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Abstract 
 

Title: Advanced Analytical Strategies for the Characterisation of Biotherapeutics 

Candidate: Craig Jakes 

Monoclonal antibodies are the largest selling class of therapeutics in the 

biopharmaceutical market. Predominantly produced through mammalian cell 

culture, these biotherapeutics are structurally complex and prone to modification. 

Modifications can have an impact on the overall stability and efficacy of the drug 

product, requiring them to be fully characterised before market authorisation can be 

granted. Traditional characterisation strategies have high sample demands and are 

time consuming. The findings described herein highlights novel approaches for the 

characterisation of mAbs that are rapid, reduce sample requirements and increase 

method reproducibility which is an important requirement for industry acceptance in 

quality control environments. Charge variant profiling is a characterisation 

requirement under ICH Q6B guidelines. Traditionally this is done by capillary 

electrophoresis or ion exchange chromatography however advances in background 

electrolytes allowed for the hyphenation of microfluidic separation with native mass 

spectrometry. Using this technique over 50 proteoforms were identified in a 

commercial mAb using as little as 1 ng of sample. MAb characteristics are 

continuously evolving during upstream bioprocessing. Coupling protein A with 

native mass spectrometry it is possible to provide information on mAb glycoforms 

in as little as 5 minutes using less than 1 µg of mAb. This technique represents a 

key development in process analytical technology (PAT). Subunit analysis of mAbs 

typically involves partial disruption of the mAb structure through chemicals and 

enzymes. Electrochemical reductions highlights the potential for inline reduction of 

disulfide bonds in a single workflow for subunit characterisation. Finally, peptide 

mapping is the gold standard for the confirmation of primary sequence and provides 

information on site specific modifications. Novel peptide mapping strategies outlined 

in this research reduce the time required and potential for process induced artefacts.   
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Figure 3.1: Graphical abstract for the rapid analysis of biotherapeutics using protein A 

chromatography coupled to native mass spectrometry. 
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Figure 3.2: The UV chromatograms (lefts) and the average spectral profiles (right) of 

Bevacizumab acquired using ProA-MS with buffer system 1 (ammonium acetate) and buffer 

system 2 (ammonium formate). 

Figure 3.3: The UV chromatogram profile of 25 µg of Bevacizumab obtained using a non-

volatile buffer system (left) compared to a volatile buffer system (right). Peak width and 

asymmetry values obtained for each buffer system are highlighted below each profile. 

Figure 3.4: Optimized protein A chromatography method using 50 mM ammonium acetate, 

pH 7.0, as buffer A and acetic acid, pH 2.5, as buffer B. The black trace represents the 

chromatogram acquired via UV detection at 280 nm, while the blue trace represents the 

gradient applied. The first two minutes of gradient were diverted to waste, as indicated in 

red, and a flow rate of 0.500 mL/min was used. 

Figure 3.5: The UV profile of Bevacizumab using an elution buffer of pH 3.0. 

Figure 3.6: Raw data and deconvoluted spectrum acquired through injection of 25 μg of 

bevacizumab using the ProA-MS method. The left panel on shows the TIC trace, the middle 

panel displays the protein charge envelope obtained through spectral averaging of the 

observed peak, the most abundant charge state is highlighted, while the right panel shows 

the deconvoluted spectrum with annotated glycoforms. 

Figure 3.7: (A) A standard curve of protein concentration ranging from 0.5 to 100 µg of 

Bevacizumab in media was established to determine the LOD and LOQ of the protein A 

mass spectrometry method. (B) The corresponding raw (mid panel) and deconvoluted 

spectra (right panel) show that confident annotation is still possible using as little as 0.5 µg 

of sample. 

Figure 3.8: ProA-MS was applied to a number of IgG1 mAbs of varying complexity, namely 

rituximab, trastuzumab, infliximab and cetuximab and an ADC mimic. The UV profile of 

each biotherapeutic can be seen in the left panel, while the middle panel shows the 

averaged raw spectrum obtained through integration of the protein peak. The annotation of 

the peaks from deconvoluted spectra is shown in the right panel. 

Figure 3.9: Mass spectral profile of 10 µg of ADC acquired between 1,000 – 12,000 m/z 

using protein A mass spectrometry. 

Figure 3.10: The average relative abundance of the main monoclonal antibody isoforms 

detected using protein A-MS on samples taken from bioreactors that were grown under 

altered conditions. Different colours represent different isoforms, and the error bars 

represent the variability based on triplicate injections. 

Figure 3.11: MS spectra showing the effect of pH on the structure of protein A, IgG, and 

the complex thereof. Blue squares indicate charge states that belong to the protein A 

molecule, red dots symbolise charge states from unbound IgG and yellow triangles mark 
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charge states which belong to a complex thereof at a 1:1 molar ratio. The most abundant 

charge states are highlighted and their presence across the pH ranges are mapped out. 

 

Figure 4.1: Graphical abstract for inline electrochemical reduction of  NISTmAb for middle-

up subunit liquid chromatography – mass spectrometry analysis. 

Figure 4.2: EC µ-prep SS cell schematics and image. 

Figure 4.3: Experimental setup using an electrochemical cell switching valve and dual 

pump system. Pump 1 contains 1% FA/H2O solution with optional organic additive for 

denaturing purposes. Pump 2 carries out the analytical gradient. Intact antibody is injected 

through the electrochemical cell where reduction occurs, the products are collected on the 

trap column, the valve switches backflushing the reduced antibody from the trap through 

the analytical column. 

Figure 4.4: Testing of different electrode potentials and corresponding intact NISTmAb 

reduction into light and heavy chain subunits at room temperature. (A)-(D) show four 

different total ion chromatograms (TICs) for electrode potentials ranging from 0.0 V to 0.6 

V. At 0.0 V completely intact antibody was observed, as expected, at 0.6 V where only Lc 

and Hc were observed but both in partially unreduced states. Increasing the electrode 

potential higher saw no increase in total reduction. (E) and (F) show the corresponding Lc 

mass spectra for the 13.8 min peak, from 4.4 (B), and 14.1 min peak, from 4.4 (D), 

respectively. Lc isotope distributions are shown in (G) and (H). (G) zoomed +11 charge 

state from 4.4 (E), and (H) zoomed +21 charge state zoomed from 4.4 (F). Both (G) and 

(H) are compared to the theoretical isotopic distribution of unreduced (5-point stars) and 

fully reduced (7-point stars) Lc. The peak at 13.8 min has both intrachain disulfide bonds 

intact, the peak at 14.1 min has a single intrachain disulfide bond intact. (I) shows the 

presence of still intact interchain disulfide bond between the Lc and Hc at 15.6 min, from 

0.2 V 4.4 (B) , (J) Shows the Hc chromatogram from 0.4 V 16.3 minutes, 4.4 (C), and shows 

the deconvoluted values using the ReSpect algorithm, there are three intact disulfide bonds 

within detected Hc structure, and (K) mass spectrum of 16.7 min peak in 4.4 (D) showing 

single intrachain disulfide bond, zoomed figure between m/z 1080 – 1170, G0F, G1F, and 

G2F are labelled with blue upright, pink downward, and red sideways triangles respectively, 

the deconvolution results are shown, calculated using the ReSpect algorithm. 

Figure 4.5: Comparison of TICs for (A) 1 V at room temperature and 1% FA, (B) 1% FA 

with electrochemical cell at 60 °C, (C) 20% acetonitrile, 1% FA at room temperature, and 

(D) combination of higher temperature and 20% acetonitrile, combined showing how the 

increase in temperature and organic solvent denaturation removes kinetic barrier to 

reduction. 
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Figure 4.6: (A) Mass spectrum of partially reduced Lc from Figure 4.4 (F) compared to (B) 

mass spectrum of fully reduced Lc showing charge state shift as well as accurate alignment 

of mass and isotopic envelope of the +22-charge state with the theoretical isotope 

distribution of the fully reduced Lc. (C) Partially reduced Hc distribution from Figure 4.4 (K) 

compared to (D) fully reduced Hc showing mass agreement with the fully reduced species 

of the three main glycoforms, as well as significant charge state shift of the fully reduced 

Hc. 

Figure 4.7: (A) TIC of IdeS digested NISTmAb after inline electrochemical reduction. Fully 

reduced and partially reduced Lc and fully reduced Fc/2 and Fd chains are observed. (B) 

Mass spectrum of the Fc/2 peak showing reduction across each glycoform and (C) Fully 

reduced Fd peak aligning closely in mass and isotopic envelope to the theoretical 

distribution. 

Figure 4.8: Low energy HCD fragmentation of partially and fully reduced Lc disulfide 

bonded areas are heighted in red (A) Fragmentation coverage of partially reduced Lc, (B) 

Deconvoluted fragmentation spectrum, peaks marked with an “*” are fragments which are 

2 Da larger than the theoretical value for a fully reduced Lc. (C) Fragmentation coverage of 

fully reduced Lc showing fragmentation occurring in both intrachain disulfide bond regions. 

(D) Deconvoluted fragmentation spectrum of the fully reduced Lc. 

 

Figure 5.1: Graphical abstract for an interlaboratory study of an optimised peptide mapping 

workflow using automated trypsin digestion for monitoring monoclonal antibody product 

quality attributes. 

Figure 5.2: UV Chromatogram traces (280 nm) for trastuzumab RP-UV-MS Intact analysis 

during digestion time course study using buffer 1. 

Figure 5.3: Base Peak Chromatograms (BPC) for trastuzumab RP-UV-MS Intact Analysis 

(A) without TCEP addition and (B) using 5mM TCEP as a reducing agent. Digestion was 

performed for 35 minutes and buffer 2. 

 Figure 5.4: Zoomed view (5-100 minutes) of stacked Base Peak Chromatograms (BPCs) 

obtained from peptide mapping experiments of trastuzumab for the digestion time course 

study using KingFisher™ Duo Prime system for both buffer 1 (pH 6.5) and buffer 2 (pH 7.2) 

with 5mM TCEP addition, and without any further reduction or alkylation steps. 

Figure 5.5: Sequence coverage map of trastuzumab heavy (upper panel) and light (lower 

panel) chains, obtained using automated tryptic digestion with buffer 1 after 5 minutes. The 

coloured bars show the identified peptides, with the numbers in the bars reflecting the 

retention time. The different colours indicate the peptide recovery in the MS1 scan; red 



 

 

xxii 
 

>50%, orange >20% and yellow >10% represent good recovery. Green >5%, light blue >2% 

and cyan >1% represent fair recovery and grey-white scale shows poor recovered peptides. 

Figure 5.6: Sequence coverage map of trastuzumab heavy (upper panel) and light (lower 

panel) chains, obtained using automated tryptic digestion with buffer 2 after 5 minutes. The 

coloured bars show the identified peptides, with the numbers in the bars reflecting the 

retention time. The different colours indicate the peptide recovery in the MS1 scan; red 

>50%, orange >20% and yellow >10% represent good recovery. Green >5%, light blue >2% 

and cyan >1% represent fair recovery and grey-white scale shows poor recovered peptides. 

Figure 5.7: Average relative abundance (n=3) of some identified PTMs: (a) deamidation; 

(b) oxidation and (c) N-glycosylation on the Fc region for trastuzumab time course study 

using buffer 1 and buffer 2 respectively. 

Figure 5.8: Effect of buffer pH on deamidation levels: average relative abundance (n=3) of 

deamidated sites for trastuzumab 30 minute digest using buffer 2 and buffer 1. 

Figure 5.9: Relative levels of missed cleavage and non-specific cleavage for NISTmAb RM 

8671. 

Figure 5.10: Venn diagram of the peptides identified from automated NISTmAb trypsin 

digestions performed in four different laboratories. Peptide lists include all the peptides 

within ±5ppm accuracy and including up to one missed cleavage peptides. 

Figure 5.11: Sequence coverage map of NISTmAb heavy chain obtained from automated 

trypsin digestions performed in three different laboratories and non-automated digestion 

performed in Switzerland. The coloured bars show the identified peptides, with the numbers 

in the bars reflecting the retention time. The different colours indicate the peptide recovery 

in the MS1 scan: red >50%, orange >20% and yellow >10% represent good recovery. 

Green, >5%, light blue >2% and cyan >1% represent fair recovery and grey-white scale 

shows poor recoveries <1%. 

Figure 5.12: Sequence coverage map of NISTmAb light chain obtained from automated 

trypsin digestions performed in three different laboratories and non-automated digestion 

performed in Switzerland. The coloured bars show the identified peptides, with the numbers 

in the bars reflecting the retention time. The different colours indicate the peptide recovery 

in the MS1 scan: red >50%, orange >20% and yellow >10% represent good recovery. 

Green, >5%, light blue >2% and cyan >1% represent fair recovery and grey-white scale 

shows poor recoveries <1%. 

Figure 5.13: BPC (black trace) and XICs for peptide DTLM255ISR non-modified (blue 

trace) and oxidized (orange trace) obtained in the four different laboratories. 

Figure 5.14: Comparison of the qualitative results for PTM values from 4 different 

laboratories for the analysis of NIST mAb digestions: (A) Deamidation / Succinimide 

formation ; (B) Lys Loss; (C) Oxidation and (D) Pyroglutamination of NIST mAb. 
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Figure 5.15: N-Glycosylation of NIST mAb over four laboratories. The combined area 

counts from EEQYN300STYR and the single missed cleavage product 

TKPREEQYN300STYR were used in the final evaluated result shown. 

Figure 5.16: Degradation study using the complete compliant peptide mapping workflow. 

Comparison of the qualitative results for targeted PTM values from 2 different laboratories 

for the analysis of thermal stressed samples. (A) Deamidation / NH3 loss; (B) 

Isomerization/H2O loss; (C) Oxidation. 

 

Figure 6.1: Graphical abstract for tracking the behaviour of monoclonal antibody product 

quality attributes using a multi-attribute method workflow. 

Figure 6.2: Summary of the MAM workflow used for the cell culture study. (A) Samples 

were taken daily over 12 days of culture before purification and IgG1 mAb concentration 

evaluation. (B) Following digestion with trypsin, (C) PQAs were identified from MS/MS 

analysis (MAM Phase I) and (D) monitored based on full MS only data (MAM Phase II). 

NPD was then applied for the detection of new entities in the sample against IgG1 at day 1 

of cell culture, which was used as a reference standard. Results were then finalised in a 

reportable format. 

Figure 6.3: Chromatogram plot showing the location of a selection of the 24 monitored 

PQAs for day 12. The PQAs are spread across the entire chromatography gradient at all 

the different charge states associated with it. 

Figure 6.4: Box plot graph showing the distribution of normalised areas from 4 non-modified 

peptides along 12 days of the cell culture process. Data quartiles and average values are 

displayed and whiskers indicate the variability outside the upper and lower quartiles. 

Figure 6.5: Retention factor plot of 7 peptides for the 108 injections along the 12 days of 

cell culture process study. 

Figure 6.6: Average relative abundance plots of the monitored PQAs: (A) oxidation, (B) 

deamidation and succinimide formation, (C) lysine and pyroglutamate formation, (D) 

glycoforms with (E) focus on the sialylated glycans and (F) focus on high mannose glycans. 

Figure 6.7: Cell culture growth curve (A) and viability curve (B). 

Figure 6.8: Chromatogram plot (black trace) and new detected frames (red traces) 

obtained for day 8 using day 1 as a reference. 15 new frames were detected which some 

of them eluting at the same retention time which could correspond to the same component 

but bearing a different charge state (Table 6.2 summarizes all the detected frame 

details).The chromatogram plot and frame plot are not showing the same y-axis scale. All 

the peaks corresponding to the new detected frames are normalized to the largest peak. 
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Figure 6.9: NPD workflow for HCP and sequence variant analysis. (A) HCP analysis was 

carried out by spiking Cathepsin L and rhLPL at different concentrations into a commercially 

available IgG1. (B) Sequence variant analysis was carried out using the same commercially 

available IgG1 originator and an in-house produced biosimilar. For both analyses, the 

samples were digested with trypsin and analysis was carried out as previously described. 

Figure 6.10: Analysis of a commercial IgG1 mAb spiked with 1000 ppm of HCPs. (A, B) 

XIC traces for 2 detected HCPs compared to the DP sample using Biopharma Finder 

software frame plot obtained after non-targeted MS processing using Chromeleon CDS 

7.2.10. Red traces (C, D) correspond to new peaks detected in the HCP 1000 ppm spiked 

samples compared to the commercial DP (blue trace). Frame plot obtained for a 100 ppm 

spiked sample. New detected peaks are highlighted with consecutive number following their 

elution time. 

Figure 6.11: Summary of monitored CQAs for comparison between the biosimilar (BS, 

blue) and the drug product (DP, orange). (A) Highlights the average relative abundance of 

oxidation, deamidation and succinimide formation while (B) highlights the average relative 

abundance of the glycans. 

Figure 6.12: TIC mirror plot obtained from peptide mapping experiments of a commercial 

IgG1 DP (blue trace) and an investigational IgG1 BS (blue trace). Peptides only detected 

for the IgG1 DP using the DP protein sequence are highlighted in the chromatogram. 

Figure 6.13: MS/MS spectrum with peak assignments and fragment coverage map for 

components 1 (KVEPK) from Table 6.12 using BioPharma Finder software. 

Figure 6.14: MS/MS spectrum with peak assignments and fragment coverage map for 

component 2 (VEPK) from Table 6.12 using BioPharma Finder software. 

Figure 6.15: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 3 (EEMTK) from Table 6.12 using BioPharma Finder software. 

Figure 6.16: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 4 (EEMTK, H2O loss) from Table 6.12 using BioPharma Finder software. 

Figure 6.17: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 5 (ASSSVSYMHWYQQKPGSSPK) from Table 6.12 using BioPharma Finder 

software. 

Figure 6.18: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 7 (ASSSVSYMHWYQQK) from Table 6.12 using BioPharma Finder software. 

Figure 6.19: Spectrum with peak assignments and fragment coverage map for component 

8 (PGSSPKPWIYAPSNLASGVPAR) from Table 6.12 using BioPharma Finder software. 

Figure 6.20: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 9 (PWIYAPSNLASGVPAR) from Table 6.12 using BioPharma Finder software. 
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Figure 6.21: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 11 (VEAEDAATYYCQQWSFNPPTFGAGTK) from Table 6.12 using 

BioPharma Finder software. 
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Chapter 1 An Overview of Biopharmaceuticals and Current Analytical 

Technology 

1.1 The Biopharmaceutical Industry 

 

Biopharmaceuticals are considered pharmaceutical products where the active 

ingredient was produced through expression within a living organism using 

recombinant DNA technology. They are used in the treatment of complex diseases 

such as cancer or inflammation due to their highly specific activity (Gils et al., 2017). 

The biopharmaceutical market is one of the largest and fastest growing markets 

globally accounting for $228 billion in global sales in 2016 (Moorkens et al., 2017). 

Most of the success in the early stages of development in the biopharmaceutical 

market was due to either the acquisition of smaller established biotech firms by 

larger companies or through strategic partnerships with them. One such example is 

the partnership between Eli Lilly and Genentech which led to Humlin, recombinant 

human insulin, which was the first ever genetically engineering product to receive 

regulatory approval as a medicine (Walsh, 1999). Continued growth in this market 

is supported by some of the largest names in the pharmaceutical sector (such as 

Pfizer, Merck and Johnson and Johnson) all investing in some form of 

biopharmaceutical with a strong pipeline of future projects in place (Rahalkar et al., 

2021). Other examples of biopharmaceutical products include growth hormones, 

monoclonal antibodies (mAbs) and cell and gene therapy based products. Of these 

products mAbs dominate the market accounting for more than half of the total 

products approved in both the EU and US between 2014-2017, Figure 1.1 (A). They 

have also steadily increased their annual global sales during this time span, 

accounting for nearly 60% since 2016, Figure 1.1 (B) (Walsh, 2018). 
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Figure 1.1: Bar graph outlining the impact of mAbs on the global biopharmaceutical market. 

(A) Highlights the number of mAb products that have been approved over a 4 year span 

while (B) shows the percentage of global biopharmaceutical sales that mAbs account for 

(Walsh, 2018). 

mAb success has been supplemented by both major advances in genetic 

sequencing and through an increased understanding on the molecular pathways 

associated with various diseases (Walsh, 1999). The fist mAb to receive regulatory 

approval for medicinal use was a monoclonal mouse immunoglobulin G 2 (IgG2) 

antibody from Janssen-Cilag called Orthoclone OKT3 (Muromonab-CD3) (Liu, 

2014). Orthoclone is used to promote the reversal of kidney transplant rejection by 

blocking cytotoxic T cell function through the binding of the CD3 surface antigen 

found on T-lymphocytes (Todd and Brogden, 1989). Since this approval the market 
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has been propelled by the success of the “Big 5” which are the following (Leavy, 

2010) : 

1. Adalimumab & Infliximab (Tumour necrosis factor (TNF) specific antibodies). 

2. Trastuzumab (Human epidermal growth factor receptor 2 (HER2) specific 

antibody). 

3. Bevacizumab (Vascular endothelial growth factor A (VEGFA) specific 

antibody). 

4. Rituximab (CD20 specific antibody). 

MAb dominance of the biotherapeutic market was predicted to be impacted by the 

development of biosimilars once innovator drug product patents began to expire. 

Biosimilars are therapeutic drug products that are both clinically and biologically 

comparable to the innovator product (Kim et al., 2020). For biosimilars to receive 

market authorisation they must show a high level of similarity with the innovator drug 

product’s protein structure and folds. Achieving the necessary levels of similarity in 

protein fold and structure can be problematic for biosimilar manufacturers as it is 

difficult to reproducibly manufacture structures with similar glycosylation patterns. 

These patterns can be highly impacted by the manufacturing conditions used in 

upstream which is often proprietary to the originator manufacturer. As a result of 

this regulatory agencies in both Europe and the USA installed guidelines to achieve 

biosimilar approval (Rahalkar et al., 2021). The European Medicines Agency (EMA) 

first developed their guidelines in 2005 and resulted in the first biosimilar approval 

Omnitrope in 2006 while the FDA issued a Biologics Price Competition and 

Innovation Act (BPCI) in 2009. Both agencies produced updated documents in 

2015, for the FDA this included the FDAs Biosimilar Action Plan leading to the 

approval of their first biosimilar (Zarxio) that same year. The guidelines for both 

agencies outlines the concept of demonstrating biosimilarity between biosimilars 

and reference products but the approach taken varies. The EMA provide product 

specific guidelines based on biological classification but the FDA take it on a case-

by-case (Dranitsaris et al., 2011). Both, however, require a “totality of evidence” 

from various characterisation techniques that show a high degree of physiochemical 

and biological similarity between the products. Many of the techniques used in this 

thesis could be applied to biosimilarity comparability. 



Chapter 1 

 

4 
 

 

1.2 Monoclonal Antibody Structure 
 

MAbs are produced through transfection of cell lines such as Chinese hamster ovary 

(CHO) and human embryonic kidney (HEK), which have a strong history of 

regulatory compliance for the production of biopharmaceuticals. These therapeutic 

antibodies are Y-shaped glycoproteins that consist of two identical 25 kDa light 

chains and two identical 50 kDa heavy chains linked through a series of inter- and 

intra-chain disulfide bonds (Chiu et al., 2019). The light chain has two domains, a 

constant domain (CL) and a variable domain (VL). The heavy chain determines the 

class of immunoglobulin and can be one of 5 types: IgA, IgD, IgE, IgG and IgM. The 

heavy chain of IgA, IgD and IgG consists of 3 constant regions (CH) and one variable 

region (VH). IgE and IgM contains one more constant domain while IgA and IgM 

also contain an additional J-chain which allows for the formation of dimers and 

pentamers (Sadeghalvad, 2021, Wang et al., 2007). The majority of clinically 

available mAbs are IgGs and these can be further subdivided into several 

subclasses (IgG1, IgG2, IgG3 and IgG4). These IgG subclasses differ in their CH 

and in their hinge region. Each subclass of IgGs was found to have different levels 

of affinity for Fc gamma receptors (FcγR) with IgG1 being the superior subclass 

following by IgG3 then IgG4 and finally IgG2. IgG1 also has the highest levels of 

stability and exhibits potent effector functions (Sadeghalvad, 2021). It is for these 

reasons why we see the majority of those used in a clinical setting being IgG1s. 

There are two key regions on the antibody structure, the antigen binding domain 

(Fab) and the fragment crystallizable region (Fc) connected via the hinge region 

(Figure 1.2 A) (Lu et al., 2020). The Fab is formed through the pairing of the VL and 

CL with VH and CH1. The combining of both the VL and VH forms the antigen binding 

site, commonly referred to as the complementarity determining region (CDR) and is 

specific for the target antigen (Wang et al., 2007) . The Fc region is made up of two 

CH domains (CH2 & CH3) and, as previously mentioned, determines the subclass of 

immunoglobulin. The Fc region, located just below the hinge region, engages with 

the FcγR in the immune system to initiate immune responses such as antibody-

dependent cellular cytotoxicity (ADCC) or with the first subcomponent of the 

complement complex (C1q) for complement-dependent cytotoxicity. It has also 
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been found to be important in modulating tissue and serum half-life through 

interaction with the FcγR (Golay and Introna, 2012). 

