants occurring as a consequence of the 

stress conditions under investigation (Appendix B, Table 10.2). More information on the 

chemicals used for the sample preparation procedure was given in Chapter 2, Section 2.1.1 

2D SEC-CEX-UV.  

Table 4.4 2D SEC-CEX-UV PQ analysis of mAb-1 at the start and endpoint of the 

accelerated forced degradation and stability study.  

Treatment % 

HMWS 

% 

LMWS  

% 

Main 

product 

%Acid 

species 

%Basic 

species 

%Main 

species 

RS 0 0 100 4.78 38.4 56.80 

Control (7 days at 25 °C) 0 0.61 99.39 4.71 39.08 56.21 

Low pH 

(7 days at 25 °C) 

0 5.30 94.70 5.70 34.90 59.40 

High pH 

(7 days at 25 °C) 

0 1.40 98.60 4.80 33.40 61.80 

H2O2 stress 

(7 days at 25 °C) 

0.97 20.8 78.23 100 0 0 

AAPH stress 

(7 days at 25 °C) 

12.72 6.81 80.48 0 100 0 

Accelerated stability 

(30 days at 37 °C) 

0 5.13 95.80 4.16 29.20 66.70 

Table 4.4 shows the %area of mAb-1 structural modifications resulting from the stress 

treatments with aliquots taken at the endpoints of the accelerated forced degradation (7 days) 

and stability studies (30 days) analysed by 2D SEC-CEX-UV. The RS sample corresponded 

to the PQ profile of mAb-1 at the start (t0) of both studies. A mAb-1 RS sample was 

incubated at 25 °C for 7 days in the absence of stress conditions and used as a control 

throughout the forced degradation study. The results shown in Table 4.4 revealed the change 

of mAb-1 PQ profile when exposed to the different stress treatments in a time course of 7 

days. Chemical oxidation was responsible for product degradation events resulting in 

alteration of both the size and charge variants profiles of mAb-1. Figure 4.7 and Figure 4.8 

show the change in the PQ profile of mAb-1 over the time frame examined as a result of 

AAPH and H2O2 stress, respectively. Fragmentation occurred as a consequence of both H2O2 

and AAPH exposure, (20.80% vs. 6.81%, respectively). In contrast, aggregation was mostly 

observed with AAPH rather than H2O2 (12.72% vs. 0.97%, respectively). As shown in Figure 

4.7, 1-day AAPH stress induced the formation of HMWS (A) and LMWS impurities (C) 

increasing after 3 and 7 days of chemical exposure. The alteration of the surface charge 
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distribution of mAb-1 main product after 1 day of AAPH treatment was evidenced by the 

2D CEX chromatograms (B). This suggested the presence of conformational changes 

increasing over the timeframe tested. The consequent loss of CEX profile Rs (D) indicated 

product degradation. Similarly to AAPH, H2O2 was responsible for product degradation 

events resulting in alteration of the size and charge variants increasing over time (see Figure 

4.8 C, D). However, the size variants were mainly associated with product fragmentation. 

The charge variants profile of the main product peak was also visibly different from the RS 

and presented three main regions. The first region, eluting at a time window corresponding 

to the RS acidic and main species (4-5), displayed a split peak with a left shoulder. In this 

specific context, peak splitting may be due to conformational changes resulting in different 

binding interactions with the stationary phase. The other two regions fell within the RS basic 

peaks elution time window (6-8) and also resulted in split peaks. This could be representative 

of closely related conformational modifications occurring as a consequence of Met and 

possibly Trp oxidation. The overall shift towards the acid region was evident at day 7 and 

was indicative of the extent of product degradation (Figure 4.8, D).  
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Figure 4.7 Analysis of AAPH stress-induced degradation pathway of mab-1 over time 

by 2D SEC-CEX-UV. 

A) 1D SEC and B) 2D CEX profiles of mAb-1 after 1-day AAPH stress (red) was overlayed against 

the RS (blue). The AAPH treatment-induced degradation events resulted in increased HMWS 
impurities (peak 1) (A) and structural modifications of the main product visible as a considerable 

alteration of the surface charge distribution (peaks 3-8) shown by the CEX profiles. At the bottom, 

the AAPH stress-induced protein degradation over time was shown for each time point corresponding 
to aliquots taken after 1 day (blue), 3 days (red), and 7 days (green). The 1D SEC profile (C) showed 

an increase in %HMWS and %LMWS over time. The 2D CEX profiles overlay (D) revealed the 

apparent surface charge distribution modifications over time ultimately resulting in the formation of 

a heterogeneous mixture of charge variants. The stressed sample was diluted to 1 mg/mL before 

analysis and the injection volume was set to 10 mL. 
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Figure 4.8 Analysis of H2O2 stress-induced degradation pathway of mab-1 over time 

by 2D SEC-CEX-UV. 

At the top, 1D SEC (A) and 2D CEX profiles (B) of mAb-1 after 1 day H2O2 stress (red) overlayed 

against the RS (blue). Stress conditions induced the formation of LMWS (peaks 2 and 3) and visible 

discrepancy of charge variants profiles between the two samples (peaks 4-9). At the bottom, the 
protein degradation events that occurred over time after 1, 3 and 7 days of H2O2 treatment, were 

displayed for each time point. An increase in mAb-1 %LMWS over time was revealed by the 1D 

SEC profile (C). The 2D CEX profiles (D) showed the formation of a heterogeneous surface charge 
distribution resulting in loss of CEX profile Rs with merging of the charge variants in a single peak. 

The stressed sample was diluted to 1 mg/mL before analysis and the injection volume was set to 10 

mL. 

Notably, the other stress conditions didnôt influence mAb-1 %HMWS which remained < 

0.5% suggesting that free-radical oxidative stress induced by AAPH was the main cause of 

aggregation during the mAb-1 accelerated forced degradation study. In contrast, the LMWS 

profile varied across all the stress conditions, demonstrating that mAb-1 was more 
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susceptible to fragmentation rather than aggregation. The degradation rate was observed as 

a 0.61% significant increase in LMWS after 7 days incubation at 25 °C without the addition 

of stressors (Appendix B, Figure 10.6 A, Table 10.2). The fragmentation rate induced by 

low and high pH treatments resulted in ~5% (Appendix B, Figure 10.8 A, Table 10.4) and a 

1.4% increase per week (Appendix B, Figure 10.8 C and Table 10.5), respectively. 

Furthermore, the accelerated stability study confirmed the propensity of mAb-1 to fragment 

with an increase of ~5% in LMWS whilst no aggregation events were detected (Appendix 

B, Figure 10.7 A and Table 10.3). The charge variants profile demonstrated that the acidic 

variants significantly increased by 1% as a result of low pH stress, whilst remaining 

consistent during high pH stress and accelerated stability study (Appendix B, Figure 10.8 B, 

Table 10.6, Table 10.7, and Table 10.8). Interestingly the %area of the basic species peak 

decreased significantly as a consequence of low pH (~3%) and high pH (~5%) stress as well 

as during the accelerated stability study (~9%) (Appendix B, Figure 10.7 B, D, Figure 10.7 

B, Table 10.9, Table 10.10, Table 10.11).  

The accelerated forced degradation studies showed that mAb-1 stability was mostly 

compromised by oxidative stress which led to product degradation resulting in alteration of 

both the size and charge variants profile. Low and high pH treatments indicated that the 

molecule was susceptible to fragmentation and the LMWS relative abundance was higher 

after exposure at high pH. Furthermore, a rise of basic species was observed with low pH 

stress, whereas high pH stress increased both acidic and basic species. The accelerated forced 

degradation study confirmed the propensity of the candidate mAb to fragment and indicated 

the formation of chemical modifications shifting the charge variants profile towards the basic 

region. This study proved that the 2D SEC-CEX-UV method can provide information on 

both size and charge variants in a single analysis hence, enhancing the understanding of 

protein degradation pathways. Furthermore, the method required a limited amount of sample 

(1.6 µg as per LOQ) and a relatively short run time (20 min per sample) demonstrating its 

suitability as a HT analytical tool in product development. 

Although demonstrating significant advantages over existing 1D-LC approaches, the current 

2D approach in conjunction with UV analysis did not provide a detailed characterisation of 

the protein charge variants peaks. This limits the amount of information provided by 

conventional analytical workflows used for understanding the protein modifications at the 
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molecular level involving peak fraction-collection and identification by multi-level MS 

analysis such as subunit and peptide mapping. 

Therefore, further work was performed to enable online hyphenation of the 2D SEC-CEX 

chromatography with MS detection. The proposed analytical strategy was designed to 

facilitate peak identifications and validation of the charge variants without the need for 

offline fractionation and multi-level characterisation. 

4.3.3 Part B: Online hyphenation of heart-cutting SEC-CEX-UV to MS 

detection  

4.3.3.1 Overview 

The direct coupling of IEX separations to MS has increasingly gained popularity in the 

pharmaceutical industry as a powerful tool to support biopharmaceutical development 

(Füssl, Cook et al., 2018; Trappe et al., 2018; Polderdijk et al., 2019; Füssl et al., 2019; 

Bailey et al., 2018; Haberger et al., 2021; Goyon et al., 2020). Native analysis by IEX-MS 

has been of particular focus in recent years providing a powerful tool for the analysis of 

proteins charge variants under physiological conditions and monitoring of multiple quality 

attributes such as glycosylation, C-terminal Lys clipping and oxidation at the intact level 

(Füssl et al., 2021; Carillo, Füssl, et al. 2021; Füssl et al. 2020; Kallamvalliillam et al., 2018; 

Füssl, Cook, Sche, et al. 2018).  

The objective of the study presented herein was the coupling of 2D SEC-CEX separation to 

MS detection for simultaneously monitoring multiple quality attributes at the intact level in 

one single method. The 2D was coupled to a high-resolution quadrupole-orbitrap (Q-

Orbitrap) mass spectrometer capable of achieving accurate and high-definition 

characterisation of mAbs PTMs. A CEX pH gradient was used to enable the online 

hyphenation to MS for the assignment of the peak identity. The method was intended to give 

comparable separation profiles to those obtained with the non-MS compatible mobile phases 

so that it could serve as a reference for the assignment of the peaks identity. The following 

sections describe all the steps involved in the development and application of the method to 

case study samples. 
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4.3.3.2 Investigation of Suitable Mobile Phase Composition for 1D SEC 

The development of the 1D SEC focused on the selection of an MS-compatible mobile phase 

composition fit for coupling CEX in the 2D. As previously described (see Section 4.3.1), the 

1D buffers can affect the 2D separation impeding the online hyphenation of the two modes 

of chromatography. It is worth considering that although the 2D can function as a desalting 

step prior to MS detection (Jaag, Shirokikh, and Lämmerhofer, 2021), non-volatile salts from 

the 1D can affect MS performance by reducing method sensitivity and instrument lifetime. 

Since the present method was designed to be applied for routine testing in HT settings, both 

MS sensitivity and instrument lifetime were important parameters to consider. Notably, the 

improvement of method sensitivity reduces the sample amount required per experiment and, 

together with extended instrument lifetime, contributes to reduced expenses and time to 

support analytical testing. Therefore, volatile mobile phase additives were chosen for the 

optimisation of both chromatography dimensions. A recent study showed the dependence of 

nature, ionic strength, and pH of SEC eluents on protein-stationary phase interactions, and 

demonstrated that the use of ammonium acetate at concentrations above 100 mM effectively 

limited protein retention without inducing denaturation (Ventouri et al., 2020). Although the 

control of mobile phase ionic strength is difficult to achieve, the effect of the salt 

concentration and pH on the separation efficiency can be measured. For the purpose of this 

experiment, ammonium acetate was tested at 100 mM and 200 mM mobile phase 

concentration and two pH extremes, 5 and 6.8. A sample of mAb-1 was stressed at 70 °C for 

30 min to induce < 10% HMWS impurities (Chapter 2, Section 2.1.5) and analysed by SEC 

using the mobile phase conditions under investigation. For the purpose of this experiment, a 

content of HMWS < 10% was considered sufficient to evaluate the effect of the mobile phase 

ionic strength on the SEC separation. 
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Figure 4.9 Effect of buffer ionic strength and pH on the 1D SEC separation. 

Comparison of the effect of SEC mobile phase ionic strength and pH on the size profiling of a heat-

stressed mAb-1 sample. The SEC profiles displayed correspond to a mobile phase composed of 100 
mM ammonium acetate, pH 5.0 (A) and pH 6.8 (B) and 200 mM ammonium acetate, pH 5.0 (C) and 

6.8 (D). The 1.8-3.1 min time window corresponding to the HMWS and main product peaks elution 

times was zoomed and displayed at the top-right of each panel. The stressed sample was diluted to 1 

mg/mL before analysis and the injection volume was 10 mL. 

The use of 100 mM ammonium acetate mobile phases (Figure 4.9 A and B) was insufficient 

to achieve suitable size separation. Moreover, the extensive peak tailing (Sym. 0.6 in A and 

0.5 in B) was a sign of protein-stationary phase interactions. As previously shown by 

Ventouri, this experiment demonstrated that ammonium acetate ionic strengths above 100 

mM help preventing protein secondary interactions and ultimately enable size separation. In 

agreement with Ventouriôs findings, 200 mM ammonium acetate improved the size 

separation. Furthermore, the use of 200 mM ammonium acetate at pH 5.0 and 6.8 gave 

different %HMWS (2% and 5%, respectively), which may suggest pH dependency on the 

separation, indicating that pH effects were more important when working at low 

concentrations (Figure 4.9, C and D). In this analysis, pH 5.0 may be too far from the protein 

pI, resulting in increased protein-stationary phase ion-exchange interactions, and 

underestimating the %HMWS (Golovchenko et al., 1992; Fekete et al., 2014). Another 

explanation of this phenomenon may lead to speculate on different protein conformation in 
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solution altering the hydrodynamic radii of the protein molecules and ultimately resulting in 

different size variant profiles observed by SEC.  