The first mAbs to receive clinical approval were derived from purified mouse 

antibodies, termed murine mAbs (Figure 1.2 A), however it was soon discovered 

that these antibodies resulted in immunogenic responses in a number of patients 

affecting the efficacy of the drug (Lu et al., 2020). To overcome this, researchers 

began to genetically transform these antibodies to be more similar to human 

antibodies, this led to the development of chimeric antibodies (Figure 1.2 B). In 

chimeric antibodies the constant regions are of human origin while the variable 

regions of the mAb are still of murine origin. The next advancement was the 

development of humanized antibodies where only the CDR was of non-human 

origin (Figure 1.2 C) (Harding et al., 2010). The next logical step was to have 

antibodies of fully human origin (Figure 1.2 D), the first of these to be 

commercialised was Adalimumab in 2002. With regards to immunogenicity, fully 

human mAbs were found to have the lowest reactions rates followed by humanized, 

chimeric and finally murine which experiences the highest rates of immunogenicity 

(Figure 1.3) (Singh et al., 2018). 

Figure 1.4 graphically displays the production of murine, chimeric, humanized and 

fully human antibodies. Murine mAbs are produced by first immunizing mice with 

desired antigens. These antigens illicit an immune response, splenocytes are 

harvested and are fused with myelomas which express the murine antibody through 

secretion into cell culture media (Figure 1.4 A). 

Murine antibodies are used for the generation of chimeric and humanized 

antibodies. Humanized mAbs use complementarity determining region grafting to 

transplant non-human CDR sequences into a human mAb sequence (Figure 1.4 A). 

Chimeric antibodies are produced by a technique called chimerization. This involves 

fusing of the murine antibody variable regions to the constant regions of a human 

antibody (Figure 1.4 A) (2012). 

Figure 1.4 B-D shows three examples for the production of fully human antibodies. 

Figure 1.4 B outlines phage display. In this technique a human phage display library 

is used for antigen selection. Biopanning with target antibodies takes place for 

between 3-5 cycles before being screened, sequenced and constructed into an 
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antibody expression system. Figure 1.4 C shows the use of transgenic mice. This 

is very similar to the technique used in Figure 1.4 A however in this situation 

transgenic mice are used. Here their endogenous Ig genes are replaced by human 

genes producing fully human Ig’s using the hybridoma technology. The final 

technique in Figure 1.4 D shows the production of fully human mAbs using single B 

cells. The B cells are extracted from human peripheral blood mononuclear cells 

(PBMCs) and sorted by flow cytometry. Reverse transcription polymerase chain 

reaction (RT-PCR) is used to construct both variable regions before subsequent 

expression of human mAbs (Lu et al., 2020, Smith et al., 2009). 

 

 

Figure 1.2: The structure and nomenclature of an IgG1 monoclonal antibody of various 

origins. Regions highlighted in green are of murine origin while those in blue are of human 

origin. The Fab, Fc CH, CL, VH and VL are consistent across all antibodies but only 

highlighted in (A). (A) Further shows the structure of a murine mAb. (B) Highlights the 

structure of a Chimeric antibody. (C) Represents a humanized antibody while (D) is a fully 

human antibody (Lu et al., 2020). 



Chapter 1 

 

7 
 

 

Figure 1.3: Decreasing the concentration of murine in mAbs reduces the overall risk of 

immunogenic reactions within a patient (Singh et al., 2018). 

 

Figure 1.4: Workflow summarising the production of different types of antibodies. (A) 

highlights the production of murine, chimeric and humanized mAbs using mouse hybridoma 

technology. Fully human mAbs can be produced using (B) phage display, (C) transgenic 

mice or (D) from the isolation of single B cells from a human (Lu et al., 2020). 
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1.3 Monoclonal Antibody Heterogeneity 
 

IgG biotherapeutics are susceptible to a number of enzymatic and chemical 

modifications during manufacturing, storage or through spontaneous degradation. 

These are more commonly referred to as post-translational modifications (PTMs). 

The most commonly observed and monitored PTMs in these mAbs include 

glycosylation, deamidation, oxidation, lysine clipping and pyroglutamate formation 

(Jefferis, 2016). 

Of these PTMs listed glycosylation is the most complex and widespread (Walsh, 

2010). The glycosylation site of most IgGs is at a conserved asparagine site in the 

Fc region however other mAbs, such as Cetuximab, have been known to contain a 

second glycosylation in the Fab region (Dekkers et al., 2017, Varadi et al., 2020). 

Glycan microheterogeneity of a mAb is influenced by factors such as the cell line 

used, the conditions of the bioreactor during upstream bioprocessing and the nature 

of the downstream processing. Glycans can be classified into three groups; 1) high 

mannose, 2) complex glycans and 3) a hybrid of complex high mannose glycans 

(Reusch and Tejada, 2015). Glycosylation is important as it contributes to the 

biophysical stability of the protein and can have an impact on the specific activity of 

the mAb. For this reason, it is considered a critical quality attribute (CQA). CQAs 

are defined as a “physical, chemical, biological or microbial property or 

characteristic that should be within an acceptable limit, range or distribution to 

ensure the desired product quality, safety and efficacy” (Higel et al., 2019). This was 

recently highlighted in Cetuximab where it was found that removal of the glycans 

through enzymatic cleavage resulted in no in vitro activity for FcγRI and FcγRIIIa 

(Varadi et al., 2020). This loss of activity further resulted in a loss of ADCC activity. 

The type of expression system used in the upstream processing can have an impact 

on the glycan distribution. The report from Gary Walsh into biotherapeutic 

benchmarks from 2018 showed that CHO is the most dominant expression system 

still used, however, even with this expression system hundreds of enzymes are still 

involved in the glycosylation process leading to a source of N-glycan variability 

between batches of product (Planinc et al., 2017, Walsh, 2018).  

Deamidation is a common degradation pathway of mAbs and can impact the protein 

structure and function. Deamidation typically occurs with asparagine residues and 
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leads the formation through a succinimide intermediate. This succinimide 

intermediary is unstable and hydrolyses into two isomers, isoaspartic acid and 

aspartic acid. Asparagine sites at residues 315 and 384 of the heavy chain have 

been found to be more susceptible to deamidation. The primary sequence of mAbs 

can also have an effect on the rates of deamidation, for example deamidation 

proceeds fasters when glycine follows asparagine residues (Jefferis, 2016). The 

rate of deamidation has been further observed to be influenced by physiological 

conditions such as the pH of the formulation buffer and the temperature the product 

is stored at (Beck et al., 2013). 

Oxidation of mAbs occurs at methionine and tryptophan residues and has been 

known to have an impact on the bioactivity, thermal stability, FcγR and protein A 

binding affinity. Oxidation occurs commonly in the Fc region and can form during 

purification, formulation, and storage (Beck et al., 2013, Mo et al., 2016). As it can 

impact the overall efficacy of the drug it is a common CQA that must be monitored. 

Two common methionine oxidation hotspots are identified at M252 and M428. At 

M252 oxidation levels have been observed between 2-5% with lower levels reported 

at M428 (Jefferis, 2016). Tryptophan oxidation is less common but has been 

observed within the CDR, which can impact the receptor/antigen binding affinity 

(Beck et al., 2013). 

Pyroglutamate formation of the N-terminal and lysine clipping of the C-terminal of 

the protein sequence are common modifications in IgGs, while they do not impact 

the safety and efficacy of the drug product they are important to monitor as they can 

have an impact on the overall charge of the mAbs (Beck et al., 2013, Khawli et al., 

2010). Charge heterogeneities of mAbs are important as they optimise the balance 

of gaining favourable electrostatic interactions and determine the structure and 

stability of the proteoform. Charge heterogeneities are also introduced through the 

previous PTMs mentioned. Clipping of the C-terminal lysine and formation of 

pyroglutamic acid results in the loss of a positive charge while deamidation results 

in the addition of a negative charge. Oxidation affects the local charge distribution 

without modification of the net charge of the proteins (Leblanc et al., 2017). 

Due to the presence of these PTMs biotherapeutics can have a wide array of 

proteoforms. It has estimated the presence of just less than 108 theoretical 
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proteoforms for a therapeutic mAbs (Kozlowski and Swann, 2006). As a result of 

this the International Community of Harmonization (ICH) have put together Q6B 

which covers the specifications for testing procedures and acceptance criteria for 

biotechnology products. 

1.4  ICH Q6B 

 

The ICH Q6B regulatory framework was established to generate a set of criteria that 

a drug product must conform to in order to be acceptable for its intended use. The 

scope of this specific regulation applies to proteins and polypeptides that have been 

produced from recombinant or non-recombinant cell culture expression system. The 

guidelines outlines the appropriate tests and provides guidance on the acceptance 

criteria to ensure product quality and consistency as well as to provide guidance for 

product characterisation. These guidelines have been accepted by regulatory 

agencies such as the FDA and EMA and are used in the approval of new 

biotherapeutics (1999). 

Characterisation requirements for mAbs include assessments of physicochemical, 

immunochemical, biological activity, purity, impurity, and quantity. Table 1.1 below 

looks into these sections in more detail and mentions some of the analyses that 

would typically be carried out. 
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Table 1.1: A detailed summary of the testing procedures required by ICH Guideline Q6B. 

Category Description Analytical Test 

Conducted 

Physiochemical Determines the composition, 

physical properties, and 

primary sequence. Specifics 

include determination of the 

molecular weight, isoform 

pattern, electrophoretic and 

liquid chromatography 

patterns. The carbohydrate 

substructures must also be 

determined. 

Analysis includes 

SDS-PAGE, size 

exclusion 

chromatography, 

isoelectric focusing, 

capillary 

electrophoresis, 

reverse phase 

chromatography, ion 

exchange 

chromatography, 

affinity 

chromatography, 

peptide mapping and 

glycan 

characterisation 

through mass 

spectrometry 

Immunochemical Binding assays are used to 

determine affinity of the 

products. 

ELISA 

Biological Activity The mechanism of action 

should be determined along 

with safety and efficacy.  

Biological activity is 

typically assessed 

through in vitro 

assays. These can be 

animal based, cell 

culture based or a 

biochemical assay. 
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Purity, Impurity and 

Contaminants 

Post-translational 

modifications (PTMs) 

contribute to heterogeneity of 

the mAb and can have an 

effect on the mAbs stability 

and efficacy and therefore 

they must be assessed and 

quantified. Aggregates should 

also be assessed along with 

process related impurities 

such as host cell proteins 

(HCPs) and cell culture 

residues.  

Analysis in this section 

include size exclusion 

chromatography and 

HCP analysis using 

reversed-phase liquid 

chromatography 

coupled to mass 

spectrometry. 

 

The acceptance criteria established for all these analysis is defined as a 

combination of the values obtained from the batches used during preclinical and 

clinical trial along with those used to display manufacturing consistency (1999). 

In the following section the separation technologies mentioned above for the 

characterisation of the physiochemical properties of mAbs will be discussed in more 

detail in particular liquid chromatography coupled to mass spectrometry (LC-MS).   

 

1.5 Separation Technologies 
 

1.5.1 Capillary Electrophoresis 

 

Capillary electrophoresis (CE) takes the concept of electrophoresis and using a 

small, coated capillary allows for the separation of ions in a rapid, automated, and 

highly reproducible method that reduces both the levels of sample required for 

analysis and the amount of hazardous waste generated when compared to high-

performance liquid chromatography (HPLC) (Issaq, 2000). In CE the sample is 

introduced into a buffer solution containing electrodes. A voltage is applied, and the 

analytes move through the capillary, are separated according to their 

electrophoretic mobility and past a detection window. Samples can be injected into 
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the capillary either hydrodynamically or electrokinetically. In hydrodynamic 

injections the inlet is inserted in the sample vial and moves through the capillary by 

either pressuring the inlet or by applying a vacuum to the outlet. In electrokinetic 

injections the capillary inlet is immersed in sample while the outlet is inserted in a 

separation buffer and a low voltage is applied. CE can be run in a number of different 

modes, and it is very easy to adapt from one mode to the other as it only requires a 

change of buffer system. The most commonly applied modes of CE in 

biotherapeutic characterisation include capillary zone electrophoresis (CZE), 

capillary gel electrophoresis (CGE) and capillary isoelectric focusing (cIEF) (Issaq, 

2000, Roche et al., 1997). 

CZE is the simplest and most commonly applied CE technique. It occurs in the low 

ionic strength buffers and separates based on charge to mass ratio. CGE separates 

the analytes as they pass through a matrix within the capillary. This matrix is similar 

to that described in SDS-PAGE. cIEF consists of filling the capillary with 

ampholytes, injecting the sample, focusing the analytes, and then mobilizing the 

focused zones past the detection window. Ampholytes are compounds that form a 

pH gradient once exposed to an electrical field. In this case the proteins are 

separated based on their pI. cIEF can further be used to test protein purity and 

determine protein isoforms (Chen et al., 2021, Roche et al., 1997). 

CE has been successfully coupled to a mass spectrometer (MS) and technological 

advances has led to the development of a microfluidic CZE device. This device is a 

small glass chip enclosed in a polymer casing. This device allows for efficient and 

rapid electrophoretic separations which can be mounted directly to the inlet of a 

mass spectrometer (Kelley et al., 2019). The development of an ESI compatible 

background electrolyte, which is used to prevent analyte absorption and enhances 

electrophoretic mobility differences, has increased the application of this device in 

the characterisation of biotherapeutics and there has been successfully employed 

in both intact and peptide mapping analysis of mAbs (Dai et al., 2018, Kato et al., 

2004, Kim et al., 2003, Redman et al., 2015). 
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1.5.2 Liquid Chromatography 

 

In its simplest definition, liquid chromatography (LC) is the separation of a complex 

sample into its individual components based on their interactions with a stationary 

and mobile phase. The earliest record of a scientific publication which utilises LC 

was from a Russian botanist called Mikhail Tswett in 1905 where he separated plant 

pigments using calcium carbonate fine particles in an open glass column 

chromatography set up (Engelhardt, 2004). Modern day chromatography setups are 

closed systems which allows for the application of high pressure to increase 

separation efficiency, more commonly termed high performance liquid 

chromatography (HPLC). The stationary phase of HPLC columns are narrower and 

more densely packed (Jandera and Henze, 2011). Separation by HPLC can be 

impacted by parameters such as column length, flow rate and temperature. For 

example, increasing the column length increases the separation efficiency but can 

result in higher column pressures and longer analysis time. Increasing flow rate will 

naturally decrease analysis time but results in increased column pressures while 

increasing temperatures decreases the column pressure by reducing mobile phase 

viscosity (Marin et al., 2004, McCalley, 2000). The stationary phase of modern 

columns can be adapted to facilitate separation based on sample size, affinity, 

hydrophobicity, or charge. The mobile phase can be added to the column either 

isocratically, where it is made up of a single composition, or over the course of a 

gradient, where the mobile phase composition is altered over the course of the 

chromatographic process (Allwood and Goodacre, 2010). Figure 1.5 shows a basic 

flow path of an LC set up that typically consists of a pump, autosampler, column 

compartment (which contains the stationary phase) and a detector. These detectors 

can be included in the LC stack, such as ultraviolet (UV), fluorescence, diode array 

detector (DAD), or charged aerosol detector (CAD), and/or can be coupled to an 

external device that, such as a mass spectrometer (MS). 



Chapter 1 

 

15 
 

   

Figure 1.5: The flow path of a liquid chromatography system. Mobile phase is taken from 

the solvent bottle and enters the system through a pump. Sample is injected into the 

solvent, and both enter the HPLC column. This column contains the stationary phase, and 

the sample is separated according to its interactions with both the mobile and stationary 

phase. Following elution, the samples pass through the detector where the data is recorded 

by a computer. The flow path can be connected to a mass spectrometry for more in-depth 

characterisation workflows. 

As a number of different stationary phases exist for LC separations this review will 

look mainly at those involved in mAb characterisation and these include, protein A, 

size exclusion (SEC), ion exchange (IEC), reversed phase (RP) and hydrophilic 

interaction liquid chromatography (HILIC). 

Protein A chromatography is typically employed as a frontline strategy for the 

purification of mAbs following harvest of the bioprocess (Hober et al., 2007). The 

stationary phase here consists of Protein A from Staphylococcus aureus, which is 

capable of binding to the Fc region of mAbs at neutral pH (Cronin et al., 2020). 

Unbound material, such as host cell DNA, host cell proteins and other bioreactor 

by-products, pass through the column and the bound mAb is washed several times. 

To elute the mAb from the stationary phase a highly acidic mobile phase passes 

through the column and disrupts the protein A-Fc bond. The sample is neutralised 

and ready for chromatography polishing steps. By coupling this separation with UV 
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detection, information regarding product quantity is available (Orton and Doucette, 

2013).  

SEC is a commonly applied technique for the separation of molecules based on size 

and is often used in the purification process after protein A. In this separation the 

column is packed with porous beads of uniform size. When a sample is passed 

through the column smaller components enter these beads while those of larger 

sizes cannot and have a shorter pathway through the column. This leads to large 

components eluting off the column first and entering the detector while smaller 

components will be retained by these porous beads and have longer retention times 

(Burgess, 2018, Cutler, 2004). For mAbs this results in three main categories: high 

molecular weight species, the main mAb peak and low molecular weight species. 

This technique is also commonly applied for the analysis of mAb aggregates (Yang 

et al., 2015). 

IEC is used in the characterisation of mAb charge variants. IEC is designed for the 

separation of differentially charged or ionizable molecules and has two formats, 

anion- and cation-exchange (Figure 1.6) (Cummins et al., 2017). 
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Figure 1.6: The two formats of IEC. In anion exchange the stationary phase is made up of 

primarily positive particles to adsorb negatively charged molecules. When the mobile phase 

increases the concentration of anions the sample begins to elute off the column. Cation 

exchange is the opposite, the stationary phase is made up of primarily negative functional 

groups causing adsorption of positively charged molecules (Cummins et al., 2017).  

Elution from the stationary phase is made possible by altering the ionic strength or 

pH of the mobile phase via a gradient until the proteins pI is reached. For mAbs this 

allows for the identification of isoelectric points as well as characterisation of charge 

variants (Jing et al., 2020, Zhang et al., 2011). 

RP chromatography is commonly used for intact, subunit and peptide 

characterisation of mAbs. This technique is powerful for identity testing and can be 

further employed for the analysis of disulfide bond integrity (Bobály et al., 2018). 

This technique separates based on the hydrophobicity of a protein sample. The 

stationary phase consists of a hydrophobic ligand, typically alkyl groups of various 
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length such as C8 and C18 while the mobile phases are aqueous and a water-

miscible organic solvent such as acetonitrile or methanol (Allwood and Goodacre, 

2010, Josic and Kovac, 2010). Both mobiles phases have a small percentage of 

acid added to them, typically 0.1-0.5%, and those most commonly used include 

formic acid (FA), difluoroacetic acid (DFA) and trifluoroacetic acid (TFA). The 

presence of these acids is to make the proteins positively charged and reduce 

undesirable interactions with the column’s stationary phase. The choice of acid can 

be important for the analysis of interest, for example if carrying out RPLC-MS 

analysis FA would be better than TFA as TFA can be ion suppressing (Bobály et 

al., 2018). In RPLC samples elute off the column based on their hydrophobicity; this 

means that the starting conditions for the gradient must have a higher concentration 

of aqueous solution. The percentage of organic solution is slowly increased across 

the gradient resulting in highly hydrophobic proteins eluting at the end of the 

gradient. Temperature is a big factor in RPLC, and the column is usually kept 

between 70-80 degrees Celsius. Low column temperatures can result in strong 

analyte adsorption and cause asymmetrical peaks with tailing (Bobály et al., 2018, 

Guillarme et al., 2004). 

Finally, HILIC can be viewed as the opposite of RPLC. The stationary phase is polar 

and binds polar compounds while hydrophobic compounds are loosely retained if 

not at all (Allwood and Goodacre, 2010, Buszewski and Noga, 2012). The mobile 

phases used in HILIC are the same as those in RPLC however the gradient begins 

with a high percentage of organic solvent and the gradient increases the aqueous 

content over time. HILIC is ideal for the separation of uncharged high hydrophilic 

compounds that are too polar for RPLC and overly charged for IEC (Buszewski and 

Noga, 2012). For mAbs HILIC is primarily used in glycan analysis. The glycans are 

first released from the mAb using PNGase-F and labelled with a fluorescent dye 

prior to HILIC separation (Singh and Lee, 2021). Recent development in HILIC 

columns has enhanced its capability to separate mAb subunits following partial 

digestion (D'Atri and Guillarme, 2021). 

As has been briefly mentioned in this section LC is often coupled to MS for in depth 

characterisation. The following sections will discuss the technological advances in 

MS for the characterisation of large biomolecules and will discuss the 3 main 

characterisation strategies that employ LC-MS.  
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1.6  Mass Spectrometry 

 

Mass spectrometry (MS) has become a pivotal tool in the characterisation of mAbs 

and the wider field of proteomics as a whole. It allows for both qualitative and 

quantitative information to be gained from a single analyte. The key fundamentals 

of mass spectrometry are ionization, funnelling of ions into a mass analyser and 

finally, detection of ions to produce a mass spectra. 

1.6.1 Ionization 

 

Ionization is the first step in MS analysis. Ionization transforms a molecule in 

solution to a gaseous ion. The development of two soft ionization techniques, 

electrospray ionisation (ESI) and matrix-assisted laser desorption ionization 

(MALDI), was fundamental for the applicability of mass spectrometry analysis to 

complex proteins (O'Neill, 2019). 

ESI is the most commonly used ionization technique in mAb characterisation due to 

its high level of robustness, reproducibility and it has the added benefit of being 

easily coupled to HPLC (Benesch et al., 2007). In ESI, analyte is continuously 

passed through a stainless steel capillary. This capillary has a constant flow of high 

voltage (between 2-6 kV) which pulls electrical charges to the tip of the capillary 

resulting in the formation of a ‘Taylor Cone’. A mist of charged analytes is formed 

due to electrostatic repulsion and nebulizing gas, typically nitrogen, is used to shear 

the sample volume. Sample evaporation occurs due to elevated ESI temperatures, 

the presence of a stream of nebulizing gas and both a pressure and potential 

gradient as they move towards the mass analyser. As the droplet size decreases 

the charge density increases until eventually the ions are emitted from the droplet 

and are propelled towards the mass analyser, Figure 1.7 (Ho et al., 2003, Rathore 

et al., 2018). 
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Figure 1.7: Schematic representation of ESI (Konermann et al., 2013).  

MALDI is the alternative option for ionization of proteins. In MALDI the sample must 

be crystallised or embedded within a matrix, typically acidic, which can absorb UV 

light. A laser is then directed towards the sample-matrix complex and in short pulses 

rapidly heats and causes ionisation (Kaufmann, 1995, Nadler et al., 2017). MALDI 

produces singly charged high mass ions making it a useful technique for the 

analysis of intact proteins however there are a number of drawbacks from this 

technique. These include poor reproducibility, limited mass analyser technology and 

a reliance on sufficient matrix availability for sample preparation. Ultimately it is not 

a useful technique for routine QC monitoring of glycoproteins (Chang et al., 2007, 

Rathore et al., 2018). Due to these limitations and along with its applicability to LC, 

ESI is the preferred option for mAb characterisation. 

1.6.2 Mass Analysers 

 

Mass analysers are key components within a mass spectrometer that allows for the 

isolation and separation of ionized masses based on their m/z ratios (Calvete, 

2014). Numerous mass analysers for protein characterisation exist and the choice 

of mass analyser is decided based on the desired m/z range to be analyse, the 

mass of the analyte, the required resolving power, the ability to interface with the 



Chapter 1 

 

21 
 

ion source and the limit of detection (Haag, 2016). For protein analysis the most 

commonly used mass analyzers include quadrupoles (Figure 1.8 A), time-of-flight 

(ToF) (Figure 1.8 B), ion traps (Figure 1.8 C) and orbitraps (Figure 1.8 D). 

 

Figure 1.8: Schematic representation of (A) a quadrupole, (B) a ToF, (C) an ion trap and 

(D) an orbitrap (Haag, 2016, Ho et al., 2003). 

Quadrupoles are the most commonly used mass analyser and modern day mass 

spectrometers contain at least one quadrupole. Quadrupoles act as a mass filter 

and allows the passage of ions in a specified m/z range (Douglas, 2009). As seen 

in Figure 1.8 A the quadrupole is made up of four hyperbolic rods, 2 of positive 

polarity and 2 of negative. A radio frequency potential and direct current potential, 

which is superimposed over the radio frequency, is applied to the quadrupole. This 

results in ions oscillating through the quadrupole and directed towards the ion 

detector. Stable oscillation is achieved for specific m/z through fine tuning of the 

voltage of the direct current and radio frequency, unstable ions collide with the 

quadrupole rods and dissipate. Without a direct current it is possible to use 

quadrupoles with radio frequency only as a transmitting device or as a collision cell 

for MS/MS to occur. Quadrupoles are popular due to their low costs, reliability and 

durability however used alone, i.e. without a second mass analyser, they have 

limited mass ranges and poor resolution (Haag, 2016, Ho et al., 2003). 
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ToF mass analysers are typically used with MALDI due to their near unlimited mass 

range which makes it ideal for the analysis of singly charged species (Kaufmann, 

1995). ToFs consist of a pulsed ion source, where MALDI takes place, an 

acceleration grid to accelerate packets of ions from the ion source and into a flight 

tube, Figure 1.8 B. This flight tube is termed a field free region and is between 1-2 

meters long. Ions accelerated through the grid and into this field free region reach 

the ion detector at different times depending on their m/z. Modern ToFs contain 

reflectors at the end of the flight tube to reflect ions back to the ion source before 

detection or employ delayed extractions following ionization to increase the overall 

resolution of the ions (Boesl, 2017, Ho et al., 2003). 

Ion traps are similar to quadrupoles in their function except they consist of 2 outer 

endcap electrodes with built in cavities and a ring electrode between them, Figure 

1.8 C. The built in cavities allow for ions to enter and exit the ion trap. As with 

quadrupoles the ions are trapped through oscillation using a radio frequency field 

with a superimposed direct current. Varying radio frequency potential leads to ions 

expelling selectively from the ion trap and recorded through the ion detector. Ion 

traps have improved sensitivity over quadrupoles and ToF as they can accumulate 

ions over time. They are also small and affordable however they are known to have 

low resolving power (Nolting et al., 2019). 

Finally, orbitrap is the most novel of the technology discussed. It was created by 

Alexander Makarov and was commercial available since 2005 (Zubarev and 

Makarov, 2013). The orbitrap consists of an inner electrode spindle encased by two 

outer concaved electrodes facing each other, Figure 1.8 D. Packets of ions are 

introduced into the orbitrap through a hole in the outer electrode and are trapped 

and oscillate around the inner spindle by an electrical field. The m/z is measured by 

transforming the frequency of harmonic ion oscillation that occurs between the inner 

spindle and the outer electrode (Hu et al., 2005). Advantages of orbitrap technology 

include high resolving power, small size and low maintenance and operation costs, 

however one drawback of this technology is that it is prone to space-charging effects 

which effectively limits the amount of ions that can be trapped (Haag, 2016). 

From this information it is clear to see that using just one analyser is not sufficient 

for all applications. As a result of this modern day systems tend to use two or more 
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mass analysers and at least one of them is a quadrupole for ion filtering. This can 

be seen in the schematic of the Q Exactive Orbitrap from Thermo Fisher Scientific 

in Figure 1.9. 

 

Figure 1.9: Schematic of the Q Exactive Orbitrap. Ions enter from the API source via a 

capillary and pass through the S-lens. The S-lens focuses ions into a series of flatapoles 

before entering the quadrupole for ion filtering. After the quadrupole the ions pass through 

more lenses before entering the C-trap. The C-trap collects ions and can either send them 

directly to the orbitrap for mass analysis or sends them first into a HCD collision cell for 

MS/MS before entering the C-trap (Proteomics).  

1.6.3 Tandem MS 
 

In tandem mass spectrometry or MS/MS precursor ions are selected in the first 

mass analyser and are fragmented into product ions before separation according to 

their mass in a second mass analyser (Finehout and Lee, 2004). It is commonly 

used in bottom up proteomics for the identification of peptides. There are a number 

of methods available for the fragmentation of proteins the most popular techniques 

include collision induced dissociation (CID), electron collision dissociation (ECD), 

electron transfer dissociation (ETD). The choice of fragmentation typically depends 

on the instrument of use and the type of analysis being carried out, for example, the 

Q Exactive uses CID and this takes place in the HCD collision cell, Figure 1.9.In 

CID, precursor ions collide with a neutral gas, typically nitrogen. This collision 
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increases the internal energy of the ion and results in cleavage of the peptide bond, 

located between the amide and carbonyl group. The fragment ions are termed b-

ions, if the charge remains on the N-terminus of the peptide, and y-ions, if the charge 

is maintained on the C-terminal portion of the peptide, Figure 1.10 (Johnson and 

Carlson, 2015, Sleno and Volmer, 2004). 

In ECD/EDT fragmentation electrons are transferred to the carbonyl backbone of 

the polypeptide. Electrons are typically acquired from chemical ions such as 

fluoranthene and anthracene (Syka et al., 2004). This transfer of electrons leads the 

generation of radical species on the α-carbon which is unstable and readily 

fragments. Both techniques result in the formation of c-ions and z-ions, Figure 1.10 

(Leymarie et al., 2003, Mikesh et al., 2006). 

 

Figure 1.10: Graphical representation of where the different fragmentation techniques take 

place on a polypeptide. CID produces b- and y-ions while ETD/ECD produce c- and z-ions. 

Of these two techniques CID is the most commonly used however due to its 

preference to fragment the weakest bonds in the peptide it can be a disadvantage 

to use this fragmentation technique when looking at specific PTMs, mainly 

phosphorylation and glycosylation, however the HCD cell in orbitraps was designed 

to allow CID at lower energy levels to overcome this limitation (Wuhrer et al., 2007, 

Zhang et al., 2009). ETD/ECD, due to its rapid nature, can provide information on 

the location of PTMs which is beneficial when studying intact proteins (Mikesh et 

al., 2006). 
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1.7 MAb Characterisation Strategies 

 

Characterisation of mAbs can be broken down to three levels; intact (top-down), 

subunit (middle up/middle down) and peptide (bottom up), Figure 1.11. The 

following section will discuss the techniques and published works already carried 

out at each level. 

 

Figure 1.11: The three key levels of mAb characterisation. Intact analysis examines the 

whole mAb without prior treatment. Subunit analysis involves limited digestion of mAbs prior 

to characterisation while peptide analysis requires full digestion using proteases to break 

up the sample into small peptides before MS analysis. 

 

1.7.1 Intact mAb Characterisation 

 

Characterisation of intact mAbs allows for the identification of various proteoforms 

and can provide information on structural heterogeneity. The benefit of using intact 

analysis is that it allows for the analysis of antibodies in their formulation solution 

without prior treatment. However, it can be difficult to achieve due to the reliance on 
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high performing mass spectrometers (Beck et al., 2013). Intact mass 

characterisation traditionally relied on RPLC separation of proteins prior to 

ionization, this is more commonly referred to as denatured analysis as the protein 

begins to lose its 3D configuration due to high column temperatures and acetonitrile 

exposure. An alternative option was to employ SEC separation prior to MS analysis 

in a native set up (Isabel Vandenheede, 2019). An analysis between these two 

methods for determining the N-glycan profile of different mAbs showed that the 

native approach was capable of identifying low abundant species compared to the 

denatured approach however denature analysis gave better overall mass accuracy 

(7.9 ppm in denatured compared to 11.9 ppm in native) (Carillo et al., 2020).  

In recent years there has been a visible trend towards native MS. This is due the 

technological advances in MS instrumentation to have enhanced ion trapping, wider 

applicable mass ranges and improved desolvation and declustering (Barth and 

Schmidt, 2020). Native MS preserves the quaternary structure of proteins and 

allows for the characterisation of intact proteins and protein complexes. The 

development of MS friendly buffers has further enhanced the capability of traditional 

LC separations being adapted for native LC-MS characterisation. One such 

example of this is in charge variant characterisation using IEC where MS friendly 

mobile phases allowed for the identification of over 100 isoforms in cetuximab and 

to the identification of deamidation isoforms in trastuzumab (Fussl et al., 2018, Yan 

et al., 2018). Other LC techniques that have been adapted for native MS analysis 

include hydrophobic interaction chromatography (HIC), SEC and RP. These 

techniques are not just limited to mAbs as a number have been successful in the 

characterisation of next generation biotherapeutics such as antibody drug 

conjugates (ADCs) and bispecific antibodies (Chen et al., 2018, Chen et al., 2019, 

Jones et al., 2020, Ventouri et al., 2020). 

Top-down analysis is an intact technique that uses MS/MS fragmentation for 

detailed characterisation however this is proving to be difficult to obtain full 

sequence coverage of the fragment ions due to the large size of the mAbs and 

structural features such as disulfide bonds preventing efficient fragmentation. 

Electron based fragmentation techniques such as ETD and ECD are preferred for 

MS/MS in top-down as it preserves modifications within the structure, however only 

15-35% of sequence coverage has been reported while higher levels of sequence 
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coverage, up to 70%, in MS/MS of subunit analysis has been observed (Catherman 

et al., 2014, Fornelli et al., 2014, Jin et al., 2019) 

Intact analysis of mAbs is not limited to LC-based separations. Intact 

characterisation of mAbs using CE coupled to MS is made possible using two 

techniques: a sheath liquid interface or a sheathless interface. In sheath liquid 

interfaces sheath liquid is added to the end of the CE capillary providing electrical 

contact and assisting in spray stability however the drawback with this technique is 

decreased sensitivity and a potential for peak broadening. In the sheathless 

interface the CE capillary is inserted into a stainless steel electrospray needle which 

is filled with a liquid for conduction for electrical contact. The benefit of this approach 

is that sample sensitive is improved however it can result in instability in the 

electrospray (Han et al., 2016). 

The first reported intact separations of mAbs using CE used UV as a detection 

technique. This was due to the background electrolyte (BGE) solution not being MS 

friendly due to the presence of salts and detergents. With this technique Goyon et 

al., was able to separate the basic and acidic variants of 12 commercially available 

mAbs (Goyon et al., 2018). Following on from this work Giorgetti et al., developed 

an MS friendly BGE that allowed for the detection of charge variants from 

glycosylation, iso-aspartic acid isomerisation and asparagine deamidation using a 

20 minute run time (Giorgetti et al., 2019).  

1.7.2 Subunit Analysis 

 

Subunit characterisation of monoclonal antibodies involves the partial disruption of 

the structure by reduction of disulfide bonds, using dithiothretiol (DTT), or through 

the use of site specific proteases, such as IdeS which cuts the mAb structure just 

below the hinge region producing the Fab and Fc region, Figure 1.11 (Carillo et al., 

2020). A review of the published studies around subunit analysis showed that it is 

more common to apply both reduction and limited proteolysis when conducting 

subunit characterisation. This results in two single chain Fc (scFc), two light chains 

and two Fd’s. The Fd consists of the N-terminal half of one heavy chain (An et al., 

2014). The advantage of this analysis over peptide mapping protocol include a 

reduction in sample preparation reagents and time. The reduction of reagents is 
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particularly advantageous as this can lead to a reduction of sample preparation 

artefacts. Compared to intact analysis, subunit characterisation reduces the overall 

complexity of the structure. When coupled with reverse phase separation this 

sample preparation allows for the use of higher resolution settings in the mass 

spectrometry improving overall mass accuracy of the analysis. 

(Farrell et al., 2018) outlined how subunit characterisation was useful in the 

detection of sequence variants in biotherapeutics through mass annotation of the 

different subunits. (Carillo et al., 2020) compared different platforms for the 

characterisation of N-glycans. This study compared subunit analysis to intact, 

peptide mapping and released glycans. The results showed that due to the higher 

resolution used in subunit analysis compared to intact it was possible to detect lower 

abundant glycoforms. A number of studies have been published showing the 

capability of subunit analysis for the characterisation of PTMs. For example, 

(Leblanc et al., 2019) reported the use of IEC-MS for the characterisation of charge 

variants in the Fab and Fc region of NISTmAb while a number of additional studies 

reported successful characterisation of various PTMs including glycation, oxidation 

and C-terminal lysine (Chevreux et al., 2011, Leblanc et al., 2014, Wang et al., 

2013). The capability to detect and monitor multiple product quality attributes in a 

single workflow is one of the objectives of the multi-attribute method (MAM). The 

possibility to use subunit analysis in a MAM workflow was assessed by (Liu et al., 

2019). In this study they monitored protein identity, glycosylation and protein: 

protein ratios in co-formulated mAbs using reduction only sample preparation. 

Subunit characterisation has further been employed for the characterisation of 

antibody drug conjugates and in fusion proteins (Kellie et al., 2020). 

1.7.3 Peptide Analysis 

 

Peptide analysis, more commonly referred to as peptide mapping, involves the 

proteolytic breakdown of a mAb using proteases such as trypsin, pepsin, 

chymotrypsin, etc. Peptide mapping allows for sequence verification and for the 

identification of site-specific PTMs (Li et al., 2016). Traditional peptide mapping 

protocols involve the reduction and alkylation of disulfide bonds before overnight 

digestion at 37°C typically using trypsin in a buffer containing a denaturing agent 

such as urea which further helps solubilise the protein. Following the overnight 
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digestion samples are separated through C18 RPLC before MS/MS analysis. This 

protocol is time extensive, suffers from poor reproducibility and most importantly 

can result in the presence of induced artefacts. For example, incubation overnight 

can increase the levels of deamidation in the final samples and urea often results in 

the generation of carbamylated peptides and has been shown to reduce trypsin 

activity generating higher levels of missed cleavages (Dick et al., 2009). Over the 

years a number of studies have been conducted to not only improve the overall 

digestion time and efficiency of peptide mapping but to automate the sample 

preparation in order to improve peptide mapping reproducibility. As a result of these 

optimization sample preparation has been shown to be reproducible through the 

using liquid handling instruments and digestion time has been reduced from ~24 

hours to just 30 minutes (Chelius et al., 2008, Dick et al., 2009, Mouchahoir and 

Schiel, 2018, Qian et al., 2021, Richardson et al., 2011, Rogers et al., 2015). 

In recent years the development of the multi-attribute method (MAM) by scientists 

at Amgen represented the biggest development in peptide mapping for quite some 

time. MAM allows for simultaneous monitoring of product quality attributes (PQAs) 

and the detection of product impurities through new peak detection or non-targeted 

MS processing. MAM is designed to replace a number of traditional assays with just 

a single LC-MS analysis, reducing overall cost. Development in this space has been 

pioneered by Da Ren and Rich Rogers who host a MAM consortium for fellow MAM 

scientists to discuss their work in this field and troubleshoot any issues they 

encounter (Rogers et al., 2015).  

1.8 Conclusions 

 

MAbs are, and will continue to be, important therapeutic agents in the healthcare 

sector due to their high levels of specificity and applicability to complex diseases. 

MAbs are complex structures and are prone to heterogeneity arising from 

posttranslational modifications and as such they are required to be fully 

characterised before being approved for clinical use. There are three key 

approaches for mAb characterisation and these are intact, subunit and peptide 

mapping however one is not sufficient by itself and it is better if they work together 

to obtain an overall picture of the product. There exists a wide array of technology 

to carry out mAb characterisation but the field is dominated by LC-MS and as such 
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most of the focus of this research will look into development new techniques based 

around LC-MS characterisation. 
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1.9 Aims of PhD 

 

The collective aim of this PhD by publication is to provide novel characterisation 

strategies at all three levels of the mAb structure, i.e. intact, subunit and peptide. 

This will be achieved through the following: 

1. Charge variants are important critical quality attributes to the mAb and can 

have impact on the overall safety and efficacy. As such it is a requirement 

under ICH Q6B to assess the charge variant profile of a product before it 

can be released. In Chapter 2, the ZipChip, a novel capillary electrophoresis 

technique, is used for the characterisation of charge variant proteoforms of 

three commercially available mAbs through CE-MS. 

2. Native mass spectrometry has become a popular topic over the last number 

of years and a number of traditionally LC based protocols have been 

adapted to native MS. These include SEC, IEC, HIC and RP. In Chapter 3 

protein A affinity chromatography is adapted for native MS analysis of 

biotherapeutics highlighting its potential in process analytical technology 

(PAT) and completing the LC workflow for native analysis. 

3. Reduction of disulfide bonds for subunit analysis is typically conducted 

through detergents and chemicals on the lab bench. Chapter 4 highlights the 

potential of an inline electrochemical reduction device that can be used for 

subunit characterisation in a single workflow. 

4. Traditional peptide mapping protocols are laborious and suffer from poor 

reproducibility. In Chapter 5 a novel peptide mapping workflow is generated 

using a bulk trypsin immobilised on magnetic beads to improve the overall 

reproducibility and decrease the amount of time required in order to obtain 

full sequence coverage. The reproducibility of this workflow is highlighted 

through an interlaboratory study consisting of 4 different sites across 

Europe. 

5. The multi-attribute method (MAM) is currently a hot topic in bottom-up mass 

spectrometry and has garnered attention from not only some of the biggest 

mass spectrometry suppliers, such as Thermo Fisher and Waters, but also 

some of the biggest companies in the biopharmaceutical market. This is 

because MAM is capable of both monitoring multi product quality attributes 
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(PQAs) and detect impurities or batch to batch variations through new peak 

detection (NPD). In Chapter 6 MAM is applied to trend  the PQAs of  an IgG1 

antibody over the course of a 12 day culture. NPD is employed to detect the 

difference between the culture flasks and is further optimised for the 

detection of host cell proteins (HCP) and sequence variants. 
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Figure 2.1: Graphical Abstract for the in depth analysis of monoclonal antibodies using 

capillary electrophoresis and native mass spectrometry. 
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2.1 Abstract 

 

Charge variant profiling of therapeutic proteins is required by the International 

Council for Harmonisation guidelines and is traditionally performed by capillary 

electrophoresis or ion exchange chromatography. Recently, improvements in the 

hyphenation of capillary electrophoresis with mass spectrometry and the 

introduction of mass spectrometry compatible background electrolytes has allowed 

the implementation of native mass spectrometric determination of the charge variant 

profile obtained from the electrophoretic separation. The low flow operation of the 

microfluidic electrophoretic platform significantly boosts mass spectrometric 

sensitivity and increases the dynamic range, even when using sample amounts as 

low as 1 ng in capillary. In the current study, rituximab, trastuzumab and 

bevacizumab drug products were analysed using the ZipChip microfluidic CE-ESI-

MS platform that facilitated confident identification of proteoforms with an average 

mass accuracy of <15 ppm. Up to 52 proteoforms were identified for trastuzumab 

drug product, while rituximab sample revealed the presence of fragments and 

sialylated N-glycans. Overall, the CE-ESI-MS platform proved to be a fast and 

robust tool for therapeutic protein charge variant profiling and facilitated efficient 

coupling with native mass spectrometry for the generation of highly informative 

characterisation data. 

  



Chapter 2 

 

42 
 

2.2 Introduction 
 

The biopharmaceutical industry continues to develop mAb (monoclonal antibody)-

based biotherapeutics for several applications and disease treatments, progressing 

from oncology and autoimmune treatments to new medicines for inflammatory and 

cardiovascular disorders (Kaplon and Reichert, 2019). Nevertheless, the complexity 

of these molecules creates a significant challenge for analytical technologies to 

monitor product quality attributes (PQAs) that need to be controlled to guarantee 

safety and efficacy of the therapeutic product. According to International Council for 

Harmonisation guidelines, one of the features that needs to be monitored during 

biopharmaceutical development and batch release is the charge variant (CV) 

profile. Charge variation is generally caused by post translational modifications 

(PTMs), which can influence the overall surface charge and isoelectric point (pI) of 

the protein (Harris et al., 2001). Standardized methods include the use of isoelectric 

focusing (iEF) or the use of ion exchange liquid chromatography using UV detection 

(IEX-UV) (Sosic et al., 2008, He et al., 2009, Harris et al., 2001, Santora et al., 1999, 

Zhang et al., 2013) as well as capillary electrophoresis, where electrophoretic 

mobility of the molecules depends on several factors such as their charge, size and 

conformation as a function of their hydrodynamic radius.  

The development of native mass spectrometry (MS) hyphenated to IEX and CE 

separation methods, using electrospray ionization (ESI) and high resolution Orbitrap 

MS instruments, has facilitated the direct identification of CV proteoforms of these 

complex therapeutics (Redman et al., 2015, Füssl et al., 2018). Native MS offers 

several advantages that include fast analysis and minimal sample preparation; this 

results in reduced artificially induced modification on the analyte and avoids low 

reproducibility with respect to more laborious sample preparation heavy workflows 

(such as peptide mapping or released N-glycan analysis). Another key advantage 

of native MS is the lower amount of charges present on the protein in its native 

conformation; as a consequence the generated charge envelope is locate at higher 

m/z values, providing higher spectral spatial resolution for variants having small 

mass differences (Tassi et al., 2018). As such, for large proteins like mAbs, mass 

spectra in native mode need to be acquired on instruments able to assure high mass 
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resolution also in this extended mass range, usually ranging between 4000-8000 

m/z.  

CV separations coupled with native mass spectrometry further enhances 

proteoform analysis, leading to the confident identification and quantitation of 

variants exhibiting very small mass shifts, such as deamidation, as it modifies the 

overall net surface charge of the mAb thereby enabling the modified form to be 

chromatographically or electrophoretically separated from the main proteoform 

(Füssl et al., 2019, Bailey et al., 2018). 

In the present study we investigated three widely used IgG1 monoclonal antibodies 

(Urquhart, 2019) using microfluidic CE-ESI-MS for the acquisition of native MS 

spectra. The three biotherapeutics analysed in this study are IgG1 mAb expressed 

in CHO cell lines. In particular we analysed rituximab, bevacizumab and 

trastuzumab drug products, which ranked among the top-selling biotherapeutics in 

the last decade.  

The native MS data acquired using the CE-ESI-MS platform was found to be robust 

and reliable for CV profiling having several advantages, which include fast and easy 

sample preparation and a universal MS method for several analytes. Moreover, it 

was possible to determine MS identity of each species with high data quality, 

allowing accurate determination of certain low abundant PTMs (<1%) with good 

reproducibility across replicate analysis. The amount of protein used was as low as 

1 ng, proving sensitivity and robustness of the platform and an increased dynamic 

range with respect to other native methodologies. The features analysed using CE-

ESI-MS included, but were not limited to, main PQAs such as deamidation, lysine 

clipping, pyro-glutamate formation as well as N-glycan profiling and identification of 

mAb degradation products. 

The data presented herein, demonstrate the applicability of CE-ESI-MS for both 

routine sample analysis and comparability with standards for batch-to-batch control 

analysis making the CE-ESI-MS platform a solid tool for high throughput therapeutic 

protein analysis to obtain extensive structural information and for orthogonal 

analysis to other techniques such as peptide mapping. 
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2.3 Materials and Methods 
 

2.3.1 Materials 
 

Rituximab, bevacizumab and trastuzumab drug products were kindly provided by 

the Hospital Pharmacy Unit of the University Hospital of San Cecilio in Granada, 

Spain and frozen at -80 °C in aliquots for further study. 

2.3.2 CE-MS Analysis 

 

100 µg of each monoclonal antibody were buffer-exchanged with ZipChip® Native 

Diluent (908 Devices Inc., Boston, MA, USA) in 0.5 mL spin-filters with 10 KDa 

molecular weight cut-off and brought to a concentration of 0.5 mg·mL-1. Microfluidic 

CE separation was carried on a ZipChip™ platform (908 Devices Inc., Boston, MA, 

USA) using an HRN (high resolution native) microchip and background electrolyte 

(908 Devices Inc., Boston, MA, USA) provided in the Native antibody Kit, compatible 

with native MS analysis. BGE provided with Native antibody kit is a proprietary 

formulation based on ammonium acetate at pH 5.5 and it was modified with 4% 

DMSO (Xu et al., 2019). Chips feature a 22 cm long channel and are made of glass; 

channel surfaces are treated with a covalent coating to suppress the electroosmotic 

flow (EOF) and minimize adsorption of biomolecules (Redman et al., 2016). No 

conditioning step is required, and no regeneration step is performed between runs. 

Chips were only primed before the first use on each day and dried after data 

acquisition for overnight storage. CE method was optimized using the default 

method in ZipChip software as a starting point: in particular CE analysis time was 

adjusted to 15 minutes and an injection of 2 nL was used instead of 1 nL. Field 

strength of 500 V was used to perform CE analysis. The system was coupled to a 

Q-Exactive™ Plus hybrid quadrupole Orbitrap mass spectrometer with extended 

mass Biopharma Option (Thermo Scientific, Bremen, Germany). Tune parameters 

for MS analysis were: sheath gas 2 au (arbitrary units), in-source CID 150 V to 

reduce the generation of adducts caused by salts present in BGE formulation, S-

lens 200 V, acquisition gain control 1x106, inlet capillary temperature 200°C, HMR 

mode on. ESI spray voltage at the emitter is not user defined and is fixed at 3.5 kV. 

Scan parameters were as follows: resolution 35,000, 5 microscans, max injection 
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time 20 ms and mass range between 2,500 and 8,000 m/z. Each sample analysis 

was performed in triplicate after sample well wash. 