For MS compatibility, the 1D SEC mobile phase was composed of 200 mM ammonium 

acetate; the buffer pH was chosen as 6.0 in compliance with the AstraZeneca platform 

formulation buffers optimised for mAbs. The separation followed the same instrument 

settings as previously described with heart-cutting sampling and transfer of the mAb-1 main 

product peak to the 2D (Figure 4.4). 

4.3.3.3 2D CEX Coupling with heart-cutting 2D-LC 

Recent studies reported the successful coupling of SCX stationary phases and low ionic 

strength pH gradients to HR-MS for the analysis of mAbs charge variants (Füssl et al., 2018; 

Yan et al., 2018). Common practises for online IEX-MS hyphenation adopt pH-gradient 

based separations to overcome the use of salty buffers which would impede the MS 

detection. A generic IEX pH gradient is created by varying the pH of the eluent as a function 

of time at constant ionic strength. Aiming to minimise the variations that may arise from 

buffer preparation procedures, commercially available columns and buffers were selected 

for this application. Namely, the Waters IEX-MS platform BioResolve SCX mAb 2.1 x 50 

mm column and the IonHance CX-MS buffer system (A and B buffers), assumed to provide 

a linear pH response from pH 5.0 to 8.5 (Table 4.5). 
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Figure 4.10 2D CEX gradient slope optimisation. 

Cation-exchange chromatograms of the mAb-1 main product fraction transferred to the 2D by heart-
cutting 2D-LC. The x-axis represents the gradient time and the y-axis displays the %B (IonHance 

CX-MS B) utilised for optimising the gradient slope and achieving a desirable charge variants 

separation. The initial sample corresponded to a 10 mL injection of heat-stressed mAb-1 diluted with 

water at a concentration of 1 mg/mL prior to analysis. 

Heart-cutting 2D-LC was used for the online collection of the mAb main product peak and 

subsequent transfer to the 2D. The heart-cutting time and sampling time were kept as 

described in Section 4.3.1 since no significant retention time shift or peak broadening was 

observed in comparison to the non-MS compatible SEC method (Figure 4.12). The gradient 

slope was optimised for mAb-1 by varying the %B at the start (t0) whilst maintaining the 

gradient time constant. The %B at t0 was increased from 2% to 60% until acceptable charge 

variants separation was achieved and no breakthrough was observed. As shown in Figure 

4.10, steep gradients with %B starting between 2-30% and ramping to 100% B in 14 min 

were not suitable, since the mAb-1 peaks were eluting during the wash and equilibration 

time window (17.5-22.5 min). Improved separation efficiency was accomplished with a 

shallow gradient starting from 60% B. The complete list of method parameters is 

summarised in Table 4.5. 
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4.3.3.4 Online Hyphenation to HR-MS 

In this research, a Q-Orbitrap MS was selected for achieving high-resolution characterisation 

of the mAb charge variants at the intact level. The capillary temperature, AGC target, Rs, 

and micro-scans were chosen according to data obtained from previous studies and kept 

consistent throughout method development (details were reported in Figure 4.11). To 

evaluate the optimal instrument setting for native analysis, the in-source CID was tested at 

50 eV increments over a range of 100-200 eV. A sample of mAb-1 was injected in triplicate 

for each in-source CID setting (100 eV, 150 eV, and 200 eV) and the data were compared 

as reported in (Figure 4.11).  
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Figure 4.11 Intact mAb -1 Analysis under denaturing and native conditions with 

increasing in-source CID setting. 

The spectra were ordered starting with the lowest CID at the top. The TIC profiles were reported on 
the left (A, C, E). The source spectra of the main peak eluting at 11.17 min were displayed on the 

right (B, D, F). Intact mass analysis of mAb-1 was accomplished under denaturing (B) and native 

conditions (D and F) by modifying the in-source CID from 100 eV to 200 eV. The TIC main peak 
eluting at 11.17 min (A) was taken as a reference point and compared with the mAb-1 native-like 

traces (B and C). The base peak of the denaturing spectrum was 6.7 x 106 in contrast with the base 

peak of the native spectra, which were 8.6 x 106 and 9.5 x 103, respectively.  
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The degree of multiple charging in the ESI spectra can reflect the physical conformation of 

the protein in the solution. Indeed, compared to their denatured counterparts, the globular 

nature of folded proteins offers less solvent accessible residues, resulting in smaller 

collisional cross-sections and referred to as a native-like state. The ESI-MS spectrum of 

mAb-1 acquired with 100 eV in-source CID (Figure 4.11 A) exhibited the profile of a 

partially denatured version of the molecule in the gas phase. By looking at the source spectra 

displayed in Figure 4.11 A, different charge state distributions could be observed. The 

narrowly spaced charge envelop distribution at the left showed high protein charge states 

from 54+ to 42+ with an apex intensity at 45+ which may correspond to the fully denatured 

ESI-MS spectra of mAb-1. The charge envelope with an apex at 36+ may indicate partially 

denatured ESI-MS spectra whilst, at the far right, the low-intensity narrow charge envelope 

with an apex at 24+ showed a native-like charge distribution. Similarly to the latter, the mAb 

spectra acquired with 150 and 200 eV in-source CID (Figure 4.11 B, C), displayed the 

signature profile of a native molecule in the gas phase. The widely spaced charge envelope 

distribution with lower charge states from 28+ to 22+, and apex intensity at 23+, indicated 

that mAb-1 maintained its physiological conformation. The nearly 3-fold discrepancy in the 

number of charge states of mAb-1 denatured and native spectra denoted a substantial 

difference in the structure of the ions. These results were consistent with the previous 

analysis of mAbs under native conditions (Scheffler et al., 2016).  

Nonetheless, the fewer charge states associated with mAb-1 native-like ESI-MS analysis 

affected the method sensitivity. A significant drop in signal intensity was observed at 150 

and 200 eV compared to 100 eV (Figure 4.11). Data from this experiment are evidence of 

the dependency of the rate of ion decay within a Q-Orbitrap analyser on the protein 

collisional cross-section. Ion dephasing, fragmentation during injection and metastable 

decay during detection are all possible reasons for the drop in signal during native MS 

acquisition. Considering the sensitivity constraints of the native analysis and the final 

application of the present method, the subsequent experiments were carried out under 

denaturing conditions. The final 2D SEC-CEX-UV-MS details were reported in Table 4.5. 

.  
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Table 4.5 2D-LC SEC-CEX-UV-MS final method conditions. 

Method 2D SEC-CEX-UV-MS 

2D Mode heart-cutting 
1D Column Agilent AdvanceBio SEC 200A 1.9um, 4.6 x 150mm 
2D Column Waters SCX BioResolve column 2.1 x 50 mm, 3 um, np 
1D Mobile phase 200 mM ammonium acetate, pH 6.0 
2D Mobile phase  A: IonHance CX-MS A; B: IonHance CX-MS B 
1D  Temperature 25 °C 
2D Temperature 25 °C 
1D Flow rate 0.5 mL/min 
2D Flow rate 0.2 mL/min 
1D Detector MWD 280 nm, 210 nm 
2D Detector DAD 280 nm, 210 nm 

Injection volume 20 uL 

HR-MS Quadrupole-orbitrap mass spectrometer  

Ionisation ESI 

In-source CID 100 eV 

Capillary temperature 250 °C 

Micro-scans 10 

Resolution 15,000 

AGC target 3e6 

Scan range 2000-8000 m/z 

Processing parameters  

Source Spectra Method Average over selected retention time 

m/z Range 3,000.0000-6,500.0000 

Chromatogram Trace Type TIC 

Deconvolution Algorithm ReSpect 

Output Mass Range 10,000-200,000 

Charge State Range 10-100 

Minimum Adjacent Charges 6-10 

Target Mass 142,000.0000 
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4.3.4 SEC-CEX-UV-MS Characterisation of mAb-1 Structural Modifications 

Resulting from Accelerated Forced Degradation and Stability Study  

The following section illustrates the application of the 2D SEC-CEX-UV-MS for supporting 

mAb-1 accelerated forced degradation and stability study. Further considerations on the use 

of the 2D SEC-CEX approach with and without MS hyphenation were addressed. The set of 

samples deriving from mAb-1 accelerated forced degradation and stability study was 

analysed by 2D SEC-CEX-UV-MS. Data from UV detection are reported in Table 4.6. 

Table 4.6 2D SEC-CEX-UV-MS PQ analysis of mAb-1 at the start and endpoint of the 

accelerated forced degradation and stability study. 

Treatment % 

HMWS 

% 

LMWS  

% 

Main 

product 

%Acid ic 

species 

%Basic 

species 

%Main 

species 

RS 0.43 1.82 97.8 3.29 31.6 65.2 

Control (7 days at 25 °C) 0.38 1.76 97.9 3.09 30.7 66.3 

Low pH 

(7 days at 25 °C) 

0.5 2.11 97.4 3.53 27.5 69 

High pH 
(7 days at 25 °C) 

0.41 1.8 97.8 2.87 24.7 72 

H2O2 stress 

(7 days at 25 °C) 

1.49 19.49 79.02 100 0 0 

AAPH stress 
(7 days at 25 °C) 

23.3 3.49 73.2 100 0 0 

Accelerated stability 

(30 days at 37 °C) 

0.39 2.1 97.5 3.92 19.5 76.6 

The UV profiles of both size and charge variants were comparable to the ones obtained with 

the salt-based SEC-CEX separation as reported in Section 4.3.2. Online fractionation by 

heart-cutting 2D-LC resulted in the injection of the main product peak from the 1D to the 2D 

for CEX separation. Mass spectra deconvolution revealed that the charge variants peaks 

arising from the mAb-1 RS analysis were mainly due to glycosylation heterogeneity and 

conformational changes resulting from different oxidation species (Figure 4.12). All the 

glycoforms and oxidated species observed in the RS were confirmed in the samples handled 

in low and high pH as well as after the stability stress. Reduced peptide mapping (RPM) 

analysis performed in AstraZeneca by Dr Lydia Dewis demonstrated a small (<5%) increase 

in deamidation and succinimide formation as a result of low and high pH treatment. 

However, the Rs of the 2D SEC-CEX-MS method was insufficient to detect such 
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modifications. The moderate variation of the charge variants profile may indicate an initial 

protein unfolding which may have altered the mAb-stationary phase interactions. More 

interestingly, chemical oxidation induced major changes in the charge variants profile 

resulting in a gradual loss of the surface charge distribution over time (Figure 4.13, Figure 

4.14). Over the time points, the entire CEX profiles of the oxidised mAb shifted towards the 

lower retention time region. This was consistent with previous observations demonstrating 

that oxidised species may result in earlier eluting peaks (Sokolowska et al., 2017; Yang et 

al., 2017; Shi et al., 2020). Mass spectra deconvolution provided the intact molecular weights 

of the separated charge variants and revealed the presence of heterogeneous oxidised species 

as a result of AAPH and H2O2 stress. Oxidation of Trp and Met by AAPH and H2O2 are 

known to induce higher-order structural (HOS) changes which can, in turn, affect the CEX 

profile of the molecule (Barnett et al., 2019). It is worth considering the susceptibility of 

mAb-1 to fragment and how chemical oxidation promoted fragmentation mechanisms. 

Notably, the mass spectra of H2O2 stressed samples were characterised by the presence of 

two ion distributions areas, falling within the 1000-3500 m/z and the 4000-6500 m/z ranges 

(Figure 4.13). Deconvoluted mass spectra revealed that the ion distributions corresponded 

to fragments with masses of 23238 Da and 124442 Da, corresponding to the Fab portion of 

the mAb and its complementary heavily oxidated fragment, respectively. The 23238 Da 

mass corresponded to the fragment extending from Cys230 and the Gln13 of the heart-cutting 

bearing 2 oxidation sites (presumably Met34 and Met83). This may be the result of the H2O2-

mediated radical cleavage of the first interchain disulphide bond in the hinge region with 

subsequent formation of sulfenic acid (Cys230-SOH) on one Cys and a thiyl radical on the 

other (Cys231 -SĘ) along with the breakage of the peptide bond between Val12 and Gln13 and 

loss of an H2O molecule on one side of the fragment (Val12). The mAb hinge cleavage 

mediated by hydroxyl radical reaction mechanism was previously described (Yan et al., 

2009). Interestingly, the Fab ion distribution was seen from the start to the end of the mAb 

TIC trace suggesting that the fragment may have slow interaction kinetics with the CEX 

stationary phase. The complementary heavily oxidated fragment of 124442 Da eluted at 10.8 

min. Highly heterogeneous intact molecules were observed eluting at 11.5 min with mass in 

the range 147583 ï 147749 corresponding to species bearing multiple oxidation sites (Figure 

4.13). 
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Figure 4.12 mAb-1 RS charge variants peak identification by 2D SEC-CEX-UV-MS. 

A) 2D CEX UV profile of mAb-1 RS charge variants; B) TIC of mAb-1 RS charge variants separated 

by 2D CEX. The charge variants peaks are colour coded depending on their different retention time: 
9.8 min (red), 11.2 min (blue), 12.9 min (green), 14.3 min (pink), 15.7 min (gold); C) deconvoluted 

mass spectra with peak assignment of all the TIC charge variants peaks matched by colour: 9.8 min 

peak (red) corresponds to G0F+G1FS1; 11.2 min (blue) corresponds to G0F+G1-GN, G0F+G0, 

G0F+G0F G0F+01F, G1F+G1F; 12.9 min (green), corresponds to G0F+G1F-GN+2Ox, 
G0+G0F+1Ox, G0F+G0F+1Ox, G0F+G1F+1Ox; 14.3 min (pink) corresponds to G0F+G0F+2Ox; 

15.7 min (gold) corresponds to Man5+G2S1, Man6+G1FS1. 

 

Figure 4.13 H2O2-stressed mAb-1 charge variants peak identification by 2D SEC-CEX-

UV-MS. 

A) 2D CEX UV profile of mAb-1 charge variants after 1-day stress by H2O2; B) 2D CEX separated 
charge variants BPC of H2O2-stressed mAb-1. The charge variants peaks colour coded depending on 

their retention times: 10.3 min (red), 10.9 min (blue), 11.5 min (green); C) deconvoluted mass spectra 

with the assignment of all the TIC charge variants peaks matched by colour: 10.3 min (red) 
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corresponded to the Fab fragment; 10.9 min (blue) corresponded to G0F+G0F-Fab+5Ox; 11.5 min 

(green) corresponded to G0F+G0F+6Ox and G0F+G1F+7Ox; D) colour-coded mass spectra. 

 
Figure 4.14 AAPH-stressed mAb-1 charge variants peak identification by 2D SEC-

CEX-UV-MS. 

A) 2D CEX UV profile of mAb-1 charge variants after 1-day stress by AAPH; B) 2D CEX separated 
charge variants TIC of AAPH-stressed mAb-1. The charge variants peaks are colour coded 

depending on their retention times: 11.5 min (red), 13.2 min (green); C) deconvoluted mass spectra 

with the assignment of all the TIC charge variants peaks matched by colour: 11.5 min (red) 
corresponded to G0F+G0F+5Ox and G0F+G1F+5Ox; 13.2 min (green) corresponded to 

G0F+G0F+5Ox; D) colour-coded peaks mass spectra. These results demonstrated the susceptibility 

of mAb-1 to chemical oxidation and were consistent with the previous SEC-CEX-UV analysis in 
addressing mAb-1 degradation pathways. Moreover, MS hyphenation enabled the identification of 

the charge variants peaks providing important further insight into mAb-1 glycosylation 

heterogeneity, oxidation, and fragmentation mechanisms that were not possible using SEC CEX UV 

analysis.  

Data from AZ SOP RPM analysis confirmed the oxidation of Met and Trp residues as a 

result of both AAPH and H2O2 treatment. It should be noted that the SEC-CEX-MS method 

was unable to achieve site-specific structural information of charge modification as well as 

identifying the presence of deamidated species that were detected by AZ SOP RPM (data 

not shown). Baseline Rs of all mAb-1 glycoforms was not accomplished by CEX meaning 

that the UV detection was not exhaustive of the complete glycoprofile. Glycoforms 

assignment was achieved by deconvoluting the mass spectra throughout the entire peak 

profile and all the glycans identified were reported. Intact CEX-MS analysis enabled the 

assignment of all the glycoforms identified by the AZ SOP 2-AB method for glycan analysis 

(performed by Davide Di Girolamo, AstraZeneca, data not shown) but could not 

discriminate between G1F(Ŭ-1,3) and G1F(Ŭ-1-6) species. Nevertheless, the 2D SEC-CEX-
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UV-MS enabled the identification of mAb hinge cleavage mediated by hydroxyl radical 

reaction which couldnôt be accomplished by the AZ SOP RPM analysis. Orthogonal 

analytical tools to confirm the H2O2-mediated fragmentation mechanism could be non-

reduced peptide mapping (NRPM) as well as reduced intact mass analysis by RP-LC-MS. 

The 2D SEC-CEX-UV-MS method presented here can complement the current 

methodologies for intact mass analysis and provides the advantage of monitoring multiple-

quality attributes in one single method with minimal resources required. The level of 

information given by the 2D SEC-CEX-UV-MS method for the analysis of mAb-1 

accelerated forced degradation and stability study provided further insights for its application 

and confirmed the suitability in HT analytical workflows. 
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4.4  Conclusions  

Molecular size and charge variants analysis are an integral part of the quality control 

strategies of therapeutic antibodies. SEC and CEX are the industry-standard methodologies 

for the qualitative and quantitative analysis of protein aggregates and charge variants, 

respectively and are compliant with regulatory guidelines (Kristina et al., 2016; Ph. Eur. 

10.0, 2020; ICH Q6B, 1999). Traditional analytical workflows using 1D-LC approaches and 

orthogonal MS characterisation are often time-consuming and require a considerable amount 

of sample material. Due to their low throughput and complexity of operations, their 

implementation in early-stage product development is limited. This chapter demonstrates the 

development of a fully automated approach integrating size and charge variants 

characterisation in one single method by 2D-LC. The procedure involved the use of SEC in 

the 1D to separate and quantify mAb HMWS impurities; the main product peak was then 

fraction-transferred with a heart-cutting schedule to the 2D for charge variants profiling by 

CEX. The charge variants analysis was therefore respective to the main product peak only 

and allowed to isolate the structural changes relative to the main product separately from the 

size variants. Since the HMWS and LMWS impurities are normally purified from the from 

the main product, using a heart-cutting for transferring the peak to the 2D allows to 

selectively characterise the charge variants of the main product. 

Method development focused on the establishment of SEC-CEX separations for a mAb 

candidate using UV detection only as well as online MS hyphenation. The former involved 

the use of non-volatile mobile phases in both dimensions with CEX separation achieved by 

a salt-based gradient. The latter used volatile mobile phases in both dimensions with CEX 

separation achieved using a pH-gradient for coupling the 2D CEX online with MS. 

Accelerated forced degradation and stability study of a mAb sample was performed to 

demonstrate the suitability of the methods for their intended application. The salt-based 

SEC-CEX-UV analysis enabled the quantitation of the size and charge variants with a 

suitable throughput. Method validation demonstrated that quantitation of the HMWS could 

be achieved by injecting as little as ~10 mg of sample (9.6 mg LOQ) and the total analysis 

time was 20 min per sample. An automated data processing workflow was created to 

accelerate the processing of a large number of samples and involved the integration of 

OpenLab Intelligent Reporting on ChemStation with a Python script. In this proof-of-

concept study, the 2D online hyphenation of SEC to CEX was successfully applied to study 



 

 

163 

 

a mAb degradation pathway. Size variants were analysed by SEC in the 1D, and the main 

product peak was fraction-transferred to the 2D with an heart-cutting schedule for charge 

variants analysis by CEX. The CEX salt-based linear-gradient coupled to UV detection 

served for the profiling of charge variants and provided a fast and sensitive method suitable 

for HT analysis of a large number of samples with minimal sample requirement. The overall 

analysis time (without considering blanks and system suitability) was 8 hours with a column 

loading of 10 mg per injection. Here, it is important to mention that the SEC-CEX-UV 

method integrated with automated data processing script can provide data for ~70 samples 

in 24 h. Besides the increase in throughput against the standard 1D-LC approaches, the 2D 

SEC-CEX-UV method doesnôt come without limitations. Firstly, the absolute quantitation 

of HMWS impurities by SEC was compromised due to solvent incompatibility between the 

two dimensions. Data showed that lowering the 1D SEC ionic strength, which was necessary 

to ensure compatibility with the CEX, resulted in a 4% agreement of the HMWS quantitation 

against the benchmark SEC method used in AstraZeneca. Solvent incompatibility between 

the two dimensions may be overcome by the use of an ASM valve or by SPAM. Despite a 

4% underestimation of HMWS quantitation may compromise the application of the method 

for late-stage development and manufacturing QC testing, its use in early-stage development 

is fit-for-purpose. Particularly, the present method is suited to be applied as a ranking tool 

during clone selection and process optimisation. 

Charge variants peak characterisation couldnôt be achieved without downstream analysis 

using MS. For this reason, an SEC-CEX separation using volatile buffers was developed for 

the online coupling to MS detection. MS analysis confirmed that mAb charge variants were 

due to glycoforms and oxidated species. Moreover, the susceptibility of the mAb to H2O2-

mediated fragmentation via a hydroxyl radical reaction mechanism was identified. The UV 

traces obtained with the MS-compatible method were comparable to the salt-based SEC-

CEX-UV method and the run time was 22 min. However, the Rs of intact MS analysis was 

not enough to detect deamidation with appropriate mass accuracy. Peptide-mapping analysis 

was performed to confirm mAb-1 quality attributes. Nevertheless, MS hyphenation 

enhanced the PQ information gathered in one analysis, enabled charge variants peak 

characterisation at the intact level and provided a deeper understanding of mAb-1 PQAs and 

degradation pathways under stress conditions. 

Despite the advantages of MS hyphenation, this resulted in a decrease in sensitivity and 

throughput. To attain adequate MS signal a larger amount of sample (20 mg) was necessary. 
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Furthermore, besides the similar analysis time, MS data analysis was lengthy and manual 

processing was required. Therefore, the implementation of the SEC-CEX-MS method to HT 

workflows may be hampered by the overall reduction in throughput as well as the need for 

sophisticated equipment and expert scientists.  

This study presented the hyphenation of SEC and CEX by 2D-LC to combine size and charge 

variants analysis in one single method maximising the PQ information obtained with 

minimal resources. Data demonstrated the benefit of the novel approach in providing fully 

automated instrument operations and data processing with little sample and time 

requirements for the analysis, in line with the HTPD framework. Online hyphenation to MS 

detection provided accurate characterisation of mAbs quality attributes at the molecular 

level.  
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Chapter 5 

 Targeted mass spectrometry for 

aggregates assessment in a MAM 

workflow 

5.1 Abstract  

Bispecific antibodies are a promising growing class of biopharmaceuticals and have proven 

advantageous for the treatment of cancer. However, the complex structure and propensity to 

aggregate have hindered their entrance to the market. Consequently, more efficient analytical 

characterisation is necessary to drive product development and meet regulatory approval. 

Targeted mass spectrometry (MS) approaches such as multiple reaction monitoring (MRM) 

can be used to develop multi-attribute methods (MAM)  that enable the quantitative analysis 

of multiple quality attributes of a drug candidate during development. The MAM 

methodology has emerged as a powerful tool in high-throughput process development 

(HTPD) activities where gathering a large amount of product and process information in a 

time and cost-efficient fashion is key to speed the entrance of new drugs to market. 

Nevertheless, the current MAM methods are generally based on the proteolytic cleavage of 

reduced and denatured peptides thus, fail to provide information on protein aggregation. 

Moreover, these methods combine high-resolution mass spectrometers with sophisticated 

data analysis software, hampering the overall analysis throughput. This study demonstrates 

the development of an MRM-based method to analyse aggregation of a bispecific antibody 

candidate (BsAb-1) by the assessment of cysteine (Cys) modified peptides. The MRM 

methodology is used to specifically target peptides involved in BsAb-1 aggregates formation 

and monitoring other PQAs such as C-terminal lysine (Lys) clipping, glycosylation, and 

deamidation. This proof-of-concept experiment proposes the use of a MRM-based MAM 

approach to comprehensively support quality analysis of a BsAbs candidate during the 

product development life cycle.   
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5.2 Introduction  

Bispecific antibodies (BsAbs) have emerged as promising medicines in oncology thanks to 

their dual-target specificity (Brinkmann and Kontermann, 2021; Weidanz, 2021; Reichert, 

2019; Krishnamurthy and Jimeno, 2018). Advancements in protein engineering and antibody 

biology led to the development of over 100 BsAb formats (Reichert, 2019). However, their 

complex structural architecture presents challenges in product development and has hindered 

their entrance to market (Suurs et al., 2019; Krishnamurthy and Jimeno, 2018; Nagorsen et 

al., 2012). One of the main challenges of BsAbs development is manufacturing a product 

with a consistent purity profile. Disulphide bonds play a critical role in this process; indeed, 

cysteine (Cys) bridges are often inserted as flexible linkers to connect the two antigen-

binding sites (e.g. Blincyto) (Nagorsen et al., 2012) as well as for maintaining the 

biochemical stability of the molecule (Cao et al., 2018). In this regard, the structure of BsAbs 

that present an appended single-chain variable fragment (scFv) functioning as a second 

binding site is often stabilised by engineered disulphide bonds (Yu et al. 2021; Schmiedl, 

Breitling, and Du, 2000). Although introduced to improve the stability and binding of the 

molecule, these protein engineering strategies may lead to undesirable consequences such as 

low expression titres and expression inconsistency (Cao et al., 2018; Ding et al., 2021). 

The subject of this study was a symmetric IgG-like BsAb with an appended scFv tethered 

within the CH3 domain (BsAb-1). As shown in Figure 5.1, an additional engineered 

disulphide bond was introduced between the light chain variable (VL) and heavy chain 

variable (VH) domains of the scFv to improve its biochemical stability. However, thorough 

characterisation studies previously performed in AstraZeneca demonstrated that the 

formation of the high-molecular-weight species (HMWS) impurities was linked to unfolding 

mechanisms causing the scFv engineered disulphide bond to remain opened (Cao et al., 

2018). Precisely, BsAb-1 size variants characterisation by intact, subunit mass analysis and 

non-reduced peptide mapping demonstrated that the scFv engineered disulphide bond was 

opened in the monomer variant and both Cys residues (Cys442 and Cys640) were capped. 

The capping occurred by either cysteinylation (+119 Da) or glutathionylation (+305 Da) 

preventing the correct formation of the scFv engineered disulphide bond. This led to the 

formation of a mixture of molecular masses with +119 Da for cysteinylation or +305 Da for 

glutathionylation. Moreover, it was deduced that the opened scFv engineered disulphide 

bond induced the formation of head-to-tail dimers by the intermolecular connection of the 
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Cys442 of one molecule with the Cys640 of another molecule (Cao et al., 2018). The data 

supported the theory of a link between reduced Cys bridges and molecule unfolding 

mechanisms leading to the formation of HMWS impurities. 