2.3.3 Native MS Spectra Data Analysis 
 

Raw data were analysed using BioPharma Finder 3.0 software. Spectra were 

deconvoluted using Xtract™ algorithm for non-isotopically resolved spectra with the 

following settings: output mass range between 146,000 and 150,000 Da, charge 

state range between 20 and 50, minimum adjacent charge states set to 5, 

deconvolution mass tolerance is 15 ppm, noise threshold 5%. Retention time range 

of the peaks separated in the electropherograms were individually deconvoluted 

and same time range was used for triplicate analysis. Only components present in 

triplicates were evaluated. For each monoclonal antibody an N-glycan database 

obtained from previous analysis was employed, along with peptide mapping data 

generated in our laboratory. 
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2.4 Results and Discussion 
 

CV profiling of the three monoclonal antibodies analysed was performed within 15 

minutes (Figure 2.2 A-C) with excellent resolution and reproducibility across 

replicates. Charge envelopes from the native proteins were obtained in the range 

between 4,000 and 7,000 m/z (Figure 2.2 D-F) with baseline resolution of the 

variants deriving from N-glycosylation heterogeneity for each charge state (zoom in 

Figure 2.2 D-F). Mass measurement of intact proteins is challenging due to the 

isotopic distribution used for calculated theoretical average masses and the 

presence of adducts, especially in native mass spectrometry (Jooß et al., 2017). 

Mass accuracy expected for these analysis is strongly dependent on MS analyser 

technology (Kaltashov et al., 2020), with Orbitrap based mass analysers capable of 

routinely achieving mass deviations <10 ppm (Füssl et al., 2018, Füssl et al., 2019). 

In order to perform a confident identification, database of PQAs generated through 

released N-glycan and peptide mapping analysis was used to discriminate when 

more than one composition was possible. Moreover, knowing the elution order of 

CVs, it is possible to further discriminate between near-isobaric species and to allow 

a greater range for mass deviation that would not be acceptable for other 

techniques, such as reverse phase LC-MS analysis of intact mAbs. 

 

Figure 2.2: Electropherograms of the CV profiles obtained for rituximab (A), trastuzumab 

(B) and bevacizumab (C). Panels D, E, F show the charge envelopes relative to each mAb 

and a zoom of the most abundant charge state. 
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2.4.1 CE-ESI-MS Analysis of Rituximab Drug Product 
 

Rituximab is a biotherapeutic targeting the CD20 antigen present on malignant B 

lymphocytes. Since its patent expired, a number of biosimilars have been already 

approved for therapeutic treatment, also increasing the demand for the 

development of analytical tools for biosimilarity assessment at both the structural 

and functional levels. Previous studies have explored rituximab variants and 

heterogeneity also using charge-based separation methods, minimal data has so 

far been presented that allows efficient and confident identification and 

quantification of each proteoforms present in the profile (Singh SK, 2018, Nupur et 

al., 2018, Giorgetti et al., 2019, Montacir et al., 2017, Beck et al., 2013). Rituximab 

drug product is known to possess charge heterogeneity arising due to N-terminal 

pyro-glutamate formation on both light and heavy chain and incomplete cleavage of 

C-terminal lysine during bioproduction. Both modifications have not been reported 

to affect either product stability or efficacy and therefore are not considered critical 

quality attributes (Yang et al., 2017). Nevertheless, these modifications can affect 

the CV profile of the drug product and as a result it is important to monitor the peaks 

generated by these modifications to ensure lot-to-lot consistency. More importance 

is given to rituximab Fc glycosylation where this may influence its mechanism of 

action and have serious impact on biological activity (Marshall et al., 2017).  

The data obtained using the CE-ESI-MS platform (Figure 2.3, Table 2.1) allowed 

confident identification of 45 different proteoforms for rituximab, which include 10 

different CVs with their intrinsic N-glycan heterogeneity and one mAb fragment. CVs 

in the basic region were identified as possessing one or both C-terminal lysines 

(Peak 1 and 2, Figure 2.3) and charge contribution also derived from the absence 

of one N-terminal pyro-glutamic acid (Peak 3, Figure 2.3). Acidic variants present in 

rituximab drug product were identified as species possessing one or two 

deamidation events (Peaks 6 and 9, Figure 2.3) and presenting sialylated structures 

in the Fc N-glycan profile (Peaks 5, 7, 8 and 10, Figure 2.3). For each peak it was 

possible to assign complex heterogeneity deriving from N-glycosylation of the Fc 

region, accounting for up to seven variants (Figure 2.4 A). Although sialylated 

variants are usually difficult to identify at intact level due to their lower ionization 

potential in positive mode and their low abundance on mAbs, it was possible to 
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confidently identify and relatively quantify these species (Figure 2.4 B, Table 2.1). 

The monoclonal antibody fragment (peak 11) showed to have a mass of ~ 100 KDa, 

possessing a complete Fc region and only one arm of the Fab region, where the 

hydrolysis site is located between T and H residues in upper hinge region; this site 

is known to be prone to hydrolysis and β-elimination but could also be the site of 

action for Cathepsin L1 enzyme, often present in biotherapeutics formulation as an 

host cell protein carried over during downstream process (Füssl et al., 2019, Gaza-

Bulseco and Liu, 2008). Confirmation of cathepsin L activity at this cut site was 

obtained using the MEROPs database of peptidases. Inserting the upper hinge 

region sequence into this database highlighted three potential peptidases, papin, 

cathepsin L and elatase-2. Cathepsin L was identified as the most likely candidate 

due to the position of its activity in the sequence, cutting at residue 225 compared 

to residue 106 for papin and residue 5 for elastase-2. Furthermore, these findings 

are supported by a previous study which identified cathepsin L as the main source 

of mAb fragmentation in adalimumab by peptide mapping host cell protein 

workflows (Fussl et al., 2019, Rawlings et al., 2017). 
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Figure 2.3: Zoom of the CE-ESI analysis on rituximab drug product. The electropherogram 

shows the separation of the CVs; the 11 peaks identified are marked showing the 

modification responsible of the charge shift towards more basic or acids species with 

respect to the main peak. 
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Figure 2.4: Bar-graph for rituximab drug product charge variants relative abundance (A). 

The ten groups, indicated with different colours, correspond to the CV species separated in 

the CE-ESI analysis. Moreover, for each group, N-glycan heterogeneity is shown and 

proves to be reproducible across all the charge variants. Zoom of the bar-graph for N-glycan 

sialylated variants abundance (B) present on both Fc regions. 
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Table 2.1: Rituximab drug product proteoforms identified after CE-ESI analysis. 

Experimental mass, Δ ppm and relative abundancies were calculated as average, 

calculated on triplicate experiments. 

Peak Primary sequence modifications N-Glycan 
Experimental 

Average 
Theoretical 

mass 

Avg Delta 
mass 
(ppm) 

Rel 
abundance 

(%) 

1 

4x N-term PyroGlu 1xA2G2F,1xA2G1F 147818.09 147818.11 0.14 0.01 

4x N-term PyroGlu 2xA2G1F 147654.165 147655.96 12.16 0.05 

4x N-term PyroGlu 2xA2G0F 147331.04 147331.68 4.34 0.07 

4x N-term PyroGlu 1xA2G0F,1xA2G1F 147490.78 147493.82 20.61 0.06 

2 

4x N-term PyroGlu, 1x C-term lysine loss 1xA2G0F,1xA2G1F 147363.849 147365.65 12.22 1.50 

4x N-term PyroGlu, 1x C-term lysine loss 2xA2G0F 147201.9792 147203.51 10.40 1.10 

4x N-term PyroGlu, 1x C-term lysine loss 1xA2G0F,1xA2G2F 147526.25 147527.79 10.44 1.04 

4x N-term PyroGlu, 1x C-term lysine loss 1xA2G1F,1xA2G2F 147688.1146 147689.94 12.36 0.36 

4x N-term PyroGlu, 1x C-term lysine loss 2xA2G2F 147850.25 147852.09 12.44 0.06 

3 

3x N-term PyroGlu, 2x C-term lysine loss 1xA2G0F,1xA2G1F 147251.5677 147254.51 19.98 1.61 

3x N-term PyroGlu, 2x C-term lysine loss 2xA2G1F 147413.2396 147416.65 23.13 1.24 

3x N-term PyroGlu, 2x C-term lysine loss 2xA2G0F 147089.5104 147092.37 19.44 1.06 

3x N-term PyroGlu, 2x C-term lysine loss 1xA2G1F,1xA2G2F 147574.474 147578.79 29.25 0.50 

3x N-term PyroGlu, 2x C-term lysine loss 1xA2G2F,1xA2G2F 147736.8438 147740.93 27.66 0.13 

3x N-term PyroGlu, 2x C-term lysine loss 1xA2G0F,1xA2G0 146944.099 146945.85 11.92 0.06 

4 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G0F,1xA2G1F 147236.3021 147237.48 8.00 25.14 

4x N-term PyroGlu, 2x C-term lysine loss 2xA2G1F 147398.3698 147399.62 8.48 22.71 

4x N-term PyroGlu, 2x C-term lysine loss 2xA2G0F 147075.375 147075.34 0.24 14.94 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G1F,1xA2G2F 147559.9948 147561.76 11.96 10.35 

4x N-term PyroGlu, 2x C-term lysine loss 2xA2G2F 147721.4635 147723.9 16.49 2.72 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G0,1xA2G0F 146930.349 146929.19 7.89 0.81 

4x N-term PyroGlu, 2x C-term lysine loss 2xM5 146616.4063 146618.85 16.67 0.27 

5 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G1F,1xA2S1G1F 147851.5521 147853.02 9.93 1.95 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G1F,1xA2S1F 147689.7656 147690.87 7.48 1.25 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G2F,1xA2S1G1F 148013.7656 148015.16 9.42 0.93 

4x N-term PyroGlu, 2x C-term lysine loss 1xA1G1F,1xA2S1F 147481.474 147487.67 42.01 0.18 

4x N-term PyroGlu, 2x C-term lysine loss 1xA1G0F,1xA2S1F 147324.3594 147325.53 7.95 0.10 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G0F,1xA2S1F 147529.3438 147528.72 4.23 0.10 

6 

4x N-term PyroGlu, 2x C-term lysine loss, 1x 
Deamidation 

1xA2G0F,1xA2G1F 147237.2031 147238.49 8.74 1.68 

4x N-term PyroGlu, 2x C-term lysine loss, 1x 
Deamidation 

2xA2G1F 147398.9427 147400.63 11.45 1.54 

4x N-term PyroGlu, 2x C-term lysine loss, 1x 
Deamidation 

2xA2G0F 147074.5729 147076.35 12.08 0.93 

4x N-term PyroGlu, 2x C-term lysine loss, 1x 
Deamidation 

1xA2G1F,1xA2G2F 147561.3854 147562.77 9.38 0.67 

4x N-term PyroGlu, 2x C-term lysine loss, 1x 
Deamidation 

1xA2G0,1xA2G0F 146931.4271 146930.2 8.35 0.05 

7 4x N-term PyroGlu, 2x C-term lysine loss 1xA2G1F,1xA2S2F 148142.1719 148144.27 14.16 1.53 
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4x N-term PyroGlu, 2x C-term lysine loss 1xA2G2F,1xA2S2F 148304.9531 148306.41 9.82 1.06 

4x N-term PyroGlu, 2x C-term lysine loss 1xA2G0F,1xA2S2F 147980.3438 147982.12 12.00 0.43 

8 

4x N-term PyroGlu, 2x C-term lysine loss, 2x 
Deamidation 

1xA2G0F,1xA2G1F 147236.6615 147239.5 19.28 0.57 

4x N-term PyroGlu, 2x C-term lysine loss, 2x 
Deamidation 

2xA2G1F 147398.7552 147401.64 19.57 0.54 

4x N-term PyroGlu, 2x C-term lysine loss, 2x 
Deamidation 

2xA2G0F 147074.0938 147077.36 22.21 0.30 

9 4x N-term PyroGlu, 2x C-term lysine loss 1xA2S1G1F,1xA2S2F 148596.3906 148597.68 8.68 0.17 

10 4x N-term PyroGlu, 2x C-term lysine loss 2xA2S2F 148886.7552 148888.94 14.67 0.24 

11 

Fragment 1xA2G0F,1xA2G1F 100076.35 100075.52 8.27 
  

Fragment 2xA2G1F 100238.2318 100237.58 6.49 
  

Fragment 2xA2G0F 99912.57 99913.46 8.92 
  

Fragment 1xA2G1F,1xA2G2F 100402.03 100399.63 23.90 
  

 

2.4.2 CE-ESI-MS Analysis of Trastuzumab Drug Product 
 

Trastuzumab (Herceptin™) is a recombinant humanized IgG1 kappa targeting the 

extracellular domain of the human epidermal growth factor receptor protein (Barbier 

et al., 2019). Herceptin received approval from the FDA in 1998. A biosimilar of 

trastuzumab is already available on the market; the FDA approved Ogivri™ 

(trastuzumab-dkst) for the treatment of patients with breast or metastatic stomach 

cancer whose tumors overexpress the HER2 gene (HER2+) (Barbier et al., 2019). 

Trastuzumab presents two well-known sites for deamidation in the variable region 

(Diepold et al., 2012). Asn30 in the light chain is the most abundant site subject to 

deamidation in trastuzumab and is caused by the slightly acidic conditions of the 

drug formulation, though not leading to any significant impact on IgG1 activity 

(Diepold et al., 2012). Asn55 is a deamidation site commonly found in IgG1 and it 

is located in the CDR (complementarity determining region), thus important for 

antigen recognition (Yan et al., 2009). CV profiling could help identify and quantify 

these variants; deamidation results in a decrease of pI value and a small mass 

increase of 0.98 Da, which is difficult to resolve at intact level without having upfront 

separation prior to native MS. CE-MS analysis performed in this study on 

trastuzumab drug product revealed the presence of 8 peaks, each presenting N-

glycan heterogeneity for a total of 52 different proteoforms identified with high 

confidence, with an average deviation from the theoretical mass of 15 ppm (Figure 

2.5, Table 2.2). Peaks 1-3 represent more basic variant and include species 
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presenting only one or both C-terminal lysine (peaks 1 and 3) and one proteoform 

presenting a succinimide residue which is an intermediate step in the 

deamidation/isomerization pathway. In the main peak (peak 4) it is possible to 

identify six N-glycan variants with the most abundant being the proteoforms 

presenting 2xA2G0F and A2G0F/A2G1F N-glycans. At higher migration times 4 

peaks were identified; peak 5 corresponded to species presenting one sialic acid, 

while peak 6 represented the variant with one deamidation at Asn30 in the light 

chain and possibly one more deamidated variants forming a shoulder of peak 6 

(Figure 2.5). Peak 7 corresponded to the deamidated version of peak 5, presenting 

a sialic acid in the N-glycan moiety. Peak 8 was identified as a double deamidated 

proteoform, presenting the same split shape as peak 6.  

Trastuzumab CV profile was recently characterized by mean of CVA-MS analysis 

(Bailey et al., 2018); Bailey et al. identified most of the species also identified in the 

present study while characterizing also isoaspartic acid variants where the 

conversion to isoaspartate, while not changing the overall pI, can influence the local 

tertiary structure modifying the surface protein charge. Through our CE-MS 

methodology it was not possible to identify these species. To verify their presence 

an extracted ion chromatogram (XIC) was generated setting a mass tolerance of 20 

ppm to include any isobaric or near-isobaric species. In this way the XIC for the 

most abundant N-glycan variant of the most abundant charge state in the main peak 

(5701.67 m/z)  was obtained. In this simplified electropherogram it was possible to 

identify the deamidated and double deamidated species, together with the main 

peak and one additional shoulder on the main peak (data not shown). In this 

instance the CE-MS platform did not provide an efficient separation. Nevertheless, 

the dynamic range of our analysis is improved with respect to previously reported 

data, as on each variant more proteoforms derived from N-glycosylation were 

identified for low abundant species. 
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Figure 2.5: Zoom of the CE-MS analysis of trastuzumab drug product. Peaks identified in 

Table 2.2 are indicated on the electropherogram and described with a picture having the 

corresponding CV modification. 
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Table 2.2: Trastuzumab drug product proteoforms identified after CE-ESI analysis. 

Experimental mass, Δ ppm and relative abundancies were calculated as average, 

calculated on triplicate experiments. 

Peak 
Primary sequence 

modifications 
N-Glycan 

Experimental 
Average 

Theoretical 
mass 

Avg Delta 
mass (ppm) 

Rel 
abundance 

(%) 

1 None 2xA2G0F 148316.02 148312.90 21.01 0.02 

2 

1x C-term lysine loss 2xA2G0F 148184.95 148184.73 1.47 0.67 

1x C-term lysine loss 1xA2G0F,1xA2G1F 148346.44 148346.87 2.92 0.56 

1x C-term lysine loss 2xA2G1F 148506.24 148509.01 18.62 0.31 

1x C-term lysine loss 2xM5 147725.38 147728.24 19.39 0.31 

1x C-term lysine loss 1xA2G1F,1xA2G2F 148668.45 148671.15 18.17 0.09 

1x C-term lysine loss 1xA1G0F,1xA2G0 147834.33 147835.39 7.18 0.03 

1x C-term lysine loss 2xA2G0 147888.26 147892.44 28.28 0.12 

1x C-term lysine loss 1xA1G1,1xA2G0F 147991.89 147997.53 38.10 0.03 

1x C-term lysine loss 1xA2G2F,1xM5 148279.81 148280.77 6.46 0.02 

1x C-term lysine loss 1xA2G0F,1xA2G0 148039.22 148038.59 4.25 0.33 

3 

2x C-term lysine loss, 1x 
Succinimide 

1xA2G0F,1xA2G1F 148199.72 148201.67 13.17 0.40 

2x C-term lysine loss, 1x 
Succinimide 

2xA2G0F 148038.91 148039.53 4.21 0.35 

2x C-term lysine loss, 1x 
Succinimide 

1xA2G0F,1xA2G2F 148364.41 148363.81 4.07 0.18 

2x C-term lysine loss, 1x 
Succinimide 

1xA2G0,1xA2G0F 147889.60 147893.39 25.62 0.05 

2x C-term lysine loss, 1x 
Succinimide 

1xA2G1F,1xA2G2F 148520.28 148525.95 38.17 0.15 

2x C-term lysine loss, 1x 
Succinimide 

1xA2G1,1xA2G2F 148374.45 148379.81 36.10 0.03 

4 

2x C-term lysine loss 2xA2G0F 148055.76 148056.56 5.44 21.38 

2x C-term lysine loss 1xA2G0F,1xA2G1F 148217.02 148218.70 11.33 24.01 

2x C-term lysine loss 2xA2G1F 148378.74 148380.84 14.16 15.13 

2x C-term lysine loss 1xA2G1F,1xA2G2F 148540.23 148542.98 18.48 5.56 

2x C-term lysine loss 1xA2G0,1xA2G0F 147909.47 147910.42 6.43 4.06 

2x C-term lysine loss 2xA2G2F 148702.34 148705.12 18.70 1.31 

5 

2x C-term lysine loss 1xA2G1F,1xA2S1G0F 148670.32 148672.09 11.89 1.03 

2x C-term lysine loss 1xA2G1F,1xA2S1G1F 148832.09 148834.24 14.46 0.99 

2x C-term lysine loss 1xA1G1F,1xA2S1G0F 148467.88 148468.89 6.80 0.41 

2x C-term lysine loss 1xA2G2F,1xA2S1G1F 148993.44 148996.38 19.71 0.38 

2x C-term lysine loss 1xA2G0F,1xA2S1G0F 148511.17 148509.95 8.23 0.35 

2x C-term lysine loss 1xA1G0F,1xA2S1G0F 148306.45 148306.75 2.00 0.56 

2x C-term lysine loss 1xA1G0,1xA2S1G0F 148159.23 148160.60 9.22 0.08 

6 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G0F,1xA2G1F 148217.74 148219.71 13.29 6.44 

2x C-term lysine loss, 1x 
Deamidation 

2xA2G0F 148056.78 148057.57 5.33 4.76 

2x C-term lysine loss, 1x 
Deamidation 

2xA2G1F 148379.34 148381.85 16.89 4.53 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G1F,1xA2G2F 148541.58 148543.99 16.24 1.82 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G0,1xA2G0F 147910.81 147911.43 4.21 0.82 



Chapter 2 

 

56 
 

2x C-term lysine loss, 1x 
Deamidation 

2xA2G2F 148702.74 148706.13 22.80 0.43 

7 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G1F,1xA2S1G0F 148670.81 148673.10 15.39 0.19 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G1F,1xA2S1G1F 148832.21 148835.25 20.44 0.18 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G0F,1xA2S1G0F 148511.91 148510.96 6.37 0.06 

2x C-term lysine loss, 1x 
Deamidation 

1xA1G0F,1xA2S1G0F 148307.65 148307.76 0.77 0.07 

2x C-term lysine loss, 1x 
Deamidation 

1xA2G2F,1xA2S1G1F 148993.91 148997.39 23.35 0.07 

2x C-term lysine loss, 1x 
Deamidation 

1xA1G0F,1xA2S1G1F 148464.70 148469.90 35.00 0.03 

2x C-term lysine loss, 1x 
Deamidation 

1xA1G1F,1xA2S1G1F 148627.22 148632.05 32.50 0.32 

8 

2x C-term lysine loss, 2x 
Deamidation 

1xA2G0F,1xA2G1F 148218.47 148220.72 15.19 0.44 

2x C-term lysine loss, 2x 
Deamidation 

2xA2G1F 148380.24 148382.86 17.62 0.36 

2x C-term lysine loss, 2x 
Deamidation 

2xA2G0F 148057.54 148058.58 7.01 0.29 

2x C-term lysine loss, 2x 
Deamidation 

1xA2G1F,1xA2G2F 148541.77 148545.00 21.74 0.14 

2x C-term lysine loss, 2x 
Deamidation 

2xA2G2F 148706.16 148707.14 6.62 0.01 

2x C-term lysine loss, 2x 
Deamidation 

1xA2G0,1xA2G0F 147910.07 147912.44 16.04 0.05 

9 

2x C-term lysine loss, 3x 
Deamidation 

2xA2G0F 148057.61 148059.59 13.38 0.02 

2x C-term lysine loss, 3x 
Deamidation 

1xA2G0F,1xA2G1F 148218.14 148221.73 24.22 0.03 

2x C-term lysine loss, 3x 
Deamidation 

2xA2G1F 148380.89 148383.87 20.08 0.02 

 

2.4.3 CE-ESI-MS Analysis of Bevacizumab Drug Product 
 

Bevacizumab (Avastin®) is recombinant humanized monoclonal antibody 

therapeutic targeting and inhibiting vascular endothelial growth factor A (VEGF-A) 

which is involved in angiogenesis stimulation across a number of diseases (Los et 

al., 2007, Santos et al., 2019). Bevacizumab was the first available angiogenesis 

inhibitor in the United States, and it has been approved in 2004. CE-MS analysis of 

bevacizumab drug product revealed a simpler profile when compared to the other 

drugs analysed in this study. Only 3 peaks were detected (Figure 2.6, Table 2.3), 

all with a relative abundance lower than 4% compared to the main peak. Peak 1 

consisted of a lysine variant, with only one lysine on the C-terminal of the two heavy 

chains. Peak 2 was the main peak and was characterized by absence of C-terminal 

lysines and an extended N-glycan heterogeneity due to several degrees of 

galactosylation. Acidic peak 3 corresponded to deamidated species that were 

thought to be located on two different sites causing a split of the deamidated peak. 

Minor peaks were visible between the main and deamidated peaks though it was 

not possible to obtain their composition. This led to the conclusion that they could 
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be due to isoAsp variants, which was reported to have an abundance around 1% 

from previous data obtained through peptide mapping (data not shown). Previous 

studies (Yang et al., 2017) have also revealed the presence of species lacking one 

N-glycan for bevacizumab drug product, which was also observed herein with this 

heterogeneity noted in all three peaks. The same study also reveals additional 

heterogeneity due to the presence of glycation, however this modification was not 

investigated in the present study as the pI change due to glycation is not able to 

cause a shift in pI value of the protein.  

 

Figure 2.6: Zoom of the CE-MS analysis of bevacizumab drug product. Peaks identified in 

Table 2.3 are indicated on the electropherogram and described with a picture having the 

corresponding CV modification. 
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Table 2.3: Bevacizumab drug product proteoforms identified after CE-ESI analysis. 

Experimental mass, Δ ppm and relative abundancies were calculated as average, 

calculated on triplicate experiments. 