 
Figure 5.1 Schematic representation of BsAb-1 molecular structure and disulphide 

bond linkage. 

The IgG-like backbone with the respective endogenous disulphide bonds (Cys371-Cys698, Cys265-

Cys325, Cys 230-Cys230, Cys233-Cys233, Cys214-Cys224, Cys148-Cys204, Cys23-88, and 
Cys22-95) was depicted in grey. The scFv fraction appended within the CH3 domain with the two 

endogenous disulphide bonds (Cys420-Cys494, and Cys562-Cys628) was coloured in pink whilst 

the engineered stabilising bond (Cys442-Cys640) was shown in blue. 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analytical approaches 

provide protein structural information specific to amino acid residues. In this context, the 

MRM technique, performed on triple quadrupole (QqQ) mass spectrometers, is known to be 

LC Cys214-HC Cys224 C
y
s
2

6
5-3

2
5

C
H 2

C
H 2

Cys233-233

Hinge

Cys230-230

C
y
s
3

7
1-6

9
8

C
H 3

VH

VL

C
H 3

C
H 3

C
H 3

Cys420-494

Cys562-628

Cys442-640

VH

VL



 

 

169 

 

highly specific and sensitive due to the targeted monitoring of defined m/z values at the MS1 

and MS2; also it is employed for accurate quantitation of protein and peptides (Mörtstedt et 

al., 2020). Current debates in the regulatory landscape have highlighted compliance of MAM 

in implementing FDA QbD approach and its implementation in a QC environment (U.S. 

FDA 2019; Rogers et al. 2018). Analysis by MAM is capable of identifying and quantitating 

multiple types of modifications in one single analysis, becoming increasingly popular in the 

biopharmaceutical industry as a tool to support the development life cycle of biotherapeutic 

proteins (Rogers et al. 2018). A key advantage of the MAM methodology over profile-based 

chromatography and electrophoretic techniques is the ability to accurately identify residue-

specific modifications. Although conventional MAM uses HRMS instrumentations, a MRM 

approach would generate less complex data in comparison to HRMS allowing for a simpler 

workflow and greater throughput whilst providing sensitive and residue-specific 

information. 

This study aimed to develop an MRM-based MAM approach to target the Cys modified 

peptides resulting from protein expression and aberrant protein folding which may lead to 

protein aggregation (HMWS) in the host cell culture fluid (HCCF). Furthermore, other PQAs 

were also integrated to develop an analytical workflow that could comprehensively support 

the analysis of BsAb-1 during development whilst minimising the need for orthogonal 

analytical testing.  

In practice, BsAb-1 Cys modifications can be identified and quantified by MRM, therefore, 

the key research question of this study was to address whether the MRM methodology could 

be used to quantify the HMWS impurities present in BsAb-1 samples. In addition, further 

characterisation was performed to identify other BsAb-1 PTMs and define which of them 

were important to monitor during development. Subsequently, the data acquired from the 

initial analytical characterisation were used to build the MAM method. The proposed 

targeted approach was intended to be implemented in stages of development when 

substantial analytical information on a specific drug candidate is gathered and the PQAs are 

defined. The final method was aimed to be applied as a HT analytical tool to aid clone 

selection and process optimisation. Sensitivity and runtime were optimised for supporting 

the analysis of 48 samples at a time as per standard ambr® runs. Although this setup required 

a lower throughput than the methods previously presented for 96-DWP screening 

experiments (Chapter 3), it provided greater analytical information on the molecule PQAs 

with the specificity of MS detection. To increase the method throughput, sample preparation 
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was automated on a robotic liquid handler enabling the processing of 48 samples in parallel. 

Likewise, data analysis was leveraged by the use of an automated data processing workflow. 

The automation of the analytical workflow provided a significant increase in the method 

throughput enabling its application as a comprehensive analytical tool for the 

characterisation of BsAb-1 PQAs in HTPD.  
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5.3 Results and Discussions 

5.3.1 Analytical Discovery of BsAb-1 Quality Attributes  

5.3.1.1 EThcD-Assisted Non-reduced Peptide Mapping Analysis of BsAb-1 Fractions Separated 

by SEC 

A substantial percentage of BsAb-1 HMWS impurities ~30% was observed by SEC analysis. 

Enriched fractions of HMWS and main product peaks as well as their purity analysis were 

obtained by SEC and named fractions 1 and 2, respectively (Appendix C, Figure 11.1). Non-

reduced peptide mapping (NRPM) was used to assign the status of the Cys residues within 

each BsAb-1 fraction. To verify the presence of non-native disulphide bonds, sample 

preparation procedures were conducted both under conditions that maintain the native 

arrangement of disulphide bonds as well as inducing scrambling. The samples were divided 

into group A, group B and group C all comprising of fractions 1 and 2 and prepared as shown 

in Table 5.1. Tandem mass spectra were acquired with EThcD fragmentation to cleave the 

interchain disulphide bonds and reveal the modification status of the Cys residues. Retention 

time shifts were observed in the peptide maps of group A samples therefore, all the peaks 

were confirmed by high-resolution MS (HRMS) and fragmentation data. Peptide assignment 

was achieved by comparing the m/z of the observed ions in the MS spectra against all 

theoretical ions of the possible disulphide bonded peptides combinations calculated by in-

silico prediction of the monoisotopic mass of the digested peptides. Peptides containing free 

Cys were searched with a mass addition corresponding to the alkylated species. EThcD-

assisted NRPM analysis of BsAb-1 fractions confirmed the presence of 8 out of the 12 

theoretical disulphide bonds (Figure 5.2; Appendix C, Figure 11.2; Figure 11.3; Figure 11.4; 

Figure 11.5; Figure 11.6; Figure 11.7). To further validate BsAb-1 disulphide bonds, the 

non-reduced peptide map was compared to the corresponding reduced peptide map. No 

unexpected disulphide bond was observed confirming that no scrambling had occurred. The 

MS1 and MS2 spectra of the peptides involved in the engineered stabilising disulphide bond 

were observed in both fractions eluting at 53.52 min and 52.48 min in fractions 1 and 2, 

respectively (Figure 5.2).  
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Table 5.1 Sample groups used for BsAb-1 disulphide bonds mapping. 

Group A Samples were alkylated, denatured and digested. This treatment preserved 

the native arrangement of the disulphide bonds. 

Group B Samples were denatured, alkylated and digested. This treatment induced the 

formation of non-native disulphide bonds. 

Group C The samples were alkylated, denatured, digested, and finally reduced before 

injection. This was done to confirm the presence of the disulphide bonds 

since peptides containing the Cys residues linked by disulphide bonds will 

be present only in Group A (non-reduced peptide map), and absent or low 

abundant in group C (reduced peptide map). 

 

Figure 5.2 EThcD-assisted MS and MS/MS spectra of the scFv tripeptide in BsAb-1 

SEC fractions. 

A) Full MS spectra of the scFv tripeptide observed in the SEC fraction 1 (1) and fraction 2 (2) with 

[M+3H]+3 (1574 m/z), M+4 (1181 m/z), and [M+5H]+5 (945 m/z) species detected in both fractions 
and [M+4H]+4 matching the theoretical m/z value (3); B) Zoom of the isotopic charge distribution of 

[M+4H]+4 matching the theoretical m/z; C, and D) EThcD MS/MS spectra showing the fragments of 

the three peptides constituting the scFv tripeptide of both fractions observed in fraction 1 and 2, 
respectively (1). As a result of EThcD fragmentation, peptide-3 (2), peptide-2 (3), and peptide-(3) 

were detected confirming the presence of the native engineered stabilising disulphide bond in both 

SEC fractions. 

A C

B D

20

40

60

80

100

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u

n
d

a
n

c
e 20

40

60

80

100

20

40

60

80

100

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u

n
d

a
n

c
e 20

40

60

80

100

1

2

3

1

2

3

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

m/z

0

0

0

1181.8065

1575.7382
945.8460

430.9147 623.4262

1182.0555

1575.4044

945.6465

430.9146 623.4262

1181.8024

NL:1.06E6

Fraction 2_ni#9408-
9429  RT: 52.42-52.51  

AV: 4 F: FTMS + p ESI 

Full ms

[197.0777-2500.0000] 

NL:1.69E6

BsA-1 Fraction 1_NI#967

2-9696  RT: 53.48-53.57  

AV: 4 F: FTMS + p ESI 
Full ms

[197.0777-2500.0000] 

NL: 1.49E5

C213 H313N51O63S4+H

pa Chrg4

NL:1.06E6

Fraction 2_ni#9408-
9429  RT: 52.42-52.51  

AV: 4 F: FTMS + p ESI 

Full ms

[197.0777-2500.0000] 

NL:1.69E6

BsA-1 Fraction 1_NI#967

2-9696  RT: 53.48-53.57  

AV: 4 F: FTMS + p ESI 
Full ms

[197.0777-2500.0000] 

NL: 1.49E5

C213 H313N51O63S4+H

pa Chrg4

1180.0
0

0

0

1181.8065
1182.0557

1182.3046
1181.5572

1182.5542

1182.80451181.3068
1183.0551

1183.3054

1182.0555
1181.8081

1182.3027
1181.5599

1182.5515

1182.80091181.3096

1183.0515
1183.3029

1180.5 1181.0 1181.5 1182.0 1182.5 1183.0 1183.5 1184.0 1184.5 1185.0

m/z

1181.8024

1181.5516
1182.0533

1182.3041
1181.3008

1182.5549

1182.8031

Peptide-1:

C442[X]8

Peptide-2:

[X]4C562X

Peptide-3

[X]10C628[X]11C640[X]3

1

2

3

4

200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

0

20

40

60

80

100
0

20

40

60

80

100
0

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u

n
d

a
n

c
e 0

20

40

60

80

100 1075.5588

650.3279
1041.5712 1826.3197

1501.6620
478.2453 1217.8851901.4277

1501.1663

649.3212

1074.5527

NL:1.03E5

Fraction 1_NI#9684  

RT: 53.52  AV: 1 T: FTMS + p 
ESI d sa Full ms2 

945.6462@etd80.00 
945.6462@hcd37.00 
[156.0000-2000.0000] 

NL: 6.83E5

C25 H47N9O9S1+H

pa Chrg1

NL: 2.41E5

C139 H192N30O41S2+H

pa Chrg2

NL: 5.15E5

C49 H78N12O13S1+H

pa Chrg1

1

2

3

4

Peptide-3:

[X]10C628[X]11C640[X]3

Peptide-2:
[X]4C562X

Peptide-1:

C442[X]8

200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

0

20

40

60

80

100
0

20

40

60

80

100
0

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u

n
d

a
n

c
e

0

20

40

60

80

100 1075.5564

650.3273

1825.81301041.5696

1570.71811217.8840901.4294478.2425

1501.1663

649.3212

655.3279
1074.5527

NL:1.03E5

Fraction 2_NI#9684  

RT: 53.52  AV: 1 T: FTMS + p 
ESI d sa Full ms2 

945.6462@etd80.00 
945.6462@hcd37.00 
[156.0000-2000.0000] 

NL: 6.83E5

C25 H47N9O9S1+H

pa Chrg1

NL: 2.41E5

C139 H192N30O41S2+H

pa Chrg2

NL: 5.15E5

C49 H78N12O13S1+H

pa Chrg1



 

 

173 

 

Due to the specificity of the trypsin cleavage at Lys and Arg residues, the engineered 

stabilising disulphide bond was seen as part of a tripeptide species comprising of peptide-1, 

peptide-2 and peptide-3, and referred to as scFv tripeptide in this manuscript. Particularly, 

the native organisation of the scFv tripeptide disulphide bonds comprised Cys442 in peptide-

1 binding to Cys640 in peptide-3; the latter peptide also contained Cys628 linked to Cys526 

in peptide-2 (Figure 5.3).  

To look for Cys modifications in the scFv tripeptide, the MS2 extracted ion chromatograms 

(XIC) of the peptides fragments were searched to identify all the species containing the 

fragments bearing Cys442, Cys526, Cys628 and Cys640. Interestingly, the MS2 XIC of the 

peptide-3 [M+2H]2+fragment (1501.67 m/z) showed the presence of peaks eluting at 48.4 

min and 48.75 min (Figure 5.4, A) corresponding to glutathionylation and cysteinylation of 

Cys640, respectively (Figure 5.5). Likewise, the XIC of peptide-1 [M+1H]1+ (1705.56 m/z) 

peaks eluting at 34.82 min and 35.05 min (Figure 5.4, B) were confirmed at the MS2 level 

as cysteinylation and glutathionylation of Cys442, respectively (Figure 5.6). The observed 

masses of both parent ions and in-source fragments matched their respective theoretical 

values, confirming peak identification. Such modifications were not found in fraction 2. 

Moreover, no modifications of peptide-3 were observed. The data were consistent with the 

observations previously presented by Cao suggesting that the incorrect folding of the protein 

exposed the Cys442 and Cys640 residues to react with the Cys and GSH present in the media 

or with the respective Cys442/Cys640 from another molecule to form head-to-tail dimers 

(Cao et al., 2018). These observations led to the hypothesis of a correlation between the 

modifications occurring on Cys442 and Cys640 with the amount of HMWS forming in 

BsAb-1 samples. The following section of this chapter will investigate the development and 

application of an MRM for targeting Cys442/Cys640 modifications and correlate their 

relative quantification to the %HMWS present in BsAb-1 samples. 
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Figure 5.3 Schematic representation of the scFv tripeptide disulphide bonds and site-

specific modifications. 

A) Unmodified scFv tripeptide comprising of peptide-1 (grey) bearing Cys442 linked to Cys640 of 

peptide-3 (blue) and constituting the engineered stabilising disulphide bond; peptide-2 bearing 

Cys562 linked to Cys628 on peptide-3. B and C) Site-specific cysteinylation and glutathionylation 
on Cys442 and Cys640, respectively, leading to the formation of peptide-1 and the dipeptide 

composed of peptide-2 and 3.  