Peak 
Primary sequence 

modifications 
N-Glycan 

Experimental 
Average 

Theoretical 
mass 

Avg Delta 
mass 
(ppm) 

Rel 
abundance 

(%) 

1 

1x C-term lysine loss 2xA2G0F 149323.29 149325.73 16.33 1.80 

1x C-term lysine loss 1xA2G0F,1xA2G1F 149485.27 149487.87 17.42 0.71 

1x C-term lysine loss 1xA2G0F,1xA2G2F 149646.73 149650.01 21.92 0.22 

1x C-term lysine loss 1xA1G0F,1xA2G0F 149120.55 149122.54 13.37 0.15 

1x C-term lysine loss 1xA2G2F,1xM5 149420.20 149421.77 10.49 0.03 

1x C-term lysine loss 1xA2G0,1xA2G0F 149182.38 149179.59 18.67 0.12 

1x C-term lysine loss 1xA2G0F 147876.70 147880.40 25.00 0.03 

2 

2x C-term lysine loss 2xA2G0F 149195.23 149197.56 15.62 57.36 

2x C-term lysine loss 1xA2G0F,1xA2G1F 149357.63 149359.70 13.89 19.78 

2x C-term lysine loss 1xA2G0F,1xA2G2F 149519.02 149521.84 18.89 4.64 

2x C-term lysine loss 1xA1G0F,1xA2G0F 148991.03 148994.36 22.38 3.68 

2x C-term lysine loss 1xA2G0F 147750.45 147752.22 11.99 3.30 

2x C-term lysine loss 1xA2G0,1xA2G0F 149050.11 149051.42 8.79 0.92 

3 

2x C-term lysine loss, 1 
Deamidation 

2xA2G0F 149197.31 149198.57 8.43 4.27 

2x C-term lysine loss, 1 
Deamidation 

1xA2G0F,1xA2G1F 149358.70 149360.71 13.44 1.82 

2x C-term lysine loss, 1 
Deamidation 

2xA2G1F 149520.56 149522.85 15.30 0.59 

2x C-term lysine loss, 1 
Deamidation 

1xA2G0F 147751.61 147753.23 10.93 0.36 

2x C-term lysine loss, 1 
Deamidation 

1xA1G0F,1xA2G0F 148992.10 148995.37 21.95 0.24 

 

2.4.4 Evaluation of CE-ESI-MS platform performance 

 

The analysis of rituximab, trastuzumab and bevacizumab drug products by 

microfluidic CE-MS analysis showed high complexity and variety of proteoforms, 

ranging from deamidation to N-glycan variants bearing sialic acid and N- and C-

terminal modifications. Overall, the technique proved to be reliable, fast, and 

especially sensitive; due to the low flow rate used in the analysis it was possible to 

improve CV analysis dynamic range and this allowed the identification with high 

confidence of species as low 0.01% using only 1 ng of sample. The mAbs analysed 

in this study were previously characterised using native mass spectrometry by 

(Carillo et al., 2020). The relative abundance of the glycoforms reported by Carillo 

et al., were used as a reference data set to compare against the relative abundance 
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reported in this study. The correlation plots are shown in Figure 2.7 A-C. The R2 

values range between 0.9306 to 0.9899 indicating a high level of correlation 

between the values reported in this study and those reported using native SEC-MS. 

 

 

Figure 2.7: Correlation plots between the sample relative abundance (%) reported in Tables 2.1-

2.3 and the reference relative abundance reported by Carillo et al., for (A) Rituximab, (B) 

Trastuzumab and (C) Bevacizumab. 
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2.5 Conclusion 
 

Following the widely accepted and implemented use of CE, CiEF and CZE for CV 

profiling of biopharmaceuticals, various approaches have been reported to 

hyphenate MS mass measurement to this separation technique (Jooß et al., 2017, 

Gahoual et al., 2013, Belov et al., 2018, Mack et al., 2019). Although many 

successful applications delivering robust and accurate data have been described, 

most of the platforms are complex in terms of assembly and operation, returning 

poorly resolved profiles with only proteoforms present in the main peak identified 

with acceptable mass accuracies (Jooß et al., 2017). The improved results of the 

platform presented herein are facilitated by the performance of the Orbitrap MS 

technology that enables operation at higher resolution settings and improved 

sensitivity and signal-to-noise ratio when compared to QTOF technology. The 

possibility to keep mAbs in their native conformation is a key feature of the CE-ESI-

MS platform presented herein, with all the advantages of native mass spectrometry 

already listed in terms of MS signal spatial resolution. In this study, the 

heterogeneity of rituximab, trastuzumab and bevacizumab drug products was 

investigated. Simple and fast analysis was performed with minimal method 

optimization and sample preparation, achieving the confident identification of up to 

52 proteoforms in trastuzumab drug product, as well as mAb fragments in rituximab 

drug product using the ZipChip microfluidic CE-ESI-MS platform for native CV 

profiling. CV profiles obtained in this study showed improved separation resolution, 

critical to support MS identification of near-isobaric variants such as deamidated 

forms, and good comparability with previously reported profiles obtained using IEX 

chromatography, even though slightly different selectivity could be observed, such 

as for iso-Asp variant in trastuzumab. A key advantage of the CE-ESI-MS platform 

was the low sample consumption and increased dynamic range, when compared to 

similar LC-MS applications; accurate MS determination with an average mass error 

of 15 ppm was achieved, identifying proteoforms as low as 0.01%. The performance 

achieved during this study enables deep characterization of monoclonal antibodies, 

enhanced by the upfront separation of CVs prior native MS and full exploitation of 

MS capabilities in terms of sensitivity, enhanced by the use of low sample 

introduction flow rates when compared to LC-MS methods.  
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Moreover, the platform used in this study can enable a deeper characterization of 

therapeutic protein heterogeneity even at early stages of the development pipeline 

when samples amount is limited such as during cell line development, clonal 

selection, or early stage developability assessment. 
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Figure 3.1: Graphical abstract for the rapid analysis of biotherapeutics using protein A 

chromatography coupled to native mass spectrometry. 
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3.1 Abstract 

 

Monoclonal antibodies (mAbs) and related products undergo a wide range of 

modifications, many of which impact product potency and stability and, which can 

often be directly associated to culture conditions during upstream processing. 

Ideally, such conditions should be monitored and fine-tuned based on real-time or 

close to real-time information obtained by the assessment of the product quality 

attribute (PQA) profile of the biopharmaceutical produced, which is the fundamental 

idea of process analytical technology (PAT). Therefore, methods are required that 

are simple, quick & robust, but sufficiently powerful to allow for the generation of a 

comprehensive picture of the PQA profile of the protein of interest. A major obstacle 

for the analysis of protein directly from cultures is the presence of impurities like cell 

debris, host cell DNA, protein & small molecule compounds, which usually requires 

a series of capture and polishing steps using affinity and ion exchange 

chromatography before characterization can be attempted. In the current study, we 

demonstrate direct coupling of protein A affinity chromatography with native mass 

spectrometry (ProA-MS) for development of a robust method that can be used to 

provide information on the PQA profile of mAbs and related products in as little as 

5 minutes. The developed method was applied to a number of samples ranging in 

complexity and stability, such as simple and more complex monoclonal antibodies, 

as well as cysteine-conjugated antibody-drug conjugate mimics. Moreover, the 

method demonstrated suitability for the analysis of protein of < 1 µg, which suggests 

applicability during early-stage development activities. 
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3.2 Introduction 
 

The biopharmaceutical industry continues to be dominated by monoclonal 

antibodies (mAbs) with these molecules expected to hold an estimated share of 

20% of the global pharmaceutical market by 2022 (Tsumoto et al., 2019). 

Biopharmaceuticals such as mAbs are produced through genetic engineering of 

animal cells, such as Chinese hamster ovary (CHO) cells (D'Atri et al., 2018, Li et 

al., 2010). Typically, the target protein must be purified and undergo full 

characterization before being released for medicinal use. The most commonly 

applied method for the purification of mAbs is affinity capture chromatography using 

protein A from Staphylococcus aureus, which has high affinity for Immunoglobulin 

G (IgG) antibodies of subclass 1, 2 and 4 while only weak interactions are observed 

with subclass 3 (Hober et al., 2007). In protein A chromatography, the fragment 

crystallizable (Fc) region of the mAb binds to protein A at neutral pH. This selective 

capture of the protein allows cell culture components such as host cell proteins 

(HCPs), DNA, small molecule components or other potential contaminants to be 

removed. The binding of protein A with the mAb has been previously examined 

through surface tension measurement, mass balance analysis, spectrophotometry, 

and sequencing studies (Lindmark et al., 1981, Yang et al., 2003, Ramos-de-la-

Pena et al., 2019). Sequencing studies found that protein A has five IgG binding 

domains (E, D, A, B and C) each of which is capable of binding to the Fc region of 

an IgG. However, a binding study relying on radioiodinated protein A, using both 

human and rabbit IgG, resulted in a molar binding ratio of 1:1 while UV absorbance 

and water surface tension analysis have indicated a molar ratio of 1:2 (Protein A : 

IgG). Disagreement exists concerning the stoichiometry of protein A-IgG binding, 

which was here further investigated using SEC coupled to native MS and the pH 

dependency of complex formation was analysed by performing the associated SEC-

MS experiments under different mobile phase pH conditions.  

MAbs can be characterised on different molecular levels such as peptide, subunit 

or intact level using mass spectrometry (MS). Each level of analysis can provide 

distinct information on the relative abundance and location of post-translational 

modifications (PTMs) such as glycosylation (Beck et al., 2013, Carillo et al., 2020b). 

Recent technological advances in mass spectrometry, such as enhanced ion 
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trapping, improved molecular desolvation and declustering, and wider applicable 

mass ranges, have greatly increased the capability of performing intact native 

protein analysis (Leney and Heck, 2017, Barth and Schmidt, 2020). While the 

application of native MS for structural characterization of monoclonal antibodies is 

not entirely novel, only recently have a number of studies been published, 

successfully applying traditional liquid chromatography methodologies directly 

coupled to MS. For example, size exclusion chromatography (SEC), has been 

adapted for native MS using volatile salts in aqueous mobile phases at neutral pH 

to promote protein stability. This has allowed for the analysis of several proteins 

such as myoglobin and cytochrome C and mAbs in their native states (Ventouri et 

al., 2020). Native SEC-MS has been further employed in the analysis of antibody-

drug conjugates (ADCs) and was found to be an effective technique for the 

quantitation of drug-to-antibody ratios (DAR) with comparable performance to 

traditional methods such as hydrophobic interaction chromatography (HIC) (Jones 

et al., 2020). Charge variant analysis (CVA) has been successfully adapted for MS 

analysis through the development of MS friendly mobile phases which rely on pH- 

and/or salt-gradient elution of mAb charge variants from cation exchangers (Fussl 

et al., 2018, Yan et al., 2018). Application of CVA-MS has allowed for the 

identification of over 100 variants in Cetuximab, the identification of deamidation 

and succinimide isoforms in Trastuzumab and it was also successfully employed in 

the separation and analysis of bispecific antibodies (Bailey et al., 2018, Fussl et al., 

2020, Shi et al., 2020). Native MS directly interfaced to HIC has been achieved 

through reduction of the salt concentration infused into the MS through a flow splitter 

and has been successfully employed in the characterisation of mAb mixtures and 

ADC mimics (Chen et al., 2018, Wei et al., 2019, Yan et al., 2020). Finally, reverse 

phase liquid chromatography has been successfully coupled to native MS for the 

identification of different DAR species in ADCs (Chen et al., 2019). Albeit having 

proven highly useful for intact protein analysis, common drawbacks with these 

methods are that they typically require samples largely free of cell culture 

contaminants and that analysis times are often in the range of several tens of 

minutes, hardly allowing for high-throughput screening of large sample sets. Such 

issues were avoided by a previous attempt to directly couple protein A 

chromatography to MS which yielded the successful characterisation of mAbs and 

bispecific antibodies (Prentice et al., 2015). The presented setup included a flow 
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splitter and the introduction of a make-up flow containing organic solvent which 

enabled fast run times and high sensitivity but potentially comes at the cost of 

reduced method robustness and the inability to maintain non-covalent interactions 

and a protein higher order structure when needed.  

Here we present the development of a native protein A chromatography-mass 

spectrometry method, which is rapid, robust and can be applied for the analysis of 

fragile proteins containing a mAb scaffold or protein complexes and can be easily 

adapted for online process analytical technologies (PAT). The method was 

validated and tested on multiple commercially available mAbs including complex 

molecules like Cetuximab as well as for analytes that maintain a higher order 

structure via non-covalent interactions of multiple protein subunits. The method was 

further employed for the analysis of IgG1 samples derived from cells cultured for up 

to 10 days in bioreactors under culture conditions varying in the level of dissolved 

oxygen (DO) and culture temperature to test method applicability in the lab scale 

manufacturing setting.  

3.3 Experimental Section 
 

3.3.1 Chemical and materials 

 

Ultrapure optima LC-MS grade water, LC-MS grade acetic acid, LC-MS grade 

formic acid and phosphate buffered saline (PBS) was obtained from Fisher 

Scientific (Dublin, Ireland). Ammonium acetate (99.999% trace metal grade), 

ammonium formate (≥ 99.995% trace metal basis) and 4.0 mM L-Glutamine were 

purchased from Sigma-Aldrich (Wicklow, Ireland). Amicon Ultra-0.5 mL centrifugal 

filters with a 10 kDa molecular weight cut-off size, 0.45 µm and 0.20 µm PVDF 

membrane filters were purchased from Merck (Tullagreen, Ireland). BalanCD CHO 

Growth A was purchased from FUJIFILM Irvine Scientific (Wicklow Ireland). Native 

Staphylococcus aureus Protein A was purchased from Bio-Rad, (Accuscience, 

Ireland). 

3.3.2 Samples and Sample Preparation 

 

The IgG1 monoclonal antibodies (Bevacizumab, Rituximab, Infliximab, 

Trastuzumab and Cetuximab) used in this study were kindly provided by the 
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Hospital Pharmacy Unit of the University Hospital of San Cecilio in Granada, Spain. 

The antibody-drug conjugate mimic (MSQC8) was purchased from Sigma Aldrich 

(Wicklow, Ireland) and was prepared according to the manufacturers protocol. 

MAbs were analysed in triplicate while the ADC was analysed once. 

MAbs and ADC mimic were analysed in their formulation buffers, except for 

Bevacizumab which was buffer exchanged to BalanCD media and adjusted to 1 

mg/mL using 10 kDa molecular weight cut-off spin filters for initial method 

development and validation. To determine the limit of detection (LOD) and the limit 

of quantitation (LOQ) using a standard curve, concentrations were further adjusted 

to for injection of protein amounts between 0.5 μg to 100 μg. 

Bioreactor samples were obtained from a 10-day culture study using an anti-IL8-

IgG1 producing CHO DP-12 cell line. Cells were grown in a batch 3L culture using 

Applikon glass vessels. Cells were grown in BalanCD CHO Growth A media 

supplemented with 4.0 mM L-Glutamine. Control samples were grown at a pH of 

7.00 ± 0.05, a DO content of 40% of air saturation and at a temperature of 37°C. 

For stressed conditions, the value of each condition was changed after 6 days of 

culture, low temperature samples were obtained by lowering the temperature to 

32°C. Low DO samples were obtained by reducing the level of DO to 20%. Low 

temperature and low DO samples were obtained by lowering both parameters to 

the levels previously outlined. Samples were taken on day 8 and 10 and were 

clarified by centrifugation at 1000 x g for 10 minutes and filtered through 0.45 μm 

and 0.20 μm PVDF membrane filters. Cell viability was measured using trypan blue 

exclusion and the levels recorded on the days of sampling can be found in the 

supporting information, Table 3.1. Protein concentrations were determined via 

Nanodrop measurements and were between 0.06 and 0.16 mg/mL. Total manual 

preparation time of protein samples for analysis after sampling was between 12-13 

minutes, however, this can be significantly reduced using online sampling systems 

with cell removal capabilities.  
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Table 3.1: Bioreactor cell viability details from cell culture samples of Days 8 & 10. 

Condition Day 8 Day 10 

Control 97% 78% 

Low DO 91% 84% 

Low Temperature 94% 90% 

Low DO and Temperature 96% 89% 

 

Protein A was resuspended in 1X PBS and mixed with the antibody Bevacizumab 

at a 1:1 molar ratio. The protein A-IgG mixture was mixed by pipette aspiration for 

approximately 1 minute prior to injection.  

 

3.3.3 Protein A Chromatography-Mass Spectrometry 
 

All analyses were performed using a Thermo Scientific Vanquish Flex Binary 

UHPLC system (Thermo Fisher Scientific, Germering, Germany) coupled online to 

a Thermo Scientific Ultra High Mass Range Q Exactive Plus hybrid quadrupole-

Orbitrap mass spectrometer using an IonMax source with a HESI-II probe and a 

high-flow 32-gauge needle (P/N: 7005-60155) (Thermo Fisher Scientific, Bremen, 

Germany).   

For mobile phase comparison experiments two different mobile phase systems 

were employed. Mobile phase A1 was 50 mM aqueous ammonium acetate, pH 7.0 

and mobile phase B1 was water, adjusted to pH 3.0 using LC-MS grade acetic acid. 

Mobile phase A2 was 50 mM aqueous ammonium formate, pH 7.0 and mobile 

phase B2 was water, adjusted to pH 3.0 using LC-MS grade formic acid. A MAbPac 

Protein A column (4 x 35 mm, particle size 12 μm), was used for protein A affinity 

chromatography. Column temperature was maintained at 25°C.  

Buffer comparison was carried out using a flow rate of 0.500 mL/min and the 

gradient started with 0% B for 2 minutes followed by a step change to 100% B in 

0.1 minutes and held from 2.1 to 6 minutes. Re-equilibration to 0% B took place in 

0.1 minutes and was then held until the end of the method at 8 minutes. The first 

two minutes of the gradient were diverted to waste using the 6-port external valve 

on the instrument before being directed to the MS system. UV acquisition 

wavelength was 280 nm. 
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All subsequent analysis was carried out using a refined setup relying on buffers A1 

and B1, however, the pH of B1 was reduced to 2.5. The flow rate was 0.500 mL/min 

and the gradient started with 0% B for 1.5 minutes followed by 100% B from 1.6 to 

3.5 minutes. Re-equilibration to 0% B took place from minute 3.6 until the end of the 

method at 5 minutes. From minute 0-2 the flow was diverted to waste before being 

directed to the MS system, the UV acquisition wavelength was 280 nm.  

Full MS spectra were acquired in positive polarity at a scan range of 2,000-15,000 

m/z. The resolution was set to 25,000 at m/z 400, with an AGC target of 3 x106 ions 

and 10 microscans were performed. The maximum injection time was 200 ms. In-

source trapping desolvation was set to -80 V, this was increased to -10 V for ADC 

analysis, and the trapping gas pressure was set to 7.0. Detector m/z optimisation 

was set to low m/z while the ion transfer target m/z was set to high m/z. Sheath gas 

was set to 40 arbitrary units (AU) and auxiliary gas was set to 20 AU. Spray voltage 

was 3.8 kV, capillary temperature was 320°C, S-lens RF was set to 200 V and the 

auxiliary gas heater temperature was 275°C. 

3.3.4 Size Exclusion Chromatography-Mass Spectrometry 
 

All analyses were performed using the same instruments as previously mentioned. 

A MAbPac SEC-1 (4 x 300 mm, particle size 5 μm, 300 Å) column was used for 

analysis and was maintained at 30°C. All analyses were performed under isocratic 

flow conditions at 0.300 mL/min for 15 minutes. The buffer used was 50 mM LC-MS 

grade ammonium acetate. The pH was adjusted using LC-MS grade acetic acid 

until the target pH was reached. Full MS spectra were acquired in positive polarity 

at a scan range of 2,000-15,000 m/z. The resolution was 6,250 at m/z 400, with an 

AGC target of 3 x106 ions and 10 microscans were performed. Maximum injection 

time of 200 ms was used. In-source trapping desolvation was set to -150 V and 

trapping gas was set to 7.0. Detector m/z optimisation was set to low m/z while ion 

transfer target m/z was set to high m/z. Sheath gas was set to 30 AU and auxiliary 

gas was set to 15 AU. Spray voltage was 3.8 kV, capillary temperature was 320°C, 

S-lens RF was set to 200 V and the auxiliary gas heater temperature was 250°C. 
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3.3.5 Data Analysis 
 

Mass spectra were acquired using Thermo Scientific Xcalibur version 4.1.31.9. The 

analysis of the acquired mass spectra was carried using the Thermo Scientific 

Biopharma Finder software version 4.1. All software parameters used for data 

analysis are highlighted in Table 3.2. The raw data files were acquired in Xcalibur 

and data visualisation was carried out using Thermo Scientific Chromeleon version 

7.2.10. 

Table 3.2: Parameters used for deconvolution of native mass spectra using Biopharma 

Finder 4.1. 

Source Spectra Method Average Over Selected Retention Time 

m/z Range 1,000.000 – 15,000.000 

Chromatogram Trace Type BPC 

Deconvolution Algorithm ReSpect 

Output Mass Range 10,000 – 1,000,000 

Charge State Range 5 – 100 

Minimum Adjacent Charges 4 – 4 

Target Mass 160,000.000 Da 
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3.4 Results and Discussion 
 

3.4.1 Protein A Chromatography-Mass Spectrometry Method Development 
 

The development of the protein A-mass spectrometry (ProA-MS) protocol began by 

investigating two different aqueous MS friendly mobile phase systems. 25 μg of 

Bevacizumab drug product was injected on column and UV as well as MS detection 

was performed. The results from both approaches were compared and can be seen 

in Figure 3.2. Based on UV absorption, both buffer systems show a similar peak 

profile and comparable elution time, peak width, and symmetry. Nevertheless, MS 

signal intensity as well as the signal to noise ratio (S/N) of the raw spectra acquired 

were found to be superior using ammonium acetate. With the main charge states 

being in the range of +23 to +29 both charge envelopes clearly infer a native-like 

protein conformation. The spectral profile acquired shows a slight shift towards 

higher m/z values in case of the ammonium acetate based mobile phases when 

compared to ammonium formate indicating that the protein higher order structure is 

seemingly better preserved with ammonium acetate. Similar findings were reported 

in the past and are in accordance with ammonium acetate being a kosmotropic salt, 

stabilizing protein structures, while ammonium formate is chaotropic (Ventouri et al., 

2020).  

 

Figure 3.2: The UV chromatograms (lefts) and the average spectral profiles (right) of 

Bevacizumab acquired using ProA-MS with buffer system 1 (ammonium acetate) and buffer 

system 2 (ammonium formate). 
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The findings from this initial study indicate that a mobile phase based on ammonium 

acetate is clearly superior for use along with ProA-MS. Subsequently a comparison 

of this mobile phase system with a conventional MS incompatible mobile phase was 

undertaken which  can be seen in Figure 3.3. The peak asymmetry was 1.44 for the 

non-volatile buffers while it was 1.59 in the volatile buffers. Peak width at half height 

also increased from 0.056 to 0.067 when moving from non-volatile to the volatile 

mobile phase system. This indicates that the chromatographic performance 

marginally decline in case volatile mobile phases are employed.  

 

Figure 3.3: The UV chromatogram profile of 25 µg of Bevacizumab obtained using a non-

volatile buffer system (left) compared to a volatile buffer system (right). Peak width and 

asymmetry values obtained for each buffer system are highlighted below each profile. 

Chromatography gradient and method duration were next optimised using 

Bevacizumab in cell culture media. The aim was to optimize the gradient and to 

reduce the overall run time to as low as possible while maintaining enough time to 

ensure full protein binding, removal of all cell culture contaminants, full protein 

elution and sufficient equilibration back to starting conditions. Figure 3.4 shows the 

final method with a run time of 5 minutes comprised of 1.5 minutes at 100% A for 

protein loading, 2 minutes elution at 100% B and 1.5 minutes of re-equilibration 

again at 100% A. The first two minutes are diverted to waste to ensure full removal 

of all unbound cell culture contaminants which would interfere with MS detection. 

As can be seen in Figure 3.5 using a pH of 3.0 for the elution buffer resulted in a 

wider peak compared to pH 2.5. In addition, it was found that a lower mobile phase 
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B pH yields a 17.9% better recovery compared to the mobile phase of pH 3.0. For 

this reason, all subsequent analysis was carried out at pH 2.5.  

 

Figure 3.4: Optimized protein A chromatography method using 50 mM ammonium acetate, 

pH 7.0, as buffer A and acetic acid, pH 2.5, as buffer B. The black trace represents the 

chromatogram acquired via UV detection at 280 nm, while the blue trace represents the 

gradient applied. The first two minutes of gradient were diverted to waste, as indicated in 

red, and a flow rate of 0.500 mL/min was used. 

 

Figure 3.5: The UV profile of Bevacizumab using an elution buffer of pH 3.0. 
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A flow rate of 0.5 mL/min required careful selection of gas and temperature 

parameters in the MS ion source to ensure full molecular desolvation and protein 

ion declustering. MS parameters were optimized to achieve maximum MS signal 

response as was the MS resolution setting. The resolution setting used must be 

optimised to ensure a good level of sensitivity while also resolving isoforms with 

similar masses in order to ensure acceptable mass accuracy (Fussl et al., 2018). 

This is particularly important when near-isobaric variants are not 

chromatographically separated before detection (Haberger et al., 2016). 