 
Figure 5.4 XIC of peptide-3 [M+2H] 2+ (1501 m/z) and peptide-1 [M+1H] 1+ (1075 m/z). 

A) XIC of peptide-3 [M+2H]2+ (1501 m/z) eluting at 48.75 min and B) XIC of peptide-1 [M+1H]1+ 

(1075 m/z) eluting at 34.82 min both observed in fraction 1 (top) but not in fraction 2 (bottom). 
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Figure 5.5 EThcD MS/MS spectra of glutathionylation on Cys640 observed in fraction 

1. 

The MS2 of 989.9372 m/z precursor ion fragmented by EThcD showed the presence of 1970 m/z, 
and 1655 m/z corresponding to glutathionylation of Cys640 with the disulphide bond Cys628-

Cys526 in the intact and reduced status, respectively. Other fragments identified were 650 m/z, 1501 

m/z, and 1826 m/z corresponding to reduced peptide-2, reduced peptide-3 and peptide-2 and 3 linked 

via Cys526-Cys628 disulphide bond with reduced Cys640, respectively. 

 
Figure 5.6 EThcD MS/MS spectra of cysteinylation on Cys640 observed in fraction 1. 

The MS2 of 943.4213 m/z precursor ion fragmented by EThcD displaying the presence of 1886 m/z, 
and 1562 m/z corresponding to cysteinylation of Cys640 with the Cys628-Cys526 disulphide bond 

in the intact and reduced status, respectively. Other fragments identified were 650 m/z, 1501 m /z, 

and 1826 m/z corresponding to reduced peptide-2, reduced peptide-3 and peptide-2 and 3 linked via 

Cys526-Cys628 disulphide bond with reduced Cys640, respectively. 
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Figure 5.7 EThcD MS/MS spectra of glutathionylation on Cys442 observed in fraction 

1. 

The MS2 of 597.78 m/z precursor ion fragmented by EThcD displaying the presence of 1194.56 m/z 
corresponding to cysteinylation of Cys442. The reduced peptide-1 fragment with 1075 m/z [M+1H]1+ 

was also identified. 

 
Figure 5.8 EThcD MS/MS spectra of cysteinylation on Cys442 observed in fraction 1. 

The MS2 of 690.82 m/z precursor ion fragmented by EThcD displaying the presence of 1380.64 m/z 

corresponding to glutathionylation of Cys442. The reduced peptide-1 fragment with 1075 m/z 

[M+1H]1+ was also identified. 
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5.3.1.2 Reduced Peptide Mapping for Protein Characterisation 

Aiming to develop an analytical strategy that produced targeted information on BsAb-1 

quality attributes, thorough characterisation analysis was necessary to identify the sequence 

liabilities and PTMs of this specific therapeutic candidate. Reduced peptide mapping (RPM) 

was performed for confirming the BsAb-1 primary sequence and determining the site-

specific post-translational modifications (PTMs) to monitor by MRM. These were C-

terminal Lys retention, deamidation of Asn54, Asn365 and Asn662, oxidation of Met256 

and Met481, and glycosylation of Asn301 with 6 identified glycoforms namely, A1G0, 

A1G0F, A1G1F, A2G0F, Man3 and Man5.  

Together with the NRPM, RPM analysis enabled the identification of 9 different peptide 

sequences that could present potential liabilities to product quality. These data served as a 

basis to build the MAM as described in the next section. 

  



 

 

178 

 

5.3.2 Development of the Multi-Attribute Method  

The present method was designed to cover the quantitative analysis of glycosylation, 

deamidation, oxidation, C-terminal Lys clipping, Cys modifications, and including 

aggregation occurring in BsAb-1 generated from medium-throughput cell culture 

experiments during product development such as ambr® runs (48 samples at a time). As 

previously described, aberrant protein folding events may cause the exposure of free Cys442 

and Cys640 residues to react with other Cys leading to the formation of Cys modifications 

resulting in aggregation and HMWS. Hence, the main challenge of this research was to 

investigate the presence of a correlation between the Cys modifications and the HMWS 

present in the sample to successively build a statistical model for inferring the quantitation 

of HMWS based on the Cys modifications.  

Previous discovery analysis of BsAb-1 identified 9 peptides with PTMs accounting for 

product quality liability to target by MRM (see Section 5.3.1). Each quality attribute was 

analysed by monitoring the unmodified vs. the modified peptide sequence. Sample 

preparation and chromatography conditions were optimised from the AZ SOP for NRPM 

(see Chapter 2, Section 2.1.4.4). Particularly, the sample preparation protocol was automated 

on a robotic liquid handler for improving method throughput and consistency over a large 

number of samples. More information on the automation of the sample preparation protocol 

was addressed in the following section of this chapter (see Section 5.3.2.1). 

To obtain robust and quantitative MS/MS analysis, a QqQ mass spectrometer was selected 

and operated in Multiple Reaction Monitoring (MRM) mode (for further information on 

method development see Chapter 2, Section 2.1.4.4). A Python-JMP integrated script was 

developed to automate the data processing and ease the handling of large datasets. 

As a proof-of-concept, a sample of BsAb-1 was analysed in triplicate and the data acquired 

are displayed in Figure 5.9. Data showed that the simultaneous identification and 

quantitation of BsAb-1 QAs were successfully achieved by the MRM-based MAM.  
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Figure 5.9 MAM analysis of BsAb-1: proof-of-concept of targeted PTMs monitoring. 

Bar chart representing the relative quantification of modified peptides against the unmodified 
(Unmod) species. A) Oxidation of M256 and M481; B) C-terminal Lys processing; C) Deamidation 

of N662, N365 and N54; D) Glycosylation displaying the relative quantification of Man3, Man5, 

A1G0F, A1G0, A2G0F, and A1G1F; E) Cys-modifications including glutathionylation and 

cysteinylation of Cys442 and Cys640 as well as the unmodified peptide. 
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5.3.2.1 Correlating HMWS from Cys Modifications 

Findings from the NRPM analysis of BsAb-1 fractions revealed the presence of Cys 

modifications in fraction 1 containing HMWS impurities (see Section 5.3.1). Along with the 

findings from Cao et al., this study demonstrated that modifications of Cys442 and Cys640 

were responsible for the formation of HMWS in this specific therapeutic candidate. The 

study proposed herein aimed to address whether the relative quantitation of Cys 

modifications by MRM can be used to quantitate the %HMWS impurities present in the 

sample. The following proof-of-concept experiment was part of method development and 

used to investigate the method application for the analysis of BsAb-1 RM samples with 

known %HMWS. 

Firstly, samples with different levels of HMWS, samples of the BsAb-1 SEC fractions 1 and 

2 were blended at different ratios, namely 0%, 10%, 20%, 40% and 60% of fraction 1 

(HMWS) spiked into fraction 2 (main product peak). Subsequently, the samples were 

divided into 8 replicates to generate an adequate sample size for evaluating the presence of 

a correlation between Cys modifications and HMWS impurities. Finally, the samples were 

analysed by MAM and the relative abundance of cysteinylation of Cys442, Cys640 and the 

unmodified scFv tripeptide were displayed in Figure 5.10.  

 
 

Figure 5.10 Quantitative analysis of BsAb-1 Cys modifications by MAM.  

Bar chart depicting the relative abundance of Cys modifications analysed in the BsAb-1 sample 

blends by MAM, namely cysteinylation of Cys442 (C442+Cys) and Cys640 (C640+Cys) and the 

unmodified scFv tripeptide. The blends were prepared by normalising the fractions concentration to 
1 mg/mL and spiking fraction 1 into fraction 2 at different ratios, namely 0% (blue), 10% (red), 20% 

(green), 40% (purple), 60% (orange). 

% Fraction 1 (HMWS)
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The MAM analysis revealed that the relative abundance of cysteinylated species increased 

proportionally to the %fraction 1 spiked into the sample whereas the levels of unmodified 

scFv tripeptide decreased proportionally (Figure 5.10). This experiment confirmed that the 

MRM-based MAM was capable of discriminating between samples containing different 

levels of Cys modifications.  

Multivariate analysis (MVA) was used to investigate the presence of a correlation between 

the Cys modifications and assessing their relevance to changes in the content of HMWS 

(Figure 5.11). Both cysteinylation of Cys442 and Cys640 were positively correlated with the 

%fraction 1 spiked in the sample, whilst the scFv tripeptide was negatively correlated. The 

correlation between cysteinylation at Cys442 and the scFv tripeptide with the %HMWS was 

strong (0.8781 and -0.8884, respectively) and significant (p-value <0.0001). Differently, 

cysteinylation of Cys640 showed a weak positive (0.3804) although significant (p-value = 

0.0155) correlation with the %HMWS. Another aspect to take into consideration is that the 

Cys modifications are correlated with one another. Particularly, cysteinylation of Cys442 

was strongly, negatively (-0.9582), and significantly (p-value <0.0001) correlated with the 

scFv tripeptide whilst non correlated with Cys640 (0.2523, p-value = 0.1163). Interestingly, 

Cys640 had a stronger negative (-0.5185) significant (p-value = 0.0006) correlation with 

scFv tripeptide than with the %HMWS (0.3804, p-value = 0.0155).  

This may indicate that, in the BsAb-1 RM model sample, cysteinylation of Cys442 and the 

scFv tripeptide were the most probable modifications consequent to protein unfolding 

mechanisms inducing the formation of HMWS. 
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Figure 5.11 MVA report. 

A) Scatter plot matrix showing the relationship between %fraction 1 (HMWS) spiked in the sample 
(y-axis) and the relative abundance of each Cys modification (x-axis). Linear regression analysis was 

used to fit the data: the greater is the slope of the line (red), the stronger is the correlation and the 

direction of the line indicates whether the correlation is positive or negative. B) Correlation matrix 
reporting the correlation values of each Cys modification vs. the %HMWS. Negative correlations 

were reported in red whilst positive correlations were displayed in blue. A strong correlation was 

defined as Ó |0.8| as the maximum correlation value is 1. C) probability matrix demonstrating the 
relevance of each Cys modifications for the %HMWS. The Cys-modifications with p-value < 0.05 

are significantly correlated with the content of HMWS impurities in BsAb-1. 
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Regression analysis was used to study the relationship between Cys modifications and 

HMWS as well as inferring the relative abundance of HMWS impurities present in the 

sample. A regression model with L2 regularisation (Ridge regression) was used to infer the 

%HMWS from the Cys modifications present in the samples (Appendix C, Table 11.4,  
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Table 11.5). The dataset used for training the model comprised of 8 replicates for each 

sample group. The %HMWS used for training the model was based on the HT SEC analysis 

(see Chapter 3, Section 3.3.2) of the sample blends (Figure 5.12, A). Subsequently, a 

heterogeneous group of samples was used to test the model. This comprised of BsAb-1 drug 

substance (DS), a sample of BsAb-1 stressed at high pH (HP) by adding 1M Tris pH 8.5, a 

sample of BsAb-1 stressed at 70 °C for 30 min and 3 replicates of the RM (RM1, RM2 and 

RM3). All the samples of the test group were analysed in triplicate and the %HMWS 

predicted by the model was compared with the one obtained by HT SEC.  

 

Figure 5.12 Inferring the quantitation of HMWS from Cys modifications by Ridge 

regression analysis. 

Bar chart displaying the %HMWS estimated by the model based on the relative quantification of the 

Cys modifications monitored by MAM (red) vs. the %HMWS analysed by HT SEC (blue). A) 
Training dataset including 8 technical replicates of the sample blends. B) Testing dataset comprising 

of the BsAb-1 drug substance (DS), samples stressed with high pH (HP) and heat (HS) and 3 

replicates of the RM (RM1, RM2 and RM3). 

Figure 5.12, B displays the %HMWS predicted by the model (red) vs. the one analysed by 

HT SEC (blue). Both techniques can discriminate from samples containing various levels of 

HMWS impurities, and give the same trend. However, the HMWS values measured by 

MAM and SEC differ significantly from one another. Moreover, the %HMWS predicted by 

the MAM model was not precise (Appendix  Figure 11.11) and showed wide confidence 

intervals, making it difficult to both accurately quantify and confidently discriminate 

between the samples with different levels of HMWS impurities. In this regard, a few 

considerations need to be addressed. Firstly, the low intensity of the scFv tripeptide affected 

the precision of the MRM method and consequently resulted in high measurement variability 

of the peptide relative abundance. This may affect the capability of the MAM model to 

precisely quantitate the amount of HMWS impurities. Similarly, peptides bearing 

A B
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glutathionylation of Cys442 and Cys640 were below the method LOQ thus they were not 

included in the model. This may indicate that the model falls short in having all the predictors 

necessary to truly capture the main feature behind the data. Sensitivity issues may be 

overcome by either increasing the column loading or modifying the sample preparation 

procedure. The latter could benefit by either investigating on the use different digestion 

enzymes such as Lys-C, Glu-C and pepsin as well as different digestion pH, to obtain 

peptides that better ionise in the ESI source (F. Liu, Breukelen, and Heck 2014; Cui et al. 

2019). Proteases such as pepsin can be used to verify reshuffling of disulphide bonds (F. Liu, 

Breukelen, and Heck 2014; Cui et al. 2019). Mobile phase additives such as formic acid, 

propionic acid, and TFA at various concentrations could also be investigated to improve the 

MS signal. 

Another factor to take into consideration is that the model predictors are correlated not only 

with the %HMWS but also with one another, e.g. Cys442 is strongly correlated with the 

scFv tripeptide. This phenomenon, known as multicollinearity, tends to overinflate the 

standard errors of the model coefficients making some predictors statistically insignificant 

when they should be significant. Moreover, the change in one variable produces mutual 

changes of the correlated variable. Therefore, the model results would be sensitive to small 

changes in the data and unstable. This may explain why the model prediction accuracy was 

ultimately affected. Multicollinearity may be overcome by removing the highly correlated 

variables, linearly combining them in the model as a unique variable or using other 

modelling tools designed for highly correlated variables such as principal component 

analysis. Nevertheless, it would be sensible to investigate other statistical approaches if 

multicollinearity is still present when the method sensitivity is improved to include all the 

possible predictors in the model (such as the glutathionylated peptides). 

Additional considerations concern the features of the training dataset. Indeed, the sample 

group used for this experiment was suitable for confirming that the method was able to 

discriminate between samples containing various levels of Cys modifications which also 

corresponded to different %HMWS. However, this specific sample set may not be suited for 

building a model that accurately predicts aggregation. Training datasets for obtaining 

accurate model predictions are generally larger (hundreds of samples) and investigate a 

wider experimental space involving the use of various conditions. Conversely, the sample 

group used herein derived from a single stock of BsAb-1 RM with unique characteristics 

which may not be representative of the same molecule when expressed in culture by means 
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which alter its aggregation pathway. As an example, if cysteinylation and glutathionylation 

of Cys442 and Cys640 occurred at different ratios than the ones observed in the BsAb-1 RM, 

this model would not work as the relationship between Cys modifications and %HMWS 

would be different. In that case, another model would need to be generated to study how the 

Cys modifications are related to each other and the %HMWS present in the sample. 

Therefore, the MAM model described in this study would be suitable for application to 

quantify the HMWS of BsAb-1 RM only. A more diverse set of samples would be necessary 

to build a model that could comprehensively quantify the HMWS impurities in BsAb-1 

during the various development stages. 

The data presented herein suggest that further experimentation is needed to achieve accurate 

quantitation of BsAb-1 HMWS by MAM. Nevertheless, this work provided a proof-of-

concept study demonstrating the potential of the MRM methodology in quantifying BsAbs 

aggregates and gave a vision to the application of MAM as comprehensive analytical tool to 

support product development minimising the need for orthogonal testing. 

Future experiments would be focused on improving the MS sensitivity of low-intensity 

peptides, using a larger and more diverse case-study sample to train the model and 

investigate statistical modelling tools that can capture all the possible features in the data 

and accurately predict the amount of HMWS present in the sample. Cross-validation of the 

statistical model would also be required when dealing with a larger dataset and demonstrate 

the feasibility of the method to be applied for supporting product development. 

5.3.3 Development of Automated Sample Preparation  

The sample preparation for NRPM is a complex and lengthy procedure. Manual execution 

can be inconsistent and inconvenient especially for the processing of a large number of 

samples. Automation enables robust and consistent execution of sample preparation 

protocols leveraging scientists work and increasing the throughput of analytical workflows 

(Qian et al., 2021). Nevertheless, the development of automated processes may not be 

straightforward and often require careful tuning of all the steps. Therefore, it is important to 

address the comparability of the results with manual procedures and assess the fitness-for-

purpose of the automated operation. In this study, the sample preparation for NRPM was 

automated on a robotic liquid handler to support the processing of a large number of samples 

and designed for 96-DWP sample handling. Method comparability against the manual 
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procedure was evaluated based on the quantification of the digested peptide PTMs across 6 

sample replicates. To evaluate the robot consistency across the plate, the samples were 

divided into 3 groups each comprising of 6 replicates and placed at the front, middle and 

back of the plate constituting a total of 18 replicates for the automated procedure. Moreover, 

data for evaluating the method repeatability were extrapolated from the comparability study 

to assess whether the automated procedure would increase method precision. A summary of 

the comparability study data can be found in Table 5.3 as part of the method assessment.  

The PTMs quantification involved 1) the calculation of the qualifier/quantifier ion ratio 

coefficients of variation (CVs) across the 6 replicates of each sample group (namely manual 

and automated front, automated middle and automated back), followed by 2) the calculation 

of each PTM relative peak area based on the %area of the quantifier ion peak of modified 

peptide vs. the unmodified peptide. Data showed that the qualifier/quantifier ions ratio CVs 

were comparable amongst the sample groups and < 20% (Appendix C, Figure 11.8). The 

peptide ion transitions corresponding to unglycosylated N301 and glutathionylation of 

Cys442 and Cys640 were not detected (Appendix C, Figure 11.8). Visual representation of 

the PTMs quantitation showed a comparable trend between the manual and the automated 

sample groups (Appendix C, Figure 11.9). ANOVA test demonstrated that the PTMs 

quantitation between the automated groups (front, middle and back) was not significantly 

different (Appendix C, Table 11.1) inferring consistency across the plate. T-test for an equal 

group size of 6 sample replicates verified that the PTMs quantitation obtained by using the 

manual and the automated sample preparation procedures were not statistically different 

(Appendix C, Table 11.2). Variability gauge analysis was performed to examine the 

measurement variation between the two sample preparation procedures. The variability chart 

(Figure 5.13, Appendix C, Table 11.2) visualises the variability of the site-specific PTM 

quantitation amongst the sample replicates between the manual and automated processes. 

With this experiment, we conclude that the two sample preparation procedures were 

comparable for PTMs quantification and method repeatability. Nevertheless, automation 

improved method throughput by parallel processing of a large number of samples and 

allowing walk-away time during sample preparation. 
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Figure 5.13 Variability gauge chart for site-specific PTMs relative peak area between 

manual and automated procedures. 

A) Variability chart displaying the relative peak area of each site-specific PTM measured for all the 

group replicates prepared by using the manual (pink dots) and the automated processes (black dots). 

The purple line indicates the group mean. B) Standard deviation of each site-specific PTM relative 

peak area compared between the groups. Connecting lines were used to better visualise the 

fluctuation of the standard deviation across the samples.   

A

B



 

 

189 

 

5.3.4 MAM Method Assessment 

The MAM method was qualified for the relative quantification of BsAb-1 PQAs such as Cys 

modifications, aggregation, glycosylation, deamidation, oxidation and C-terminal Lys-

retention. This study focused on the assessment of sample stability over the time scales of 

the analysis conditions, method repeatability, and day-to-day reproducibility. The analytical 

workflow was designed and assessed for supporting the analysis of BsAb-1 expressed in 

medium-throughput cell culture experiments such as ambr® micro bioreactors setups with 

up to 48 cultures. The data presented herein were integrated with the comparability study 

aimed to gauge the suitability of automated operations for sample preparation previously 

presented in Section 5.3.2.1 (see Figure 5.13).  

5.3.4.1 Overtime Sample Stability under Analysis Conditions 

To evaluate the overtime stability of the tryptic digested peptides under process conditions 

before LC-MS injection, 48 replicates of BsAb-1 RM were prepared and analysed in the 

same plate. A variability gauge study was performed to measure the variation of the PTMs 

relative peak areas amongst the replicated measurements (Appendix C, Table 11.6). Figure 

5.14 provided a visual representation of the variation of the PTMs relative peak areas over 

time. Whilst glycosylation, deamidation, C-terminal Lys clipping and Cys modifications 

were consistent (CV < 20%, Appendix C, Table 11.6) it is clear that oxidation of Met481 

and Met526 was inconsistent (CV > 20%, Appendix C, Table 11.6) and increased over time. 

This may be due to the instability of the tryptic digested peptides to oxidative events 

occurring as a result of sample storage in the NRPM buffer and at 4 °C in the autosampler. 

This observation testified that oxidation occurred as an artefact of sample preparation and 

increased over time. Therefore, the present method is not fit for monitoring and correlate 

oxidation to process engineering strategies.  



 

 

190 

 

 

Figure 5.14 Assessment of the overtime sample stability across 48 injections. 

Bar chart representing the overtime variation of the BsAb-1 PTMs relative peak area such as A) 

glycosylation; B) C-terminal Lys processing; C) and E) oxidation; D) Cys-modifications; F, G and 

H) deamidation. The sample name was reported and colour-coded varying from blue to red shades 

as a function of injection time. 

A B

C D

E F

G H
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5.3.4.2 Day-to-day Reproducibility 

Day-to-day reproducibility was assessed over 6 replicates of BsAb-1 RM prepared and 

analysed on two different days. A preliminary visualisation of the day-to-day variability was 

illustrated in Figure 5.15 depicting the average measurement of the BsAb-1 PTMs monitored 

each day. Because the lines are parallel and there is no crossing, we can conclude that there 

is no interaction between the measurements taken on the two different days. Interestingly, it 

was observed that the standard deviations of the PTMs with high-intensity MS signals were 

greater than the low-intensity peptides (Figure 11.10) meaning that larger MS signal 

intensity resulted in higher measurement inconsistency. Variability gauge analysis identified 

site-specific PTM as the main experimental factor contributing to inconsistency in the data 

whereas the variability resulting from the day of the analysis was minimal (Figure 5.16). 

This was not surprising since the BsAb-1 PTMs vary from type to type. A random-effect 

model was fit to understand if the day of the analysis could significantly explain the 

variability in the data. Fitting a random effect model proved that the contribution of the day-

to-day variability was not significant. 

 

Figure 5.15 Day-to-day reproducibility parallelism plot . 

Visual representation of day-to-day variability given by the mean PTMs relative peak area across 6 

replicate measurements prepared and analysed on day 1 (red) and day 2 (blue). 

1

2
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Figure 5.16 Variability gauge charts of day-to-day reproducibility . 

A) Variability chart and B) standard deviation chart of the Log10 PTMs relative peak area plotted for 

the 6 replicates prepared and analysed on day 1 and day 2. C) Variance components table 
summarising the contributions that the experimental factors (days and site-specific PTM) make to 

the overall variability in the data. 

  

A

B

C
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Table 5.2 Random effect model report. 

Source FDR LogWorth  FDR PValue 

Site 15.114 0.00000 

Day 0.653 0.22248 

Model Summary of Fit 

RSquare 0.950482 

RSquare Adj 0.945506 

Root Mean Square Error 0.19627 

Mean of Response  -0.1343 

Observations (or Sum Wgts) 231 

Random 

Effect 

Var 

Ratio 

Var 

Component 

Std 

Error  

95%  

Lower 

95% 

Upper 

Wald 

pValue 

Pct of 

Total 

Day[Site-specific 

PTM] 

0.129 0.005 0.004  -0.003 0.0126 0.198 11.471 

Residual 
 

0.038 0.004 0.032 0.048 
 

88.529 

Total 
 

0.043 0.005 0.035 0.055 
 

100.00 

5.3.4.3 Method Suitability for the Analysis of in-Process Samples and Stability-Indicating 

Capability 

During early-stage cell line development expression titres may be inconsistent as a result of 

the engineering strategies applied for process development and optimisation. Moreover, the 

sample matrix may be different based on whether the molecule is analysed in the host cell 

culture fluid (HCCF), purification or formulation buffers. The composition of HCCF is 

highly complex and varies due to the different media and feed compositions chosen for the 

cell culture. Typical purification buffers for mAbs and BsAb-1 are glycine HCl and sodium 

acetate with a pH range of 2.5-3.6. Formulations are generally composed of a buffer 

component such as acetate, histidine, or phosphate that keep the pH between 5.0 and 7.4, 

together with other excipients such as salts, surfactants, amino acids and antioxidants. The 

matrix components can affect the performance of analytical methods, hence their suitability 

to analyse samples with various matrices must be assessed. To evaluate the MAM method 

suitability for application for the analysis of in-process samples, BsAb-1 was analysed 

directly from HCCF and purification buffer (glycine HCl, pH 2.6) (post pA C(high)) without 

buffer-exchange and compared with the RM. All the samples were analysed in 6 replicates 

and the concentration was normalised to 1 mg/mL before sample preparation. To evaluate 

the suitability of the method to analyse low concentrated samples, the post-pA C(high) sample 

was diluted to 0.2 mg/mL (post pA C(high)) before sample preparation. Moreover, to assess 

the stability-indicating capability of the method, a sample of BsAb-1 was stressed at 70 °C 

for 30 min and compared to the RM. The qualifier/quantifier ion ratio CV of the post pA 
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C(high) sample were > 20% due to low signal intensity. This confirmed that further 

optimisation must be carried out to apply the present method for the analysis of samples with 

concentrations < 1 mg/mL. Unglycosylation of Asn301and glutathionylation at Cys442 and 

Cys640 were not identified (CV > 20%). The scFv tripeptide was not detected in clarified 

media due to the increased background noise registered in the MS spectra of these samples. 

The other PTMs qualifier/quantifier ion ratio CVs were comparable amongst the sample 

groups.  

 

Figure 5.17 Qualifier/ quantifier ion ratio CVs for the assessment of method suitability 

for the analysis of in-process samples and stability-indicating capability. 

Bar chart depicting the qualifier/quantifier ion ratio CVs of each PTM monitored by MAM analysis 

of the BsAb-1 reference material (RM, blue), post-pA C(high) (red), post-pA C(low) (green), stressed 

material (ST, purple), and HCCF (orange).  

Figure 5.18 displayed the relative quantitation of all the site-specific PTMs amongst the 

sample groups. An increased C-terminal Lys retention was observed in the HCCF ~28% in 

comparison to the ~5% detected in the other samples. Various levels of Cys modifications 

amongst the sample groups were quantified. Particularly, cysteinylation of Cys442 was 

higher in the stressed sample (79.3%) than in the post-pA C(high) and RM (71% and 71.4%, 

respectively). It is important to notice that cysteinylation of Cys442 was 75.4% in the HCCF 

but the relative quantitation didnôt take into account the scFv tripeptide since this peptide 

was not detected due to an increase in background noise. The other PTMs were consistent 

amongst the sample groups. 
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Figure 5.18 PTMs quantitation for the assessment of method suitability for the analysis 

of in-process samples and stability-indicating capability. 