Figure 3.6 shows the TIC chromatogram of 25 µg of Bevacizumab along with the 

mass spectra obtained from averaging of the TIC peak and the annotated 

deconvoluted spectra. Spectral averaging of the main peak shows a native-like 

charge envelope for Bevacizumab without any traces of adduction. Deconvolution 

of the charge envelope shows 4 distinct peaks which correspond to the main 

Bevacizumab glycoforms with A2G0F/A2G0F being the most abundant followed by 

higher galactosylated forms. The average mass accuracy across three runs for the 

annotated glycoforms were within 30 ppm. The charge envelope and deconvoluted 

spectra obtained using the ProA-MS method correspond well to those previously 

reported for Bevacizumab (Fussl et al., 2018, Singh et al., 2021). 

 

Figure 3.6: Raw data and deconvoluted spectrum acquired through injection of 25 μg of 

bevacizumab using the ProA-MS method. The left panel on shows the TIC trace, the middle 

panel displays the protein charge envelope obtained through spectral averaging of the 

observed peak, the most abundant charge state is highlighted, while the right panel shows 

the deconvoluted spectrum with annotated glycoforms.  
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Method precision was tested by investigating the relative standard deviation of the 

retention time and relative peak area acquired using 6 replicate injections of 

Bevacizumab based on UV detection. The relative standard deviation for the 

retention time was < 0.001 % indicating extremely high retention time precision 

across all runs while the relative standard deviation for the peak area was 0.321 %, 

also indicating high levels of precision across all 6 runs. Method robustness with 

regards to temperature and mobile phase pH was tested through triplicate injections 

of Bevacizumab at increased column temperature (30°C) and under application of 

a mobile phase B with increased pH (pH 2.8). At higher temperature, the relative 

standard deviation for retention time and peak area was 0.31 % and 1.32 % 

respectively. At higher mobile phase pH these values were 1.63 % and 2.41 %, 

respectively. This indicates that the method is reasonably robust and that the mobile 

phase pH has a larger impact on elution time and peak area compared to 

temperature but can be circumvented by regular preparation of the buffer. 

Method linearity was investigated by diluting Bevacizumab in chemically defined cell 

culture media to a concentration of 1 mg/mL and injecting between 0.5 μg and 100 

μg of material. By plotting the UV peak area against the amount of mAb injected, a 

linear trend was established as expected, with an R2 value of 0.9993, Figure 3.7A. 

The limit of detection (LOD) based on MS peak area was calculated to be 3.7 μg, 

Table 3.3. The limit of quantitation (LOQ) was calculated to be 11.25 μg, however, 

Figure 3.7B shows that the mass spectral quality obtained using as little as 0.5 μg 

of mAb is comparable to the mass spectra obtained using 100 μg of mAb. The 

charge envelopes obtained for both samples are highly similar, and deconvolution 

of the mass spectra allowed for annotation of the three main glycoforms with a mass 

deviation of less than 30 ppm in either case. This method also allows for titre 

determination down to the specified LOQ. 

 

  



Chapter 3 

 

79 
 

 

Figure 3.7: (A) A standard curve of protein concentration ranging from 0.5 to 100 µg of 

Bevacizumab in media was established to determine the LOD and LOQ of the protein A 

mass spectrometry method. (B) The corresponding raw (mid panel) and deconvoluted 

spectra (right panel) show that confident annotation is still possible using as little as 0.5 µg 

of sample. 
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Table 3.3: Calculation of LOD and LOQ. A standard curve was used for determination of 

linearity of signal response, LOD, and LOQ based on the MS peak area of the main peak. 

Protein amount injected (μg) Peak Area (μAU*sec) 

100 18964573 
100 19227124 
100 19801586 

75 15004905 
75 15133676 
75 15246857 

50 9639377 
50 9860918 
50 9899179 

25 4557786 
25 4815190 
25 4753895 

12.5 2349821 
12.5 2426830 
12.5 2444999 

10 1857888 
10 1981184 
10 1979389 

5 907362 
5 996547 
5 971190 

2 359864 
2 368469 
2 369354 

1 121453 
1 123885 
1 174842 

0.5 84215  
0.5 79643 
0.5 62280 

  

LOD/LOQ Calculations 

Slope (S) 196513 

Standard Deviation of response 
(Sy) 

221008.5 

LOD (3.3(Sy/S)) 3.71 μg 

LOQ (10(Sy/S)) 11.25 μg 

 

  



Chapter 3 

 

81 
 

3.4.2 Application to Monoclonal Antibodies of Varying Complexity 
 

ProA-MS was applied to a number of biotherapeutics that varied in structural 

complexity. These were Rituximab, Trastuzumab, Infliximab, Cetuximab and an 

ADC mimic, the resulting data is presented in Figure 3.8. UV acquisition showed no 

distinct differences between samples except for a slightly higher degree of peak 

tailing for the ADC mimic when compared to the mAbs. Spectral averaging of the 

peaks again revealed a native-like protein charge envelope between 5,000-7,000 

m/z in each case, however with clearly varying degrees of complexity. 

Rituximab and Trastuzumab were observed to be less complex compared to the 

other samples analysed and have been well characterised in previous studies 

(Carillo et al., 2020a, Carillo et al., 2020b, Fussl et al., 2018). The most abundant 

glycoforms detected for both molecules were A2G1F/A2G0F while the second most 

abundant glycoform differed, A2G1F/A2G1F for Rituximab and A2G0F/A2G0F for 

Trastuzumab. These results correspond well with those previously reported (Carillo 

et al., 2020b). Infliximab annotation is more complicated as the molecule exhibits 

highly abundant charge variants derived from incomplete C-terminal lysine 

truncation due to low carboxypeptidase activity (Hong et al., 2017). This 

modification results in a mass difference of ~ 128 Da which, to some degree 

depending on the MS resolution, can cause an overlap with glycoforms with 1 

additional galactose and thus potentially result in compromised annotation. Using 

the ProA-MS method it was found that most abundant forms were corresponding to 

A2G0F/A2G0F, A2G0/A2G1F and A2G1F/A2G1F glycoforms of Infliximab with 

varying degree of C-terminal lysines. The annotation of Cetuximab isoforms is 

highly challenging due to an additional glycosylation site in the Fab region. The 

charge envelopes and deconvoluted spectral profiles acquired using ProA-MS 

however, corresponded well with those previously acquired using cation exchange 

chromatography with pH gradient elution coupled to native mass spectrometry 

(CEX-MS) (Fussl et al., 2020). The main Cetuximab variant is represented by the 

Fc and Fab glycan pairs A2G0F/A2G0F and A2Ga2F/A2Ga2F. Still highly 

prominent but less abundant forms are caused by various degrees of 

galactosylation and sialylation with the sialic acids being of the N-glycolylneuraminic 
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acid (NGNA) type, again correlating with findings of previous studies (Ayoub et al., 

2013, Biacchi et al., 2015, Fussl et al., 2020). 

Traditional ADCs are produced through a series of reactions on lysine sidechains 

or on cysteine thiols following reduction of interchain disulfide bonds that results in 

heterogeneous mixtures of DARs (Botzanowski et al., 2017). The average DAR is 

an important critical quality attribute (CQA) that can affect the safety and efficacy of 

an ADC (Wakankar et al., 2011). Moreover, ADCs which are based on a monoclonal 

antibody scaffold, exhibit other layers of complexity typical for mAbs, like differential 

glycosylation. In general, two layers of complexity were identified upon ProA-MS, 

different DARs, and varying glycosylation. DAR forms herein found were of the 2, 4 

and 6 type and glycoform pairings found were A2G0F/A2G0F, A2G1F/A2G0F, 

A2G1F/A2G1F and A2G1F/A2G2F. The average DAR was calculated from the 

ProA-MS spectral data to be 3.7. Importantly, this ADC mimic is a cysteine-

conjugated ADC mimic. The fact that an intact protein charge envelope can be 

observed and can be used for annotation and quantitation, demonstrates 

applicability of the here presented method also for rapid analysis of protein 

complexes containing antibodies with exposed Fc domains and formed of non-

covalent bonds. Notably the ADC shows a higher level of tailing compared to the 

mAbs. This could be caused by the presence of hydrophobic payloads, however no 

clear correlation between drug loading level and elution within the protein A peak 

was found. A wider spectrum range, 1,000-12,000 (Figure 3.9) shows that a low 

level of m/z species are present however from prior analysis of this molecule, data 

not shown, it is considered to be an inherent feature of this molecule rather than as 

a result of product dissociation. Calculated mass deviations were generally low in a 

majority of cases. In some instances, however, higher mass deviations had to be 

accepted as some MS peaks are inevitably composed of different but near-isobaric 

protein isoforms and the reported masses will thus not represent a single species 

but rather the average of several. Nevertheless, in such cases average mass 

deviations calculated did still not exceed 30 ppm. Details on all reported isoforms 

are presented in Table 3.4 of the Supporting Information. 
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Figure 3.8: ProA-MS was applied to a number of IgG1 mAbs of varying complexity, namely 

rituximab, trastuzumab, infliximab and cetuximab and an ADC mimic. The UV profile of 

each biotherapeutic can be seen in the left panel, while the middle panel shows the 

averaged raw spectrum obtained through integration of the protein peak. The annotation of 

the peaks from deconvoluted spectra is shown in the right panel. 
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Figure 3.9: Mass spectral profile of 10 µg of ADC acquired between 1,000 – 12,000 m/z 

using protein A mass spectrometry. 
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Table 3.4: Average experimental mass and the calculated average mass deviation for the 

glycoforms from various mAbs and ADC analysed through ProA-MS. 

Glycoform Theoretical Mass Average 
Experimental Mass 
(n=3) 

Average Mass 
Deviation (ppm) 
(n=3) 

Bevacizumab 

A2G0F/A1G0F 148993.871 148997.730 25.90 

A2G0F/A2G0F 149197.0687 149196.757 -2.09 

A2G0F/A2G1F 149359.2095 149361.297 13.97 

A2G1F/A2G1F 149521.3504 149524.447 20.70 

A2G1F/A2G2F 149683.4912 149687.84 29.05 

    

Rituximab 

A2G0F/A2G0F 147074.8571 147076.40 10.49 

A2G0F/A2G1F 147236.998 147237.51 3.50 

A2G1F/A2G1F 147399.1388 147399.97 5.64 

A2G1F/A2G2F 147561.2797 147563.11 12.40 

A2G2F/A2G2F 147723.4205 147725.95 17.12 

    

Trastuzumab 

A2G0F/A2G0F 148056.0733 148058.75 18.08 

A2G0F/A2G1F 148218.2141 148220.15 13.06 

A2G1F/A2G1F 148380.355 148381.49 7.65 

A2G1F/A2G2F 148542.4958 148545.52 20.38 

    

Infliximab 

A2G0F/A2G0F 148512.043762 148514.1 13.91 

A2G0F/A2G1F 148674.184610 148678.5 28.91 

A2G0F/A2G0F x 2 Lys 148768.389762 148770.3 13.01 

A2G0F/A2G1F x 2 Lys 148930.530610 148932.8 15.43 

A2G1F/A2G1F x 2 Lys 149092.671457 149095.7 20.22 

    

Cetuximab 

A2G0F/A2G0F x 
A2Ga2F/A2Ga2F 152514.0363 152518.4 28.3 

+1 Gal 152676.1819 152678.6 15.9 

-1 Gal 152351.8907 152352.7 5.2 

-2 Gal 152189.7452 152191.6 12.3 

-2Gal/+2Neu5Gc 152804.2635 152805.3 7.0 

-1Gal/+2Neu5Gc 152966.4091 152968.3 12.5 

    

ADC Theoretical Mass Experimental Mass Delta PPM 

DAR2 

A2G0/A2G0F 147856.5902 - - 

A2G0F/A2G0F 148002.7364 148000.88 -12.54 

A2G0F/A2G1F 148164.8772 148163.05 -12.33 

A2G1F/A2G1F 148327.0181 148327.53 3.45 

A2G1F/A2G2F 148489.1589 - - 
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DAR4 

A2G0/A2G0F 149192.5902 149192.13 -3.08 

A2G0F/A2G0F 149338.7364 149341.50 18.51 

A2G0F/A2G1F 149500.8772 149504.92 27.04 

A2G1F/A2G1F 149663.0181 149664.22 8.03 

A2G1F/A2G2F 149825.1589 149825.16 0.01 

    

DAR6 

A2G0/A2G0F 150528.5902 - - 

A2G0F/A2G0F 150674.7364 150678.48 24.85 

A2G0F/A2G1F 150836.8772 150840.47 23.82 

A2G1F/A2G1F 150999.0181 151002.52 23.19 

A2G1F/A2G2F 151161.1589 - - 

    

DAR8 

A2G0/A2G0F 151864.5902 - - 

A2G0F/A2G0F 152010.7364 - - 

A2G0F/A2G1F 152172.8772 - - 

A2G1F/A2G1F 152335.0181 152335.70 4.48 

A2G1F/A2G2F 152497.1589 - - 

 

3.4.3 Analysis of mAbs Expressed in Bioreactors Operated Under 

Differential Cell Culture Conditions  
 

As previously mentioned, biotherapeutics are produced through animal cell culture 

technologies. Production can happen at various scales and the parameters used 

during cell culture can greatly affect the CQAs of the product. For example, 

decreasing the temperature of the culture can increase the production titre and has 

also been shown to reduce sialidase activity (Sha et al., 2016).  DO levels were also 

found to impact the glycoprofile of biotherapeutics with reduction of galactosylation 

reported when the levels of DO were reduced (Hossler et al., 2009, Zhang et al., 

2016). The effect of these altered parameters, low temperature, low DO, and a 

combination thereof was investigated using the established ProA-MS method. 

Samples were grown at altered bioprocessing conditions along with a control 

sample to examine the effect of the environmental changes on the PQA profile of 

the mAb. Conditions were altered on day 6 of the cell culture and samples were 

taken on days 8 and 10 resulting in an exposure time of either 2 or 4 days. Triplicate 

ProA-MS injections of 4 μg each were performed to evaluate changes in the PQA 

profile reflected by relative MS signal abundances of the protein isoforms seen, 

Figure 3.10. 
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Figure 3.10: The average relative abundance of the main monoclonal antibody isoforms 

detected using protein A-MS on samples taken from bioreactors that were grown under 

altered conditions. Different colours represent different isoforms, and the error bars 

represent the variability based on triplicate injections. 

Previous characterisation through peptide mapping analysis has revealed the 

typical differential N-glycosylation and an N-terminal “VHS” sequence tag which 

amounts to an additional 323 Da to be the main driving force of the heterogeneity 

of this mAb (data not shown) (Raju and Jordan, 2012). The lowest molecular weight 

variant depicted in Figure 3.10 (Form 1) corresponds to an antibody with no N-

terminal modification and a A2G0F/A2G1F glycan pair. All other variants show a 

successive mass increase of 162 Da, from left to right, caused by the above 

described modifications. For simplicities sake these isoforms are in general referred 



Chapter 3 

 

88 
 

to as Forms 1 to 5. A putative identification of isoforms as well as information on 

experimental, theoretical masses and mass deviations is provided in Table 3.5 of 

the Supporting Information. 

The low DO sample of day 8, appears to show a shift in the isoform pattern towards 

a slightly higher abundance of lower molecular weight forms. The same trend but 

more pronounced is visible upon low DO and low temperature exposure while the 

opposite is the case for the samples only exposed to low temperature. Changes are 

significant with Form 5 showing relative abundances elevated by almost 30% when 

compared to the control sample. A different trend is visible after cultivation for 10 

days. In contrast to day 8 the control samples of day 10 appear to be lower 

molecular weight with Form 2 being almost as abundant as Form 3. Exposure to 

low DO and low temperature separately is visibly leading to an increase in the lower 

molecular weight Form 1 while Forms 4 and 5 slightly decrease. A reversed trend 

is visible when both altered bioprocessing parameters are combined with Forms 4 

and 5 showing a clearly elevated level whereas Form 1 has decreased to below a 

control sample level. In summary, changes in DO and temperature can have 

profound impact on the monoclonal antibody quality profile, in particular on antibody 

glycan galactosylation. Also changes seem to strongly depend on the time of 

cultivation as different trends were observed for day 8 and 10 samples.  

From this bioreactor study it shows that ProA-MS could be a valuable tool to 

distinguish different product profiles of monoclonal antibody cell cultures and will 

provide near real time information on the effect various parameter changes and 

feeding strategies can have on product quality attributes with a high level of mass 

accuracy (<30 ppm, Table 3.5).  
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Table 3.5: Average experimental mass (n=3 unless indicated otherwise) and the calculated 

average mass deviation for the glycoforms putatively identified from the bioreactor study 

analysed through ProA-MS. “VHS” indicates the presence of a “VHS” amino acid sequence 

tag as a N-terminal modification. 

Putative 
Identification 

Theoretical Mass Average 
Experimental Mass 

Average Mass 
Deviation 

Control Day 8 

Isotype 1 

A2G0F/A2G1F 149987.9653 149985.4531 -16.7494 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150147.4427 -17.7388 

VHS+A2G0F/A2G0F 150149.1692 150147.4427 -11.4985 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150310.2969 -12.9740 

VHS+A2G0F/A2G1F 150311.3101 150310.2969 -6.7405 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150472.9219 -9.7426 

VHS+A2G1F/A2G1F 150473.4509 150472.9219 -3.5157 

VHSx2+A2G0F/A2G0F 150472.5139 150472.9219 2.7112 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150634.1771 -9.3913 

VHSx2+A2G0F/A2G1F 150634.6548 150634.1771 -3.1711 

    

Control Day 10 

Isotype 1 

A2G0F/A2G1F 149987.9653 149987.4531 -3.4150 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150146.4792 -24.1560 

VHS+A2G0F/A2G0F 150149.1692 150146.4792 -17.9158 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150309.3438 -19.3150 

VHS+A2G0F/A2G1F 150311.3101 150309.3438 -13.0815 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150471.7135 -17.7727 

VHS+A2G1F/A2G1F 150473.4509 150471.7135 -11.5459 

VHSx2+A2G0F/A2G0F 150472.5139 150471.7135 -5.31909 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150634.2031 -9.2184* 

VHSx2+A2G0F/A2G1F 150634.6548 150634.2031 -2.9983* 
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Low DO Day 8 

Isotype 1 

A2G0F/A2G1F 149987.9653 149989.3958 9.5374 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150149.0625 -6.9510 

VHS+A2G0F/A2G0F 150149.1692 150149.0625 -0.71066 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150310.7292 -10.0981 

VHS+A2G0F/A2G1F 150311.3101 150310.7292 -3.8646 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150472.9063 -9.8464 

VHS+A2G1F/A2G1F 150473.4509 150472.9063 -3.6196 

VHSx2+A2G0F/A2G0F 150472.5139 150472.9063 2.6073 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150634.4948 -7.2822 

VHSx2+A2G0F/A2G1F 150634.6548 150634.4948 -1.0620* 

    

Low DO Day 10 

Isotype 1 

A2G0F/A2G1F 149987.9653 149987.3542 -4.0748 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150148.9271 -7.8528 

VHS+A2G0F/A2G0F 150149.1692 150148.9271 -1.6125 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150311.5781 -4.4501 

VHS+A2G0F/A2G1F 150311.3101 150311.5781 1.7835 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150470.7813 -23.9684 

VHS+A2G1F/A2G1F 150473.4509 150470.7813 -17.7417 

VHSx2+A2G0F/A2G0F 150472.5139 150470.7813 -11.5148 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150636.03125 2.9176ⱡ 

VHSx2+A2G0F/A2G1F 150634.6548 150636.03125 9.1379ⱡ 

    

Low Temperature Day 8 

Isotype 1 

A2G0F/A2G1F 149987.9653 149989.3125 8.9818 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150149.6458 -3.0660 

VHS+A2G0F/A2G0F 150149.1692 150149.6458 3.1744 
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Isotype 3 

A2G1F/A2G2F 150312.2470 150310.2969 -12.9740 

VHS+A2G0F/A2G1F 150311.3101 150310.2969 -6.7405 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150472.7917 -10.6079 

VHS+A2G1F/A2G1F 150473.4509 150472.7917 -4.3811 

VHSx2+A2G0F/A2G0F 150472.5139 150472.7917 1.8458 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150634.1979 -9.2530 

VHSx2+A2G0F/A2G1F 150634.6548 150634.1979 -3.0328 

    

Low Temperature Day 10 

Isotype 1 

A2G0F/A2G1F 149987.9653 149987.19 -5.1860 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150149.5417 -3.7597 

VHS+A2G0F/A2G0F 150149.1692 150149.5417 2.4806 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150311.2708 -6.4945 

VHS+A2G0F/A2G1F 150311.3101 150311.2708 -0.2609 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150473.1771 -8.0465 

VHS+A2G1F/A2G1F 150473.4509 150473.1771 -1.8197 

VHSx2+A2G0F/A2G0F 150472.5139 150473.1771 4.4072 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150633.8516 -11.5523* 

VHSx2+A2G0F/A2G1F 150634.6548 150633.8516 -5.3321* 

    

Low DO and Temperature Day 8 

Isotype 1 

A2G0F/A2G1F 149987.9653 149988.2292 1.7590 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150148.5729 -10.2116 

VHS+A2G0F/A2G0F 150149.1692 150148.5729 -3.9713 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150310.7813 -9.7516 

VHS+A2G0F/A2G1F 150311.3101 150310.7813 -3.5180 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150473.3490 -6.9043 

VHS+A2G1F/A2G1F 150473.4509 150473.3490 -0.6775 
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VHSx2+A2G0F/A2G0F 150472.5139 150473.3490 5.5496 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150634.0313 -10.3594 

VHSx2+A2G0F/A2G1F 150634.6548 150634.0313 -4.1393 

    

Low Do and Temperature Day 10 

Isotype 1 

A2G0F/A2G1F 149987.9653 149990.2031 14.9198 

    

Isotype 2 

A2G1F/A2G1F 150150.1062 150150.0208 -0.5685 

VHS+A2G0F/A2G0F 150149.1692 150150.0208 5.6719 

    

Isotype 3 

A2G1F/A2G2F 150312.2470 150310.7969 -9.6476 

VHS+A2G0F/A2G1F 150311.3101 150310.7969 -3.4141 

    

Isotype 4 

A2G2F/A2G2F 150474.3879 150474.7604 2.4757 

VHS+A2G1F/A2G1F 150473.4509 150474.7604 8.7027 

VHSx2+A2G0F/A2G0F 150472.5139 150474.7604 14.930 

    

Isotype 5 

VHS+A2G1F/A2G2F 150635.5917 150636.3177 4.8193 

VHSx2+A2G0F/A2G1F 150634.6548 150636.3177 11.0396 
* n=2 
ⱡ  n=1 

 

3.4.4 SEC-MS To Probe Stoichiometry of Protein A-IgG Binding 

 

Using non-denaturing SEC-MS, it was attempted to further understand the pH 

dependency of structures of mAb and protein A as well as of their formed complex. 

For this study, soluble protein A was resuspended in 1X PBS and Bevacizumab was 

diluted to 1 mg/mL in 1X PBS. As previously reported, the molar binding ratio for 

mAb and protein A is in the range of 1:1 to 1:2. For this experiment protein A and 

the mAb were mixed in a molar ratio of 1:1 as results showed complex formation 

while unbound protein A and unbound mAb were also still observable. Upon 

analysis it was evident that the dominant species were unbound protein A, unbound 

mAb and a complex with a stoichiometry of 1:1 while no larger complexes were 

observed. Subsequently, SEC-MS analysis was performed at different mobile 
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phase pH ranging from pH 7.0 to 3.0 in 0.5 pH unit steps.  MS spectra across the 

chromatographic elution range are shown in Figure 3.11. 

 

Figure 3.11: MS spectra showing the effect of pH on the structure of protein A, IgG, and 

the complex thereof. Blue squares indicate charge states that belong to the protein A 

molecule, red dots symbolise charge states from unbound IgG and yellow triangles mark 

charge states which belong to a complex thereof at a 1:1 molar ratio. The most abundant 

charge states are highlighted and their presence across the pH ranges are mapped out. 

The result show that, as expected, when the pH is lowered to more acidic conditions, 

the protein A-mAb complex dissociates. This dissociation begins to occur at pH 4.5 

and happens to an extent where no complex is visible any longer. The spectra at 

increasingly lower pH show that at pH 3.0 the mAb begins to partially denature or 

undergo a structural change, which is clearly indicated by an extension of the charge 

envelope to a lower m/z region. Comparing this to the results obtained from the 
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ProA-MS experiments, there is a discrepancy as a pH of 2.5 during ProA-MS did 

not result in any visible denaturation of the protein. The most likely explanation is 

that protein elution in protein A chromatography is faster than the kinetics of 

denaturation while in SEC-MS the protein is exposed to acidic conditions for a much 

more extended period of time due to the longer chromatographic run times involved. 

Also, there is the possibility that the column is buffering against a change to pH 2.5 

and that the true pH on column is slightly higher which would favour preservation of 

a native-like structure as well.   
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3.5 Conclusion 
 

Protein A chromatography remains a frontline technique for the capture and 

purification of monoclonal antibodies from cell culture supernatant. This study 

described the adaptation of this purification technique to a quick and powerful 

analysis strategy for native proteins by using MS friendly mobile phases and through 

direct interfacing to native mass spectrometry. Five minutes were found to be 

enough time to ensure full protein binding, removal of contaminants, elution, and 

column re-equilibration to starting conditions while maintaining reproducibility and 

robustness. The MS data quality observed was excellent and allowed also for the 

analysis of low abundant glycoforms of a monoclonal antibody with as little as 0.5 

µg of material consumed. The method has proven generic applicability through the 

analysis of multiple Fc region bearing biopharmaceuticals including complex 

proteins like Cetuximab and an ADC mimic. The LC and MS conditions chosen 

clearly to favour the preservation of the native protein structure and non-covalent 

bonds, making therapeutic formats such as cysteine-conjugated ADCs also 

amenable for analysis. ProA-MS was further employed to investigate the effect of 

altered culture parameters on the quality profiles of samples acquired from a 

number of bioreactors and allowed for the detection of differential glycosylation 

based on those changes. Next to analytical techniques such as SEC-MS, IEX-MS 

or HIC-MS, this method represents yet another potent tool in the toolbox of native 

LC-MS analysis strategies for biopharmaceuticals. A simple analysis setup, quick 

run times and high sensitivity paired with the capabilities to analyse proteins directly 

in media renders the here presented method a highly promising tool for PAT 

applications for a great variety of biopharmaceutical products.  

In addition, native SEC-MS was applied to further understand the effect of pH on 

the molecular binding of protein A and monoclonal antibodies. A complex was 

observed composed of a single molecule of protein A and mAb which was found to 

be stable down to pH 4.5. Moreover, it was shown that protein denaturation starts 

at a pH of 3.0 and that denaturation is a rather gradual than an instant process as 

no trace of denaturation was observed at even lower pH upon protein A elution.  
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Figure 4.1: Graphical abstract for inline electrochemical reduction of  NISTmAb for middle-

up subunit liquid chromatography – mass spectrometry analysis. 
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4.1 Abstract 

 

Disulfide bond reduction within antibody mass spectrometry workflows is typically 

carried out using chemical reducing agents to produce antibody subunits for middle-

down and middle-up analysis. In this contribution we offer an online electrochemical 

reduction method for the reduction of antibodies coupled with liquid chromatography 

(LC) and mass spectrometry (MS), reducing the disulfide bonds present in the 

antibody without the need for chemical reducing agents. An electrochemical cell 

placed before the analytical column and mass spectrometer facilitated complete 

reduction of NISTmAb inter- and intrachain disulfide bonds. Reduction and analysis 

were carried out under optimal solvent conditions using a trapping column and 

switching valve to facilitate solvent exchange during analysis. The level of reduction 

was shown to be affected by electrochemical potential, temperature, and solvent 

organic content, but with optimization, complete disulfide bond cleavage was 

achieved. The use of an inline electrochemical cell offers a simple, rapid, workflow 

solution for liquid chromatography mass spectrometry analysis of antibody subunits.  
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4.2 Introduction 
 

Monoclonal antibodies (mAb) and their variants make up an increasingly large field 

within biotherapeutics. Due to their size (~150 kDa) and heterogeneity deriving from 

expression and process related post-translational modifications (PTMs), analytical 

methods are being continuously developed for their characterization (Sandra et al., 

2014, Beck et al., 2013). MAb analysis is commonly broken down further into native, 

intact, subunits, top- and middle-down, and bottom-up workflows (Lermyte et al., 

2019, Srzentic et al., 2018).  

Intact mAb workflows are affective at confirming protein mass and possible PTMs 

via direct mass measurement mass spectrometry (Donnelly et al., 2019, Zhang et 

al., 2010b, Thompson et al., 2013). Middle-down and middle-up techniques 

evaluate antibodies at the subunit level (e.g., light chain – Lc, heavy chain – Hc, 

crystallizable fragment – Fc, and antigen binding region – Fab). Modified subunits 

are more easily separated by chromatography than intact mAbs due to the reduction 

in molecular size, and high-resolution mass spectrometry methods can be utilized 

more effectively on smaller analytes. Localization of PTMs to an individual subunit 

is also beneficial for the assessment of critical quality attributes (Melani et al., 2019, 

Blochl et al., 2020, Liu et al., 2019). Subunit production is often carried out by non-

biological chemical reaction and/or enzyme digestion (Liu et al., 2019, Farrell et al., 

2018). Consistent subunit production is essential in middle-up and middle-down 

mass spectrometry workflows requiring effective reduction steps.  

Both inter- and intra-chain disulfide bonds are common and important features of 

antibodies. Disulfide bonds create the 3D structure required for bioactivity and in 

antibodies hold the light and heavy chains together (Liu and May, 2012). Mispairing 

of disulfide bonds may affect function and stability of the final drug, especially for 

mAbs with more complex disulfide bonds patterns, like IgG2, leading to the need for 

a thorough characterization. The presence of extensive intrachain disulfide bond 

formation within antibodies makes sequencing by tandem mass spectrometry 

(MS/MS) for top- and middle-down techniques much more challenging (Larson et 

al., 2020, Cotham and Brodbelt, 2016, Srzentic et al., 2020). 

Reduction of disulfide bonds is often carried out chemically by dithiothreitol (DTT) 

(Sun et al., 2005) or tris(2-carboxyethyl)phosphine (TCEP) (Zhang et al., 2010a) 
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producing light chain (Lc) and heavy chain (Hc) units or further coupled with 

IdeS/IdeZ enzymes to produce Lc, Fc/2, and Fd subunits (Faid et al., 2018, Sjogren 

et al., 2016, Johansson et al., 2008). Denaturing agents, such as guanidine 

hydrochloride, are often used to relax the tertiary structure of the antibody to allow 

for more complete reduction (Lai et al., 1997).  

Online chemical reduction has been successfully performed with the use of a trap 

column and DTT being introduced to the flow path reducing the antibody 

(Verscheure et al., 2021). Online reduction methods with the use of DTT require the 

reaction to be performed under basic conditions which are not hydrogen-deuterium 

exchange (HDX) compatible. Disulfide bond reduction has also been carried out 

with the use of 254 nm radiation (Yang and Xia, 2021). 

Electrochemical reduction of disulfide bonds in proteins using a flow-through reactor 

cell prior to mass spectrometry has been successfully applied as an alternative 

method previously. Disulfide bond cleavage in such an approach is achieved by 

inline electrochemical reduction using a titanium working electrode under acidic 

conditions with formic acid as an additive in the sample solution (Kraj et al., 2013). 

It was postulated that the presence of formic acid under these conditions will result 

in the formation of carboxylic radical anions which act as mediator for disulfide 

reduction (Stocks and Melanson, 2019). 

Accessible disulfide bonds present during the reduction will be reduced to free thiol 

groups. Complete and partial electrochemical reduction of multiple proteins and 

peptides prior to mass spectrometry has been carried out by direct infusion through 

the electrochemical cell (Nicolardi et al., 2013, Kraj et al., 2013, Cramer et al., 2016, 

Buter et al., 2017, Switzar et al., 2016, Zheng et al., 2013). Reduction of an intact 

antibody was also carried out through a direct infusion method, successfully 

producing Lc and Hc subunits but not completely reducing the intrachain disulfide 

bonds (Nicolardi et al., 2014). A downside of the direct infusion methods are that 

the reduced products are not separated prior to analysis. The use of electrochemical 

reduction for HDX workflows has also been investigated with success as normal 

reductive conditions are not compatible with HDX workflows (Mysling et al., 2014, 

Trabjerg et al., 2015).  
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This contribution presents an inline electrochemical reduction workflow that reduces 

both inter- and intra-chain disulfide bonds of NISTmAb. The fully reduced subunits 

produced were analysed by reverse-phase separation. The method does not need 

the addition of chemical reducing agents or denaturing agents to produce complete 

reduction. A trapping column setup also allows the hyphenation with mass 

spectrometry using compatible solvents for liquid chromatography – mass 

spectrometry analysis. The system setup also allows switching between intact and 

middle up/down analysis with a single step. 
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4.3 Experimental 
 

4.3.1 Antibody Preparation 
 

NISTmAb Reference Material 8671 acquired from The National Institute of 

Standards and Testing (NIST, Gaithersburg, Maryland) which contains high levels 

of lysine clipping and pyroglutamine modification was buffer exchanged into 1% 

formic acid (FA) and ultrapure water using centrifuge 10 kDa molecular weight cut-

off filters (BioRad, Hercules, CA, USA) final concentration of NISTmAb was 1 mg 

mL-1. Experiments carried out under denaturing conditions were buffer exchanged 

into 1% FA and concentration adjusted to 20% acetonitrile 1% FA (v/v) at a 

concentration of 1 mg mL-1 of NISTmAb. For FabRICATOR digestion product 

reduction: 100 μg of NISTmAb was digested with 100 units of FabRICATOR 

(Genovis AB) for 2 hours at 37°C. Following digestion samples were reduced to 

dryness via vacuum centrifugation before being resuspended in 1% FA in water. 

4.3.2 Analytical Instrumentation 

 

All liquid chromatography – mass spectrometry (LC-MS) analyses were performed 

using a VanquishTM Flex Duo UHPLC system (Thermo Scientific, Germering, 

Germany) and Q-ExactiveTM Plus Hybrid Quadrupole Orbitrap MS with extended 

mass BioPharma Option utilising intact protein mode, equipped with an Ion Max 

source with HESI-II probe (Thermo Scientific, Bremen, Germany). All data was 

acquired using Thermo ScientificTM ChromeleonTM software 7.2.10.  

4.3.3 Mass Spectrometry 

 

The Q-Exactive orbitrap mass spectrometer remained in intact protein mode for the 

duration of the experiment. Full mass spectrometry tune parameters are contained 

within the supporting information, Table 4.1. The mass spectrometer was set to full 

positive polarity MS scans at 140,000 resolving power (at m/z 200, 512 ms transient 

length) for the Lc analysis before switching to 35,000 resolving power (at m/z 200, 

128 ms transient length) for the heavy chain analysis, at 14 minutes. The mass 

spectrometer was held at 140,000 resolving power for the duration of the 

FabRICATOR sample experiment. The detected mass range was from m/z 600-
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4000, the AGC target value was 3 × 106. Tandem mass spectrometry was carried 

out at 140,000 resolving power using higher energy collisional dissociation HCD 

with a collision energy of 12 – 18 V in 2 V steps, and the fragmentation coverage 

collated in the results. All mass spectrometry analysis was carried out using Thermo 

ScientificTM BioPharmaFinderTM 3.2. Hc deconvolution was carried out using the 

ReSpect algorithm and Lc, FabRICATOR, and tandem mass spectrometry 

deconvolution was carried out with the Xtract algorithm.  

Table 4.1: Mass Spectrometry Tune Parameters 

Parameter Value 

Sheath Gas Flow 25 AU 

Aux Gas Flow 10 AU 

Sweep Gas Flow 0 AU 

Spray Voltage 3.8 kV 

Capillary Temperature 320°C 

Aux Temperature 150°C 

S-Transfer Lens 60°C 

MS Scans 5 

Resolution Setting 140,000 / 35,000 

Scan Range 600 – 5000 m/z 

Maximum Inject Time 200 ms 

Intact Protein Mode On 

 

4.3.4 Electrochemical Cell 
 

A μ-PrepCellTM SS reactor cell in combination with the ROXYTM Exceed potentiostat 

(Antec Scientific, Leiden, Netherlands) was used for the online electrochemical 

reduction of NISTmAb. The potentiostat with integrated oven compartment was 

operated by instrument control in the Thermo ScientificTM ChromeleonTM Software 

7.2.10. The μ-PrepCell SS is a dual electrode flow-through cell consisting of a 

replaceable platinum counter electrode (CE) and the titanium surface of the inlet 

block acting as the working electrode (WE) at which reduction takes place. The 

schematic of this cell can be found in Figure 4.2. PEEK tubing was used to connect 

the electrochemical cell into the flow path. The flow rate through the electrochemical 

cell was held at 50 μL min-1 for the duration of the experiment.  
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Figure 4.2: EC µ-prep SS cell schematics and image. 

 

The EC setup allows the control of both temperature and electrode potential within 

the EC using Thermo ScientificTM ChromeleonTM Software 7.2.10. The temperature 

was held at room temperature for the partially reduced experiments and 60°C for 

the full reduced experiments. Solvent flow was fed directly from the autosampler 

switching valve through the electrochemical cell, where reduction occurred, and 

onto the trapping column. The electrochemical cell was operated in a pulse mode 

using a 2-step square-wave pulse with the following settings: E1 = 0 – 1 V 

(reduction), E2 = 0 Volt, with a t1  = 1 s and t2 = 0.1 s. E2 is a short cleaning step 

with a duration of 100 ms. The electrode potential, (E1) was varied between 0 V to 

1 V for comparison of reduction conditions in 0.2 V increments. All the experiments 

comparing reduction at different temperatures and organic solvent content used 1 

V in the electrochemical cell.  

4.3.5 Intact Electrochemical Reduction Analysis 
 

With the switching valve initially held in the 1:6 position for intact mAb analysis 5 μg 

of mAb sample was injected through the electrochemical cell at a flow rate of 50 μL 

min-1 fed from Pump 1 and trapped onto a MAbPacTM RP column, 4 μm, 2.1 mm × 

50 mm. Conditions were isocratic at 20% (v/v) acetonitrile, 1% (v/v) FA, in water, 

1% (v/v) FA in water was used for the partial reduction experiments. After 5 minutes 

the switching valve moved to the 1:2 position. The mobile phases for the right pump 

consist of 0.1% FA in water (A) and 0.1% FA in acetonitrile (B). The flow was held 

for 5 minutes at 25% B at 0.3 mL min-1 to allow back flushing from the trap column 

onto the analytical column MAbPacTM RP column, 4 μm, 2.1 mm × 150 mm, at 10 
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minutes the gradient was immediately increased to 30% B and then increased to 

40% over 10 minutes. At 20 minutes the mobile phase was adjusted to 80% B and 

held for 6 minutes before being dropped to 20% B at from minutes 26-28 before 

being held at 20% B for a further 2 minutes for a total analytical analysis time of 30 

minutes.  

4.3.6 IdeS FabRICATOR® Samples 

 

With the switching valve in the 1:6 position IdeS digested NISTmAb samples were 

loaded onto the trapping column using 20% acetonitrile and 1% FA in water. After 

five minutes the switching valve was moved to position 1:2 at 25% B and held 

isocratically for a further 5 minutes. The mobile phase was increased to 32% B over 

6 minutes and then up to 80% for a further 10 minutes, held at 80% B for 3 minutes 

before dropping the mobile phase down to 20% B for 2 minutes for a total length of 

30 minutes.  
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4.4 Results and Discussion 
 

4.4.1 Trapping Column and Solvent Switching 
 

The key module of the Vanquish Flex Duo system is the dual pump that produced 

two discrete flows. A pump which feeds the electrochemical cell onto the trapping 

column. The second pump backflushed the trapping column and through the 

analytical column into the mass spectrometer. A switching valve setup (Figure 4.3) 

is placed after the electrochemical cell and before the trapping and analytical 

columns. Figure 4.3 presents the electrode and switching column used in the 

experimentation. 

 

Figure 4.3: Experimental setup using an electrochemical cell switching valve and dual 

pump system. Pump 1 contains 1% FA/H2O solution with optional organic additive for 

denaturing purposes. Pump 2 carries out the analytical gradient. Intact antibody is injected 

through the electrochemical cell where reduction occurs, the products are collected on the 

trap column, the valve switches backflushing the reduced antibody from the trap through 

the analytical column. 

 

4.4.2 Reduction Potential Testing 
 

Initial testing of different electrode potentials within the reduction step showed an 

increase in disulfide bond reduction at higher electrode potentials. The antibody was 

exposed to the reduction potentials in 0.2 V increments from 0 V to 1 V. Figure 4.4 

A)-D) shows four total ion chromatograms (TICs) corresponding to the reduction of 

NISTmAb under the different electrode potential conditions.  
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At 0 V, Figure 4.4 (A), completely intact NISTmAb was observed, as expected, 

increasing the electrode potential to 0.2 V, Figure 4.4 (B), showed formation of light 

chain (Lc) with both intrachain disulfide bonds still intact at 13.8 min, a Lc with one 

intrachain disulfide bond reduced at 14.1 min. A peak at 15.7 min was detected 

corresponding to a Lc/Hc pairing as well as significant intact antibody still detected. 

At 0.4 V, Figure 4.4 (C), potential shifted the distribution significantly, the majority of 

Lc became partially reduced, only containing one intrachain disulfide bond, a series 

of Hc products were detected between 16 and 17 minutes each with different levels 

of intrachain disulfide bond reduction. At 0.6 V, Figure 4.4 (D), two main products 

were seen, the partially reduced Lc and partially reduced Hc both containing one 

intrachain disulfide bond.  

Reduction of the disulfide bonds increased the retention times of both the Lc and 

Hc subunits. The increase in retention time is not unexpected, the loss of native 

structure with disulfide bond reduction increased the antibody hydrodynamic volume 

and hydrophobicity.  

The reduction of disulfide bonds resulted in two significant changes in the mass 

spectrum, firstly, the mass increased by 2 Da for each intrachain disulfide bond 

reduced. The increase in exposed surface area caused by the reduction of the 

disulfide bonds increased the net charge during electrospray ionization. At high 

resolving powers isotopically resolved Lc was observed and compared to theoretical 

isotopic envelopes. The two Lc distributions, Figure 4.4 (E) and (F), show clearly 

the change caused by an increased reduction potential. 

Figure 4.4 (E) presents the mass spectrum of the chromatographic peak eluting at 

13.8 min. The distribution of charge states is bimodal, having maxima at +11 (m/z 

2103.22) and +18 (m/z 1285.58) charges. The detectable charge state range was 

from +24 (m/z 964.69) to +8 (m/z 2891.68). Deconvoluting the spectrum gave a total 

mass of 23109.294 Da accurately matching the predicted mass of the Lc with a 

single interchain disulfide bond reduced but with both intrachain disulfide bonds 

intact.  

The isotopic envelope, Figure 4.4 (G), was shifted from the +11-charge state by m/z 

0.091 producing a 1 Da shift after deconvolution. The shift after deconvolution of 1 
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Da is due to the addition of a single hydrogen after reduction of the interchain 

disulfide bond, producing the free Lc. 

Figure 4.4 (F) presents the mass spectrum of the chromatographic peak eluting at 

14.1 min. The distribution of Lc charge states for the peak at 14.1 min ranged from 

+28 (m/z 826.84), to +9 (m/z 2570.49) with the most abundant charge state +21 

(m/z 1157.22). The charge state distribution was shifted significantly to higher 

charge states, demonstrating a relaxing of the 3D structure caused by increased 

reduction. Figure 4.4 (H) shows the isotopic shift corresponding to 3 Da due to 

reduction of the interchain disulfide bond and one of the intrachain disulfide bonds. 

The mass difference between the measured and theoretical masses aligns closely 

(-1 ppm). Only a single peak is observed for the partially reduced Lc species, eluting 

at 14.1 minutes, Figure 4.4 (D). Partial reduction could have produced two products, 

intrachain disulfide bond reduction of the C23 - C87 or C133 – C193 disulfide bond 

positions. A single detected peak within the chromatogram for the partially reduced 

Lc suggests that either the chromatographic characteristics of the resultant Lc after 

either single intrachain disulfide bond reduction are the same, or that only a single 

position of intrachain disulfide bond is being reduced, and not a mixture of both 

reduced states.  

Figure 4.4 (I) shows intact light- and heavy chain still bound, but with the hinge 

region disulfide bonds reduced. The intrachain disulfide bonds are still intact within 

the antibody structure. The partially reduced structure is only observed at low 

electrode potentials. Consistently across the experiments, the loss of interchain 

disulfide bonds occurs more readily than the intrachain disulfide bonds. 

The Hc mass spectrum shown in Figure 4.4 (J) presents the chromatographic peak 

at 16.3 minutes from Figure 4.4 (C). The deconvoluted mass spectrum gives a mass 

at 50,900 Da for the G0F Hc, 6 Da less than a completely reduced Hc, Table 4.2 

contains comparisons of masses. The mass difference aligns with three internal 

disulfide bonds still being intact. The charge distribution of the Hc had a maximum 

at +40 (m/z 1273.49) and the highest detected charge was +51 (m/z 999.06) and 

minimum detected charge was +23 (m/z 2213.97). Further reduction at higher 

electrode potentials, Figure 4.3 (K), showed a shift to higher charge states with the 
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highest detected charge state +57 (m/z 893.99), the maximum intensity charge state 

was +47 (m/z 1084.01) with a minimum charge state of +28 (m/z 1819.07). 
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Figure 4.4: Testing of different electrode potentials and corresponding intact NISTmAb 

reduction into light and heavy chain subunits at room temperature. (A)-(D) show four 

different total ion chromatograms (TICs) for electrode potentials ranging from 0.0 V to 0.6 

V. At 0.0 V completely intact antibody was observed, as expected, at 0.6 V where only Lc 

and Hc were observed but both in partially unreduced states. Increasing the electrode 

potential higher saw no increase in total reduction. (E) and (F) show the corresponding Lc 

mass spectra for the 13.8 min peak, from 4.4 (B), and 14.1 min peak, from 4.4 (D), 

respectively. Lc isotope distributions are shown in (G) and (H). (G) zoomed +11 charge 

state from 4.4 (E), and (H) zoomed +21 charge state zoomed from 4.4 (F). Both (G) and 

(H) are compared to the theoretical isotopic distribution of unreduced (5-point stars) and 

fully reduced (7-point stars) Lc. The peak at 13.8 min has both intrachain disulfide bonds 

intact, the peak at 14.1 min has a single intrachain disulfide bond intact. (I) shows the 

presence of still intact interchain disulfide bond between the Lc and Hc at 15.6 min, from 

0.2 V 4.4 (B) , (J) Shows the Hc chromatogram from 0.4 V 16.3 minutes, 4.4 (C), and shows 

the deconvoluted values using the ReSpect algorithm, there are three intact disulfide bonds 

within detected Hc structure, and (K) mass spectrum of 16.7 min peak in 4.4 (D) showing 

single intrachain disulfide bond, zoomed figure between m/z 1080 – 1170, G0F, G1F, and 

G2F are labelled with blue upright, pink downward, and red sideways triangles respectively, 

the deconvolution results are shown, calculated using the ReSpect algorithm. 
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Table 4.2: Theoretical Mass Comparisons 

Figure Theoretical Mass 
(monoisotopic mass) 

Measured Mass 
(monoisotopic mass) 

Error (ppm) 

Figure 4.4 (E) – singly 
reduced mass Lc 

23109.273 23109.294 0.9 

Figure 4.4 (F) – triply 
reduced mass Lc 

23111.289 23111.312 1 

    

 Theoretical Mass 
(average) 

Measured Mass 
(average) 

Mass Difference (Da) 

Figure 4.4 (J) – G0F 50906.47 50900.32 6.15 

Figure 4.4 (J) – G1F 51068.61 51062.84 5.77 

Figure 4.4 (J) – G2F 51230.75 51226.62 4.13 

   3 – unreduced 

    

Figure 4.4 (K) – G0F 50906.47 50904.19 2.28 

Figure 4.4 (K) – G1F 51068.61 51067.46 1.15 

Figure 4.4 (K) – G2F 51230.75 51229.34 1.41 

   1 – unreduced 

    

Figure 4.6 (D) – G0F 50906.47 50906.59 -0.12 

Figure 4.6 (D) – G1F 51068.61 51068.68 -0.07 

Figure 4.6 (D) – G2F 51230.75 51230.43 0.32 

   Fully reduced 

    

 Theoretical Mass 
(monoisotopic mass) 

Measured Mass 
(monoisotopic mass) 

Error (ppm) 

Figure 4.7 (B) – G0F 25220.464 25220.492 1.1 

Figure 4.7 (B) – G1F 25382.517 25382.553 1.4 

Figure 4.7 (B) – G2F 25544.565 25544.570 0.2 
 

Lack of complete intrachain disulfide bond reduction but complete reduction of the 

interchain disulfide bond is evidence that, although the electrode potential is high 

enough for disulfide bond reduction to occur, an external factor was limiting further 

reduction. Higher electrode potentials above 0.6 V did not increase reduction 

further, evidence for the constrained intrachain disulfide bonds limiting the progress 

of the reaction. As the intrachain disulfide bonds were restricted it is likely this is an 

effect of the electrochemical reaction kinetics. 

Figure 4.5 shows the increased reduction that occurs when the antibody is further 

denatured. By increasing the temperature inside the electrochemical cell to 60 °C 

the presence of a fully reduced Lc was observed in the subsequent 

chromatographic separation. At 60 °C the ratio of partially reduced to fully reduced 
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Lc was approximately 2:1. The increase in temperature to 60 °C will have increased 

the flexibility of the structure allowing reduction to occur.  