Bar chart illustrating the relative quantification of the site-specific modifications monitored by MAM 
analysis for the BsAb-1 reference material (RM, blue), post-pA C(high) (red), stressed material (ST, 

purple), and HCCF (orange). The % area of the modified peptide was plotted against the %area of 

the unmodified peptide. 

The assessment of the analytical workflow was critical to verify the feasibility of the MAM 

method for the analysis of samples in purification buffer without the need for buffer 

exchange and highlighted that sample concentration and the increase in MS spectra 

background noise were limiting factors. 
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Table 5.3 MAM method assessment results 

Parameter Target Expectation Qualification results 

 

 
 

 

 
 

Comparability Study 

The qualifier/quantifier ion ratio 

CVs of all the transitions 
monitored in the MAM must be 

<20% and comparable amongst 

the groups.  

The CVs of the Automated front, 

middle and back groups were 
comparable to the manually 

prepared samples and <20% 

(Appendix C,  Figure 11.8). 

ANOVA test of the automated 

sample groups showing no 

significant difference of the 

PTMs relative peak area amongst 
the groups.  

No significant difference 

(Appendix C, Figure 11.9; Table 

11.1). 

T-test of the manual and 

automated sample preparation 
groups showing no significant 

difference in the PTMs relative 

peak area between the groups. 

No significant difference 

(Appendix C, Table 11.2). 

Precision The CV of the PTMs quantitation 
amongst the replicate 

measurements must be < 20% 

PTMs quantitation amongst the 
sample replicates was <20% 

except for the oxidation at M481 

and M256 (Appendix C,  Table 
11.3). 

Overtime sample stability  The variation of the relative peak 

area of each PTM monitored 

within the repeated measurement 
must have CV < 20%. 

All PTMs relative peak areas CV 

were < 20% except for oxidation 

at M481 and M256 (Appendix C,  
Table 11.6). 

Day-to-day 

Reproducibility 

The contribution of the day of the 

analysis on the data variability 

must be < 10% and not significant 
(p-value >0.05). 

Day variance component = 

0.05% and p-value = 0.222 

(Figure 5.16, Table 5.2). 

Suitability for in-process 

samples 

Quantifier/qualifier ion ratio 

CV<20%. 

Suitable for the analysis of 

samples in purification and 
formulation buffers with a 

concentration of 1 mg/mL 

Stability-indicating Discriminating variation of the 

PTM profile of stressed samples 
compared to RM. 

The method can discriminate 

variations of the PTM profile 
(see Sections 5.3.4.3, 5.3.2.1) 
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5.4 Conclusions 

The success of BsAbs as future medicines for the treatment of cancer requires more efficient 

analytical methodologies to both drive product development strategies and speed their 

market access. MAM methods stand out as analytical tools in HTPD for their capability of 

providing multiple product quality information at the molecular level increasing data and 

product understanding gathered in a single analysis (Carillo, Sche, et al. 2021). However, 

current MAM approaches based on targeted LC-MS/MS analysis do not provide information 

on protein aggregation. This work demonstrated the development of a MAM method based 

on MRM analysis of non-reduced tryptic peptides to support PQAs analysis of a BsAb 

candidate, BsAb-1, during its development life cycle. The method was designed to monitor 

the Cys modifications, glycosylation, deamidation and C-terminal Lys clipping and proved 

the possibility of quantifying the %HMWS impurities based on BsAb-1 Cys modifications. 

The choice of the PQAs to monitor and the use of Cys modified peptides to quantitate protein 

aggregation was achieved based on previous product knowledge gathered from a thorough 

characterisation analysis. Hence, this method is an example of analytical tools dedicated to 

addressing the development challenges of a specific drug candidate. The method was 

designed and validated to support the analysis of 48 samples deriving from cell cultures and 

trend multiple product quality attributes of the candidate BsAb-1 throughout the cell line 

development process. This proof-of-concept work demonstrated that MRM analysis of Cys 

modified peptides can be used to quantify protein aggregation and highlighted the 

importance of using chemometrics and machine learning to extrapolate meaningful 

analytical information. The MAM method proved to maximise the product quality 

information gathered with minimal sample amount, time and orthogonal analytical testing 

required to support product development. 
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Chapter 6 

Hyphenation of the high-throughput 

analytical platform to cell engineering 

6.1 Abstract  

High-throughput screening (HTS) approaches are adopted to provide important information 

for cell line development (CLD). HTS is resource-efficient since it enables the investigation 

of a wide range of experimental conditions with little sample and time required. However, 

there are a number of challenges to developing and implementing analytical tools for 

supporting HTS experiments such as the limited amount of material available for analysis, 

the large number of samples and the rapid timelines. For these reasons, analytical testing is 

often postponed to later development stages. This research aimed to bring product quality 

(PQ) analysis to the fore of CLD and drive clone selection in early-stage process 

development. In the previous chapters of this thesis, I presented the development of a HT 

analytical platform involving automated small scale methods for the purification and PQ 

analysis of therapeutic proteins expressed in small scale cell culture systems. Here the 

application of the HT analytical workflows to three case studies was demonstrated. In the 

first case study, little process knowledge is known and the application of the PhyTip-

purification/HT SEC workflow to a 96-deep-well shake plate overgrows (SPOG) screen is 

described. The second case study concerns CLD activities for a molecule of which the 

product quality attributes (PQAs) were previously characterised. PhyTip-purification/HT 

SEC/MAM analysis was integrated into 10 mL cell culture bioreactors to understand how 

CHO cells media supplementation may impact PQ. Finally, the third study describes the 

application of the PhyTip-purification/2D SEC-CEX-UV workflow to monitor size and 

charge variants of a mAb to drive clone selection during both 24-deep well plates (DWPs) 

and 10 mL cell culture screening experiments. Further considerations on how HT analytical 

workflows can be implemented in early process development to support clone selection are 

also discussed. 



 

 

200 

 

6.2 Introduction  

The increasing demand for novel biopharmaceuticals such as monoclonal antibodies (mAbs) 

and other engineered antibodies has pushed the focus to cost-efficient and fast-turnaround 

strategies for process development (Qian et al., 2020; Lanter et al., 2020; Petroff et al., 2016). 

In this regard, high-throughput process development (HTPD) tools such as high-throughput 

screening (HTS) methods have enabled major scientific breakthroughs in biopharmaceutical 

process development (Silva, Eppink, and Ottens, 2021). Scale-down bioreactor platforms 

such as ambr® systems and shaken DWPs have increasingly been implemented in upstream 

HTPD and demonstrated to significantly shorten development timelines (Manahan et al., 

2019). Analytical testing is a key driver of biopharmaceuticals development since chemical 

and enzymatic modifications of therapeutic proteins pose a risk for drug safety and efficacy 

and must therefore be monitored throughout a product lifetime. However, the 

implementation of protein characterisation analysis has been limited by analytical 

bottlenecks due to the large number of samples and the limited amount of material generated 

in small-scale cell cultures.  

The focus of this research work was the development of HT analytics to drive cell 

engineering strategies during early-stage biopharmaceuticals development. This chapter 

demonstrates the application of the analytics described in Chapters 3-5 to case study samples 

in support of CLD research work conducted at AstraZeneca and the University of Sheffield.  
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6.3 Results and Discussions 

6.3.1 Application of the PhyTip-purification/HT SEC workflow to 96-DWPs 

CHO cell cultures 

A research study conducted in AstraZeneca was aimed to adapt conventional fed-batch CLD 

screens to the Next-Generation Manufacturing (NGM) platform through mimicking 

perfusion culture and incorporating adaptive feeding. The study involved the use of a CAT-

S host cell line, and a hydrogen peroxide adapted CHO-K1 derived cell line (H2O2 host). 

Both cell line transfectants produced BsAb-1, a difficult-to-express (DTE) bispecific 

antibody. A HT shake plate overgrows (SPOG) screen was set up to compare the 

performance of the CHO CAT-S and H2O2 host clones when cultured both in standard fed-

batch and in presence of a perfusion component. The SPOG screen involved 384 clones 

cultured in duplicate (768 cultures in total) in 350 ɛL within shaken 96-DWPs. Cell culture 

operations for inoculum in 96-DWPs, feed supplementation, media exchange, and sampling 

were automated on a robotic liquid handler. All the cultures were sampled for measurements 

of glucose and lactate concentration, titre, viable cell density (VCD), and viability. On day 

11, the expression titre range of the cell cultures was 7.64 ï 1372.3 mg/L with a mean titre 

value of 390.46 mg/L and mode of 117.1 mg/L, corresponding to ~78 ɛg average and ~23 

ɛg mode of product in 200 ɛL of host cell culture fluid (HCCF) available for analysis. 

Relevant clones were selected for aggregation analysis and the HCCF containing the 

secreted BsAb-1 were harvested and transferred in 4 cleaned 96-DWPs. Subsequently, the 

volume of the sample was adjusted to 300 mL by adding 100 mL of media to each well to 

prevent the entrance of air during the purification process. Finally, all the 96-DWP were 

processed by PhyTip-purification/HT SEC in series. Figure 6.1 illustrates a schematic of the 

PhyTip-purification/HT SEC workflow from start to data analysis. Further details on the 

analytical methods used were reported in Chapter 3, Part A. 
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Figure 6.1 Schematics of the PhyTip-purification/HT SEC workflow  

1) A volume of 300 mL of HCCF containing the expressed molecule is harvested and placed in a 

cleaned 96-DWP. 2) The 96-DWP is purified by PhyTip purification, consisting of the capturing of 
the targeted molecule from the HCCF, washing of impurities that may be bound to the PhyTip resin, 

and final elution of 160 mL of the molecule of interest with high concentration. 3) The sample 

concentration post purification is measured by absorbance at 280 nm and the py1 script is run for 

monitoring of sample recovery, calculating the injection volume required for consistent column 

loading during the analysis and flagging the sample with concentration below the method LOD and 
LOQ. 5) Subsequently, the samples are analysed by HT SEC. 6) Finally, the py2 script is run for data 

analysis and reporting. 

Firstly, PhyTip purification was performed to purify the BsAb-1 from the HCCF and 

generate sufficient material for aggregation analysis. The PhyTip purification method was 

integrated with a custom Python script (py1) that was written to automate the calculation of 

the %R to monitor the purification performance throughout the process, adjust the injection 

volume to obtain a consistent column loading of 5 ɛg, and flag the samples with 

concentration below the method LOD and LOQ. The py1 script introduced a process control 

element for monitoring and feeding back PQ data analysis. Table 12.1 in Appendix D shows 

an example of the py1 script output table. 

Following PhyTip purification, the 96-DWP was loaded into an LC system autosampler for 

HT SEC analysis. A blank injection, SST and a control sample were added at the start and 

end of each 96-DWP analysis sequence to check the system performance during the HT SEC 

analysis. Therefore, each 96-DWP HT SEC run counted a total of 102 samples resulting in 

sub-6 hours of analysis time per plate. Processing one 96-DWP by PhyTip purification took 

~8 hours in total, thus, 384 samples were processed within 32 hours. The sensitivity of the 

HT SEC method enabled the quantitation of aggregates using < 5 ɛg of product. Therefore, 

PQ information was obtained for samples with expression titres < 200 mg/L and culture 

volume ~200 ɛL. Around 100 ɛL were left for each sample post-SEC analysis which could 

1.HCCF from 

CLD studies

2.PhyTip Purification 3. Analysis of sample 

concentration post purification 

by UV absorbance 280 nm

4. py1 script 

Å Recovery

Å Column loading

Å Loading mass

Å Injection volume

Å LOD flag

Å LOQ flag

5.HT SEC analysis

6. py2 script: automated data analysis
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potentially be utilised for further analytical testing. Likewise, the cell pellet and the post-

PhyTip purification unbound fraction of the HCCF could be used for further analysis. 

HT SEC data analysis and final report generation involved various steps. Firstly, preliminary 

data investigation consisted of the visualisation and interpretation of each chromatogram. 

This functioned as the basis to build a custom peak table report for each sample in OpenLab 

Intelligent Reporting. This script is integrated with a Python-JMP combined script (py2) for 

the final data analysis, visualisation, and reporting. This involved the calculation of the 

proportion of the total fraction of HMWS to the total species detected in a chromatogram, 

expressed as a percentage (%HMWS). The data were finally visualised in a bar chart 

displaying the %HMWS peak against the sample name, which in this specific case, 

corresponded to the 96-DWP position. Automation of the data analysis workflow allowed 

the processing of 384 samples of data in a single click. Figure 6.2. shows the results of the 

PhyTip purification/HT SEC workflow applied for the processing of the shake-plate 

overgrowth (SPOG) screen.  
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Figure 6.2 Visual representation of the %HMWS in each 96-DWP analysed during the 

SPOG screen. 

The bar chart displays the %HMWS impurities present in 96-DWP analysed in the SPOG screen. 

The %HMWS range of plate 1 (blue) varied from 13.3% to 30%, with mean and median values of 

23%; The %HMWS range of plate 2 (red) varied from 9.3% to 76%, with mean and median values 

of 23.4 and 22.9, respectively%. The concentration of sample F8 was below the method LOD, thus 
no data were acquired. The %HMWS range of plate 3 (green) varied from 14.2% to 32.7%, with 

mean and median values of 27.4 and 27.3, respectively. The %HMWS range of plate 4 (purple) 

varied from 15.2% to 29.1%, with mean and median values of 22.6 and 22.4, respectively. The 

concentration of sample G5 was below the method LOD, thus no data were acquired. 

The results from this HT study show that the average BsAb-1 HMWS levels of the CAT-S 

and H2O2 clones were 23.2 ±3.3 % and 22.8± 3.7 %, respectively, demonstrating that the 

average aggregation levels of the expressed protein remained consistent between the two cell 

lines. Interestingly, the two cell lines seemed to perform differently in response to the 

introduction of a perfusion component. The %HMWS of BsAb-1 expressed in the CAT-S 

clones was significantly (p<0.001) higher, 26.9 ± 2.8 % average, when cultured in the 

presence of a perfusion component, whilst the H2O2 clones were 22.2 ± 2.9 % average. 

Indeed, whilst the levels of aggregation significantly dropped for the CAT-S cell line as a 

consequence of the introduction of the perfusion component, those expressed by the H2O2 

host remained unvaried. Furthermore, when all clones were ranked on aggregation in both 

the fed-batch and perfusion conditions, no significant correlation was found between the 

rankings (data not shown as proprietary of AstraZeneca). These data suggested that the H2O2 

host was overall a better expression system than the CAT-S host, however, the aggregation 

level of BsAb-1 were not substantially influenced by the cell engineering strategy under 
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investigation. Therefore, different cell engineering approaches will have to be investigated 

to alleviate aggregation in this BsAb model.  

This study demonstrated the application of the PhyTip purification/HT SEC workflow as a 

ranking tool for clone selection providing quantitative analysis of protein aggregation in a 

time and resource-efficient fashion. The processing of 384 cultures was accomplished within 

32 hours with minimal sample consumption (< 5 mg of protein per sample). One caveat of 

the HT SEC method is the low resolution of the size variants. Indeed, aggregates of different 

sizes cannot the observed, thus it was impossible to discriminate how heterogeneous the 

HMWS expressed by the clones were, namely dimers, trimers or different sized species were 

not separated. Moreover, the poor resolution also hampered the method accuracy in 

quantifying the HMWS since the main product and HMWS peaks are not baseline resolved 

so accurate peak integration is impeded. Therefore, absolute quantification of the HMWS 

expressed from each clone could not be achieved nor could the %HMWS be compared with 

those obtained by benchmark SEC methods used in quality control (QC). 

Nevertheless, this study proved that the HT SEC method was fit for use as a ranking tool for 

supporting HTS experiments during early-stage cell line development providing relative 

quantitation analysis of BsAb-1 HMWS with remarkable analysis throughput. Together with 

tire data, HT SEC analysis helped to improve understanding and will drive future research 

strategies for the development of cell lines for BsAbs.  
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6.3.2 Application of the PhyTip purification/HT SEC/MAM workflow to 

understand the effect of small molecule-enriched media on the product 

quality of CHO-expressed bispecific antibodies 

Cell engineering research conducted in AstraZeneca investigated the use of a group of small-

molecule compounds added to the cell culture feeds to reduce intracellular aggregation of 

CHO-expressed BsAbs. A 14-day fed-batch overgrowth was set up in 10 mL cultiflasks to 

screen 18 conditions involving the addition of the small-molecule drugs to the CHO feeds 

individually and in combinations. A control sample (CLD Control) was also added 

corresponding to a cell line expressing BsAb-1 transfected with the same vector as all the 

other cultures but cultured in AstraZeneca proprietary standard media and feed composition. 

Each condition was repeated in triplicate, resulting in a total of 57 cultures. Glucose and 

lactate concentration, VCD, and viability were monitored throughout the overgrowth. On 

days 7, 9, 11, and 14 the cultures were sampled for titre analysis whilst PQ analysis was 

carried out for the day 9 and 14 samples. 

The expression titre ranges were 730 ï 1500 mg/L and 1100 ï 3400 mg/L on days 9 and 14, 

respectively. The HCCF was harvested and clarified by centrifugation and 1 mL of the total 

volume was loaded into a 96-DWP for PhyTip purification. A sample of BsAb-1 reference 

material (RM) was diluted to 2 mg/mL into cell culture media, spiked into the purification 

plate and used as a control throughout the purification process (Purification Control). The 

py1 script was run to evaluate the purification performance and adjust the injection volume 

for each sample before analysis as described above (6.3.1). 

The purified plate was then loaded into the LC system for HT SEC analysis. As previously 

described, blank, SST and control samples (HTSEC Control) were included in the analysis 

sequence to check the system performance during data acquisition. Data analysis was 

performed as described earlier (6.3.1). The same procedure was carried out for the samples 

harvested on day 14 and all the levels of HMWS resulting from each condition were reported 

in Figure 6.3.   
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Figure 6.3 Effect of the cell culture conditions under investigation on the %HMWS 

impurities analysed in samples harvested on day 9 and day 14 of the overgrowth.  

Bar chart displaying the mean and standard deviation of the %HMWS analysed across three 
biological replicates for all the cell culture conditions tested. All the cell engineering conditions were 

numbered from 1 to 18 and the %area of the HMWS impurities detected on day 9 (blue) and day 14 

(red) were reported for each of them. 

The results show that the levels of HMWS analysed on day 9 varied from 27% to 36% 

amongst the experimental conditions. Interestingly, on day 14 the %HMWS dropped to 20-

25% in all the cell culture conditions including the CLD Control. T-test analysis confirmed 

that the drop in HMWS between day 9 and day 14 was significant (p-value <0.05) (Appendix 

D, Figure 12.1). ANOVA demonstrated that on day 9 the %HMWS was comparable amongst 

the experimental conditions (Appendix D, Figure 12.2) whilst on day 14 significant 

differences were observed with conditions 3, 4, 6 and 7 showing %HMWS below the 

average (~21% vs. ~23.5% average) (Appendix D, Figure 12.3). The findings from HT SEC 

analysis suggested that variations in the levels of HMWS were mostly observed over the cell 

culture time rather than as a direct consequence of the small-molecule drugs spiked into the 

media. 

For a more in-depth understanding of the impact of the cell culture conditions on the PQ 

profile, further analytical testing by MS was carried out. The 96-DWPs were buffer 

exchanged in AstraZeneca proprietary platform formulation buffer and successively 

analysed by the multi-attribute method (MAM ) developed as described in Chapter 5. 
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The MAM method provided a targeted approach for the assessment of BsAb-1 aggregation 

based on Cys modifications and simultaneous monitoring of product quality attributes 

(PQAs) such as glycosylation, deamidation, and C-terminal Lys processing. The PQAs and 

their amino acid sites were previously identified by peptide mapping analysis as reported in 

Chapter 5, Section 5.3.1. After data acquisition, an automated data analysis workflow was 

implemented to ease the processing of a large number of samples. The data analysis 

workflow involved a first data screen by Skyline MS software for the visualisation of the 

samples TIC and the generation of a custom peak table. Successively, the Skyline peak table 

was imported in a Python-JMP integrated script (py3) calculating 1) the peptides 

quantifier/qualifier ion ratio CVs for each sample replicate against the MAM control sample 

and 2) the relative peak area of the modified peptides vs. the respective unmodified peptides. 

Finally, the data were visualised in a bar chart reporting the replicates mean and standard 

deviation of the relative peak area of the modified peptides vs. the respective unmodified 

peptides across all the experimental conditions. The data shown in Figure 6.4-Figure 6.7 

show the data of the BsAb-1 PQA monitored by MAM on both days 9 and 14, namely C-

terminal Lys processing, deamidation, glycosylation and Cys modifications. 

 

Figure 6.4 Effect of the cell culture experimental conditions on BsAb-1 C-terminal 

retention on days 9 and 14 of the overgrow analysed by MAM . 

Bar chart displaying the % C-terminal Lys retention for the 18 experimental conditions tested on day 

9 (blue) and day 14 (red) including the CLD Control and MAM Control samples. 
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C-terminal Lys processing exhibited a similar trend on days 9 and 14 and the %Lys retention 

was significantly different amongst the 18 conditions (Appendix D, Figure 12.4 and Figure 

12.5, respectively). On day 9, the lowest %Lys retention was reported in condition 8 (10.8%) 

followed by conditions 6 and 7 (15.4% and 14.5%, respectively) whilst conditions 3, 4, and 

5 showed the highest values (27.9%, 31%, and 25%, respectively. The level of C-terminal 

Lys retention dropped significantly from day 9 to day 14 with average values falling from 

~20% to ~13.5%, respectively (Appendix D, Figure 12.6). Conditions 6, 7 and 8 remained 

the ones with the lowest (10.5%, 10.3%, and 8.8%, respectively) and conditions 3, 4, and 5 

with the highest values of %Lys retention (25.3%, 25.1% and 24.6%, respectively).  

 

Figure 6.5 Effect of the cell culture experimental conditions on BsAb-1 deamidation on 

days 9 and 14 of the overgrow analysed by MAM . 

Bar chart displaying the % peak area of the peptide bearing deamidation of Asn54 (top), Asn365 

(middle) and Asn662 (bottom) across the 18 experimental conditions tested on day 9 (blue) and 14 

(red) including the CLD Control and MAM Control samples. 
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No significant difference in deamidation of Asn54, Asn365 and Asn662 residues was 

observed as a consequence of the experimental conditions studied herein (Appendix D 

Figure 12.11, Figure 12.12 Figure 12.14, Figure 12.15, Figure 12.17, and Figure 12.18, 

respectively). However, a significant overall increase in Asn54 deamidation was observed 

over time from day 9 to day 14 (Appendix D, Figure 12.13) whilst deamidation in Asn662 

decreased (Appendix D, Figure 12.19). Conversely, deamidation in Asn365 was comparable 

on both days although the spread of the data on day 14 was significantly higher than on day 

9 (Appendix D, Figure 12.16). 

 

Figure 6.6 Effect of the cell culture experimental conditions on BsAb-1 glycosylation 

on days 9 and 14 of the overgrow analysed by MAM . 

Bar chart displaying the comparison of the %peak area of the Asn301glycoforms Man3, Man5, 

A1G0F, A1G0, A2G0F, and A1G1F across the 18 experimental conditions on day 9 (blue) and 14 

(red) including the CLD Control and MAM Control samples. 

As shown in Figure 6.6, on day 9, A1G0F (monoantennary) and A2G0F (biantennary) were 

the predominant glycoforms followed by A1G1F, A1G0, Man5 and Man3, respectively; and 

the trend was consistent across the 18 experimental conditions. On day 14, the 

monoantennary A1G0F was the main species across all the glycoforms followed by the 

biantennary species. Furthermore, the levels of A1G1F, A1G0, and Man5 remained constant 

across all the sample conditions whilst Man 3 was higher in conditions 9 and 16. This 

underlined a slight change in the glycosylation profile over time. 
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Figure 6.7 Effect of the cell culture experimental conditions on BsAb-1 Cys 

modifications on days 9 and 14 of the overgrow analysed by MAM. 

Bar chart illustrating the % cysteinylation on Cys442 (blue), Cys640 (red) and the % unmodified 

scFv tripeptide (green) detected for the 18 experimental conditions tested including the CLD Control 

and MAM Control samples on day 9 (top) and 14 (bottom). 

As depicted in Figure 6.7, the levels of Cys modifications remained consistent on both days 

across the 18 experimental conditions with average values of cysteinylation on Cys442 and 

Cys640 being ~90% and ~9%, respectively, whilst the %scFv tripeptide remained < 2%. As 

discussed in Chapter 5, Section 5.3.2.1 of this thesis, BsAb-1 Cys modifications were 

correlated to the amount of HMWS. Figure 6.8 showed the %HMWS estimated by the MAM 

model based on the Cys modifications targeted by multiple reaction monitoring (MRM). No 
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significant difference in the levels of HMWS was observed across the 18 experimental 

conditions (Appendix D, Figure 12.8 and Figure 12.8 for days 9 and 14, respectively) and 

between the two days (Appendix D, Figure 12.10). Figure 6.9 compared the quantitation 

data of the HMWS obtained by HT SEC and MAM. It is evident that the quantitation data 

were different between the two methods, however, no significant difference in the trend of 

%HMWS between the two methods was observed (Figure 6.9). Additionally, the HT SEC 

method was more precise than the MAM, as shown by the standard deviation of the replicate 

measurements. Unlike MAM, HT SEC analysis was able to detect small changes in the 

%HMWS. More detailed limitations of the MRM-based quantitation of HMWS were 

discussed in Chapter 5, Section 5.3.2.1. 

 

Figure 6.8 HMWS quantitation by M RM. 

Bar chart displaying the %HMWS predicted by the MAM model based on the levels of Cys 

modifications measured by MRM across the 18 experimental conditions on day 9 (blue) and 14 (red). 
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Figure 6.9 Comparison of the HMWS quantitation data analysed by MAM and HT 

SEC. 

Comparison of the HT SEC (blue) and MAM (red) HMWS quantitation data of all the samples of 

the 18 cell culture experimental conditions analysed on day 9 (top) and day 14 (bottom) of the 
overgrowth. The smooth curve through data was depicted for each group of samples to visualise the 

trend across the data points. The variability across the measurement replicates was represented by a 

boxplot. 

Overall, data from both HT SEC and MAM were able to detect small changes in BsAb-1 

%HMWS amongst the samples. Most importantly, the PQ analysis by MAM demonstrated 

that the cell culture conditions under investigation did not significantly impact PQ, rather 

significant changes were observed over the culture time. C-terminal Lys processing was the 

most variable PQA with conditions 3, 4, and 5 reporting the highest and conditions 6, 7, and 

8 the lowest values of Lys retention, both dropping significantly over time. Similarly, 

deamidation of Asn54 increased significantly from day 9 to day 14 whilst deamidation of 

Asn662 decreased. The glycosylation profile was also different between the two days 

although A1G0F and A2G0F remained the predominant species. An increase in Man3 was 

observed on day 14 for conditions 9 and 16. With respect to aggregation, HT SEC analysis 

reported a significant shift between days 9 and 14 which was not observed by MRM. This 


























































































































































































































































































