 

Figure 4.5: Comparison of TICs for (A) 1 V at room temperature and 1% FA, (B) 1% FA 

with electrochemical cell at 60 °C, (C) 20% acetonitrile, 1% FA at room temperature, and 

(D) combination of higher temperature and 20% acetonitrile, combined showing how the 

increase in temperature and organic solvent denaturation removes kinetic barrier to 

reduction. 
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Adjusting the solvent used for electrochemical reduction to 20% acetonitrile, but 

maintaining the cell at room temperature, resulted in approximately 50% of the Lc 

reducing fully. The current within the electrochemical cell was reduced slightly by 

the increase in organic content (by approximately 5%) although reduction increased 

in total. The addition of acetonitrile and increase in reduction is strong evidence to 

the loss of 3D structure causing the increase in reduction, as acetonitrile will not be 

an effective charge carrier for the reduction to occur but acted as a denaturing agent 

at these concentrations.  

By coupling both an increase in temperature and increased organic portion of the 

mobile phase the Lc was completely reduced, as shown in Figure 4.5 (D). Similar 

results were observed for the Hc reduction but were harder to quantitate due to a 

lack of separation of the partially reduced species. At the highest denaturing 

conditions, the majority of the Hc product was fully reduced. 

Figure 4.6 shows the corresponding mass spectrum to both the Lc, Figure 4.6 (B), 

and Hc, Figure 4.6 (D), from the completely reduced sample where the Lc charge 

distribution has shifted further to higher charge states. Above them, Figure 4.6 (A), 

and 4.6 (C), from Figure 4.4 (F) and 4.4 (K), are the corresponding partially reduced 

states for reference. The corresponding isotopic distribution now aligns with that of 

a fully reduced Lc. The deconvoluted mass now aligning to the addition of 5 

hydrogen atoms in total represented the reduction of the interchain and two 

intrachain disulfide bonds. 
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Figure 4.6: (A) Mass spectrum of partially reduced Lc from Figure 4.4 (F) compared to (B) 

mass spectrum of fully reduced Lc showing charge state shift as well as accurate alignment 

of mass and isotopic envelope of the +22-charge state with the theoretical isotope 

distribution of the fully reduced Lc. (C) Partially reduced Hc distribution from Figure 4.4 (K) 

compared to (D) fully reduced Hc showing mass agreement with the fully reduced species 

of the three main glycoforms, as well as significant charge state shift of the fully reduced 

Hc. 
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The Lc charge distribution shows a significant shift from the partially reduced Lc 

again. Shifting to higher charge states is indicative of further denaturing and 

structure loss. The detected charge state range was +32 (m/z 723.67) to +10 (m/z 

2313.54), with a peak maximum at +24 (m/z 964.65).  

 The Hc charge state shift from +63 (m/z 808.75) to +30 (m/z 1697.80) with a charge 

state maximum at +51 (m/z 1043.24). The Hc mass aligns with that of fully reduced 

Hc, Table 4.2. Overall, complete reduction of the Hc and Lc was achieved under 

increased denaturing conditions from the intact antibody. The electrochemical 

reduction is effective without the use of specific denaturing agents or reducing 

agents. The reduction of the antibody just prior to analysis allows reduction of the 

disulfide bonds without evidence of disulfide bond reformation on the analysis 

timescale. The electrochemical reduction also showed no evidence of antibody 

modification further than disulfide bond reduction.  

 

4.4.3 Electrochemical Reduction of IdeS Digested Products 

 

The use of IdeS enzyme Fc and Fab subunits. Completely reduced Fc/2, Fd, and 

Lc subunits were present after exposure of the Fab and Fc units produced to the 

same electrochemical conditions used for the completely reduced NISTmAb. The 

resulting subunits, the chromatogram of which is shown in Figure 4.7 (A), Fc/2, Fd, 

and Lc have highly abundant completely reduced forms. Fc/2 had a retention time 

of 15.2 minutes, partially reduced Lc at 16.8 minutes, fully reduced Lc at 17.3 

minutes and the Fd peak at 20.1 minutes. Comparing the abundances of partially 

reduced to fully reduced Lc gives a ratio of 1:5.  

The Fc/2, Figure 4.7 (B), is completely reduced and has a charge state maximum 

at +27. The mass agreements between the measured deconvoluted masses and 

theoretical masses are less than 2 ppm for the three main glycoforms. 

The Fd, Figure 4.7 (C), was completely reduced with a +24-charge maximum. The 

isotopic envelope closely aligns with that of a completely reduced theoretical 

isotopic distribution.  
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Figure 4.7: (A) TIC of IdeS digested NISTmAb after inline electrochemical reduction. Fully 

reduced and partially reduced Lc and fully reduced Fc/2 and Fd chains are observed. (B) 

Mass spectrum of the Fc/2 peak showing reduction across each glycoform and (C) Fully 

reduced Fd peak aligning closely in mass and isotopic envelope to the theoretical 

distribution. 

The chromatography conditions for the separation of the IdeS produced subunits 

separated the partially reduced Lc from the fully reduced Lc. The presence of a 

single peak for the partially reduced Lc indicates either a single intrachain disulfide 

bond was selectively reduced across the ensemble or that chromatographic 
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properties are not significantly affected by reduction of one disulfide bond compared 

to the other.  

4.4.4 Tandem Mass Spectrometry Analysis 

 

Tandem mass spectrometry analysis of the fully reduced and partially reduced Lc 

gave insights into the selectivity of the intrachain disulfide bond reduction that was 

occurring. Evenly distributed disulfide bond reduction would have produced 

fragments across the Lc, even in the partially reduced species, as the ensemble 

average of partially reduced Lc should give fragmentation from both intrachain 

disulfide bonds. 2 Da shifted fragments were also used to ascertain the position of 

intact intrachain disulfide bonds. By chromatography, the partially reduced peak 

was intact, leading to two potential conclusions; that the reduction of one disulfide 

bond compared to the other did not affect chromatographic behaviour significantly, 

or that only a single intrachain disulfide bond was being reduced in the NISTmAb 

sample. 

HCD fragmentation was carried out at low energies as to not maximize 

fragmentation coverage, but to minimize the chance of internal or secondary 

fragmentation to accurately compare the reduction of intrachain disulfide bonds 

across the partially and fully reduced Lc.  

At the low fragmentation energies used, although exhibiting low coverage, 

significant differences between the fragmentation coverage were observed. 

Figure 4.8 (A) shows the fragmentation coverage of the partially reduced Lc, 

detected at 14.1 minutes in the chromatogram, Figure 4.5 (A). Within the partially 

reduced structure no fragmentation occurs in the Lc from C23 to C87 suggesting that, 

even across the ensemble average, the disulfide bond within this region is still intact. 

Fragmentation within the second intrachain disulfide bond, C133 – C193, with y-

fragments present from y51 – y56 and from y78 - y82. Detected fragments outside of 

the C23 - C87 intrachain disulfide bond region but offset by 2 Da is further evidence 

of selective disulfide bond reduction occurring. Fragments b114 – b117 are all offset 

by 2 Da, as well as b132 and b170. The lack of any 2 Da shifted y fragments gives 

further evidence that, even across the ensemble average, most of the reduction has 

occurred to the C133 – C193 disulfide bond.  
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Figure 4.8: Low energy HCD fragmentation of partially and fully reduced Lc disulfide 

bonded areas are heighted in red (A) Fragmentation coverage of partially reduced Lc, (B) 

Deconvoluted fragmentation spectrum, peaks marked with an “*” are fragments which are 

2 Da larger than the theoretical value for a fully reduced Lc. (C) Fragmentation coverage of 

fully reduced Lc showing fragmentation occurring in both intrachain disulfide bond regions. 

(D) Deconvoluted fragmentation spectrum of the fully reduced Lc. 
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Overall, the tandem mass spectrometry data of the partially reduced species gives 

evidence that for NISTmAb reduction of the intrachain disulfide bonds has not 

occurred equally under partial reduction conditions. 

Within the fully reduced sample, fragments y141 to y120 show that fragmentation has 

occurred in the C23 - C87
 disulfide bond region. Fragments y51 – y53 show the second, 

C133 – C193, disulfide bond region has also been reduced. There are no fragment 

peaks that correspond to the difference of 2 Da caused by an intact disulfide bond 

showing again that reduction has occurred to the disulfide bonds exclusively. 

 

4.5 Conclusion 
 

Electrochemical reduction is an effective method for the reduction of protein 

disulfide bonds. Complete electrochemical reduction of an antibody can be carried 

out inline with LC-MS analysis without the need for reducing agents, and denaturing 

agents, save for common organic solvents. The use of a trapping column enabling 

solvent switching from electrochemical compatible solvents to mass spectrometry 

compatible solvents and produced fully reduced light and heavy chain subunits from 

an intact antibody without the need for prior sample workup.  

A kinetic limit was reached for the electrochemical reduction of the antibody 

requiring higher temperatures and addition of organic solvent to increase 

denaturation of the antibody. Selectivity of the disulfide bond electrochemical 

reduction was also shown, further investigation into the control of electrochemical 

reduction of antibodies via top-down analysis, could yield useful information into the 

formation of non-uniform disulfide bonding structures within antibodies.  

The electrochemical cell flowing into a trapping column presented here could be 

used for a wide range of samples by simply adjusting the trapping column stationary 

phase. Consistent acidic conditions allow the use of HDX with electrochemical 

reduction as well as minimizing possible analytical artefacts. The introduction of an 

effective means of reducing proteins without the need for chemical reducing agents, 

while still allowing standard LC-MS methods to be used, will hopefully prove 

beneficial to the wider community.  
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Figure 5.1: Graphical abstract for an interlaboratory study of an optimised peptide mapping 

workflow using automated trypsin digestion for monitoring monoclonal antibody product 

quality attributes.  
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5.1 Abstract 

 

Peptide mapping analysis is a regulatory expectation to verify the primary structure 

of a recombinant product sequence and to monitor post-translational modifications 

(PTMs). Although proteolytic digestion has been used for decades, it remains a 

labour-intensive procedure that can be challenging to accurately reproduce. Here, 

we describe a fast and reproducible protocol for protease digestion that is 

automated using immobilized trypsin on magnetic beads which has been 

incorporated into an optimised peptide mapping workflow to show method 

transferability across laboratories. The complete workflow has the potential for the 

use within a Multi-Attribute Method (MAM) approach in drug development, 

production, and QC laboratories. The sample preparation workflow is simple, ideally 

suited to inexperienced operators and has been extensively studied to show global 

applicability and robustness for mAbs by performing sample digestion and LC-MS 

analysis at four independent sites in Europe. LC-MS/MS along with database 

searching was used to characterize the protein and determine relevant product 

quality attributes (PQAs) for further testing. A list of relevant critical quality attributes 

(CQAs) was then established by creating a peptide workbook containing the specific 

mass-to-charge (m/z) ratios of the modified and unmodified peptides of the selected 

CQAs, to be monitored in a subsequent test based on LC-MS analysis. Data is 

provided that shows precise digestion efficiency and low levels of protocol induced 

PTMs.  
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5.2 Introduction 
 

Peptide mapping is commonly used in the biopharmaceutical industry to confirm the 

desired amino acid sequence has been expressed and to characterise 

posttranslational modifications (PTM) present (Yu et al., 2011, Diepold et al., 2012). 

This information supports bioprocess development, lot to lot consistency, 

biosimilarity assessment (Vidarsson et al., 2014, EMA, Gupta et al., 2017, 

Mendoza-Macedo et al., 2016), drug stability in formulation and monitoring the 

genetic stability of recombinant cell lines (Patel et al., 2011, Yang et al., 2010). 

With recent advances in high resolution accurate mass (HRAM) mass spectrometry 

instrumentation and semi-automated software platforms, distinguishing between 

closely related species and quantitative measurements of these species using MS 

has become possible (Rathore et al., 2018). From the eighty biologic licence 

applications (BLAs) approved by FDA between 2000 and 2015, 79 BLAs used MS 

in drug product characterization  (Rogstad et al., 2017). Recently, in 2015 the first 

paper was published using peptide mapping with HRAM LC-MS as a proposed 

method to monitor several critical quality attributes using one analytical method in 

the quality control (QC) laboratory (Rogers et al., 2015). The described MAM 

method has since then gained considerable popularity and interest throughout the 

biopharmaceutical community (Rogers et al., 2018). MAM offers the advantage of 

measuring multiple protein modifications as product quality attributes (PQAs) during 

development or critical quality attributes (CQAs) during testing in a single MS run. 

This specificity is possible due to the bottom-up nature of the approach, where the 

protein is enzymatically digested to smaller peptides and then analysed by LC-

HRAM MS. 

Mass spectrometry provides much more detailed information about individual 

protein modifications than conventional methods (Rathore et al., 2018, Rogstad et 

al., 2017), offering powerful information such as molecular weight and sequence 

information (MS/MS) to assist with co-elution challenges, verify sequence coverage 

and to identify unknown peaks when they appear.  

To cope with the increasing numbers of samples and to implement the technique in 

a QC environment with HRAM LC-MS, sample preparation reproducibility is also 
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required which can be provided by automation through on-line digestion or robotic 

systems (Wouters et al., 2017, Naldi et al., 2017, Richardson et al., 2011 

, Russell et al., 2016, Bongers et al., 2000).  

Digestion procedures vary from laboratory to laboratory and there have been many 

attempts to optimise the conditions used (Yu et al., 2011, Diepold et al., 2012, 

Bongers et al., 2000, Mouchahoir and Schiel, 2018). The method described in this 

study overcomes these difficulties by removing many of the steps involved in the 

traditional digestion procedure. The protein is unfolded using heat denaturation 

(Park and Russell, 2000, Vermeer and Norde, 2000) and the digest performed with 

a heat stable trypsin (Shah et al., 2017, Griffiths et al., 2014, Ewles et al., 2016). 

The elevated temperature used could potentially increase the rate of PTM 

generation. For example, deamidation during sample preparation is known to 

increase with time, temperature, and pH (Rogers et al., 2015, Stroop, 2007). The 

present work shows that using a temperature of 70°C deamidation can be negated 

by lowering the reaction rates for PTM generation by using a reduced pH and 

increasing the speed of digestion.  

This study describes the use of automated digestion as part of a fully optimised, 

robust, global peptide mapping protocol for monoclonal antibodies, with potential for 

routine usage in QC laboratories. In preliminary experiments, automated digestion 

conditions were optimised in terms of digestion time and digestion buffer; results 

were evaluated by mass analysis of residual intact, undigested protein and by 

critical PTM evaluation, with a particular focus at lowering sample preparation 

induced PTMs, such as deamidation and oxidation. The developed peptide mapping 

protocol was then applied to investigate data obtained by digestion of the NIST 

reference antibody standard and LC-MS analysis performed at four laboratories in 

Europe to assess workflow robustness and ease of method transfer. Additionally, 

the stability of targeted CQAs present on a mAb mixture under forced degradation 

conditions were also evaluated. 
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5.3 Experimental 
 

5.3.1 Chemicals and Reagents 
 

Trastuzumab drug product was kindly provided from a Hospital Pharmacy Unit. The 

NIST monoclonal antibody (NISTmAb, lot number 14HB-D-002) reference material, 

RM 8671 (2.4 mg.mL-1) was purchased from The National Institute of Standards 

and Technology (NIST). Thermo Scientific™ SMART Digest™ kits, magnetic resin 

option was obtained from Thermo Fisher Scientific. LC-MS grade solvents (0.1% 

(v/v) formic acid in water, 0.1% (v/v) formic acid in acetonitrile, formic acid, 

acetonitrile, water) were sourced from Fisher Scientific. Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) and guanidine-HCl were obtained 

from Pierce. All other reagents were purchased from Sigma-Aldrich. 

5.3.2 Analytical Instrumentation 
 

LC-MS analysis was performed using similar, but not identical UHPLC systems 

coupled to Orbitrap-based mass analysers operated with the Thermo Scientific™ Ion 

Max™ source equipped with the HESI-II- probe (Table 5.1). All data were acquired 

using Thermo Scientific™ Chromeleon™ Chromatography Data System (CDS) 

software 7.2.9 (Thermo Fisher Scientific). 

Table 5.1: Analytical Instrumentation used for the 4 Laboratories across Europe. 

 Site A (Ireland) Site B (Denmark) Site C (UK) Site D (Switzerland) 

UHPLC Vanquish™ Flex 

Binary 

Vanquish™ Duo 

Ternary 

Vanquish™ Horizon 

Binary 

Vanquish™ Flex 

Binary 

HRMS Q Exactive™ Plus Q Exactive™ Plus Q Exactive™ Plus Q Exactive™ Plus 

SMART 

Digest 

Magnetic Beads 

KingFisher™ Duo 

Magnetic Beads 

KingFisher™ Duo 

Magnetic Beads 

KingFisher™ Duo 

Manual Magnetic 

beads 
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5.3.3 Intact Mass Analysis 
 

Separation was carried out using Thermo Scientific™ MAbPac™ RP 2.1 x 100 mm 

column (Thermo Fisher Scientific). Analysis was performed using a binary gradient 

of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B). 

Gradient conditions were as follows: 5% B to 95% B in 11 minutes, hold at 95% B 

until 12 minutes, 5% B from 12.1 minutes until 17 minutes. Column temperature was 

maintained at 80°C and a 300 µL min-1 flow rate was used. UV coupled online to 

HRAM MS was used for detection. Full MS acquisition was obtained at a resolution 

setting of 35,000 (at m/z 200) with a mass range of 1500-4500 m/z and AGC target 

of 3.0 x 106 with a maximum injection time of 100 ms and 10 microscans. In source 

CID was 100 eV. MS tune parameters were as follows: spray voltage was 3.8 kV, 

sheath gas flow rate was 20 AU, and auxiliary gas flow rate was 10 AU, capillary 

temperature was 300°C, probe heater temperature was 275°C and S-Lens RF 

voltage was set to 100. 

5.3.4 Peptide Mapping Protocol 

 

Samples were diluted to 2 mg mL-1 in water. For each sample digest, sample, 

digestion buffer (buffer 1, pH 6.5 or buffer 2, pH 7.2) and 5mM TCEP (final 

concentration) were added to each lane of a Thermo Scientific™ KingFisher™ deep 

well 96-well plate as outlined in supplementary Table 5.2, except for one of the 

laboratories where digestion was performed using the same protocol and magnetic 

beads manually, employing manual timing and magnetic removal of the beads. 

Trypsin bead “wash buffer” was prepared by diluting digestion buffer 1:4 (v/v) in 

water. Bead buffer was neat digestion buffer. 

  



Chapter 5 

 

131 
 

Table 5.2: 96-well plate scheme for trypsin digestion. 

Lane Content Volume (µL) 

A 

Low pH buffer 150 

Sample (100μg) 10 

TCEP (final concentration 5mM) 2 

Water 38 

B Tip Comb 

C Empty 

D 
Magnetic SMART™ Beads 15 

Bead Buffer (Low pH buffer) 100 

E 
Bead Wash Buffer 

(Bead Buffer 1:4 (v/v)) 
200 

F Waste Lane (Water) 250 

 

Digestion was performed using a Thermo Scientific™ KingFisher™ Duo Prime 

Purification System with Thermo Scientific™ BindIt™ software (version 4.0). 

Samples were incubated for 5 to 40 minutes at 70°C on medium mixing speed (to 

prevent sedimentation of beads) for the digestion time course study and beads were 

removed at each time point. Following digestion, samples 100 µL were transferred 

to 300 µL vials and 1 µL of 10% TFA was added (final concentration 0.1% TFA) and 

immediately analysed by HRAM LC-MS. The tryptic peptides were separated and 

monitored using a Thermo Scientific™ Acclaim Vanquish™ C18, 2.2 µm, 2.1 × 250 

mm (Thermo Fisher Scientific, Cat#074812-V). Analysis was performed using a 

binary gradient of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in 

acetonitrile (B). Gradient conditions were as follows: 2% B to 40% B in 105 minutes, 

increase to 80% B at 111 minutes until 115 minutes, drop to 2% B at 115.5 minutes 

until 120 minutes. The column temperature was maintained at 25oC throughout, and 

flow rate was sustained at 300 μL min-1. 

Discovery experiment using data dependent acquisition (DDA) MS/MS method was 

performed only from one laboratory and consisted of full positive polarity MS scans 

at a resolution setting of 70,000. A resolution setting of 140,000 at m/z 200 was 

used for full MS targeted monitoring experiments. Mass range was set to 200 – 
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2000 m/z and AGC target value of 3.0 × 106 with a maximum injection time of 100 

ms and one microscan. In-source CID was set to 0 eV. MS2 settings were as follows: 

a resolution setting of 17,500 (at m/z 200), AGC target value of 1.0 × 105, isolation 

window set to 2.0 m/z, signal intensity threshold of 1.0 × 104, normalized collision 

energy set to 28, top 5 precursors selected for fragmentation and dynamic exclusion 

set to 7 s. MS instrumental tune parameters were set as follows: spray voltage was 

3.8 kV, sheath gas flow rate was 25 AU, auxiliary gas flow rate was 10 AU, capillary 

temperature was 320°C, probe heater temperature was 150°C and S-lens RF 

voltage set to 60. 

5.3.5 Degradation Study 
 

ICH stability samples were prepared based on temporal stress (40°C) for 0, 3 and 

6 months. Each sample of each time point was prepared and analysed in true 

triplicates (i.e., independent digestions) at a concentration of 12 mg/mL per digest. 

Sample consisted of a mixture of 6 mAbs produced in one of the laboratories 

involved in the study.  

5.3.6 Data Processing 

 

Peptide identification and PTM assessment was performed using Thermo 

Scientific™ BioPharma Finder™ software version 3.1, according to parameters 

summarised in Table 5.3. 
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Table 5.3: BPF software parameter settings for peptide mapping data analysis. 

Component Detection Setting 

Absolute MS Signal Threshold 1.0 x 104 counts 

Typical chromatographic peak width 0.3 

Relative MS signal threshold (% base peak) 1 

Relative Analog threshold (% of highest peak) 1 

Width of Gaussian filter (represented as 1/n of 

chromatographic peak width) 

3 

Minimum valley to be considered as two 

chromatographic peaks 

80.0% 

Minimum MS peak width (Da) 1.2 

Maximum MS peak width (Da) 4.2 

Mass tolerance (ppm for high-res or Da for low-res) 4.00 

Maximum retention time shift (min) 1.00 

Maximum mass (Da) 30,000 

Mass Centroiding Cutoff (% from base) 15 

Identification Setting 

Maximum peptide mass 7,000 

Mass Accuracy 5ppm 

Minimum Confidence 0.8 

Maximum Number of Modifications for a Peptide 1 

Unspecified Modification -58 to +162 Da 

N-Glycosylation CHO 

Protease Specificity High 

Static Modifications Setting 

Side Chain - 

Variable Modifications Setting 

N Terminal Gln - > Pyro Glu 

C Terminal Loss of lysine 

Side Chain Deamidation (N) 

Deamidation(Q) 

Glycation (K) 

Oxidation (MW) 

AsnAsu (N) 

AspAsu (D) 
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A target peptide workbook was created containing a list of peptides for the most 

prominent PTMs including all the detected charge states. The results were selected 

to include components with up to 1 missed cleavage. Moreover, peptides containing 

Na+/K+ adducts were excluded together with nonspecific, unknown modifications 

and gas phase ions (these peptides could be variable and were of too low 

abundance to significantly change the final values). The target peptide workbook 

contains information about the selected target peptides that will be used to run a 

targeted peptide monitoring analysis by exporting the data to a file (.wbpf) 

compatible with the Chromeleon™ software. Table 5.4 summarizes parameter 

settings for PTM quantitation using Chromeleon CDS. ICIS peak detection algorithm 

was selected as the MS peak detection algorithm. 

  



Chapter 5 

 

135 
 

Table 5.4: Chromeleon Data System 7.2.9 parameter settings for peptide mapping data 

processing and PTMs quantitation. 

MS Detection Setting 

Extracted Ion Chromatogram MS Default Detection Settings 

Detection Algorithm ICIS 

          Area noise factor 5 

          Peak noise factor 10 

          Baseline window 40 

          Noise method INCOS 

          Min peak width 3 

          Multiplet resolution 10 

          Area tail extension 5 

          Area scan window 0 

MS Settings MS Chromatogram Settings 

Mass Precision 5 decimal places 

Mass Tolerance (manually defined) 8.0 ppm 

Smoothing none 

Peptide Table Setting 

Imported from BPF3.1 peptide workbook - 

Composite Scoring Setting 

Pass score if at least  2 criteria passed 

Fail score if less than 1 criteria passed 

MS Criteria General MS 

          Isotopic dot product ≥ 0.9000 

          Mass accuracy ≤ 5.00 ppm 

          Peal apex alignment ≤ 0.50 min 

 

The analytical instrument method, data processing method and reporting were first 

created by one laboratory, and then transferred as a complete eWorkflow™ 

procedure to be uploaded on the individual instruments at each site. The results 

obtained were directly taken from automatic reporting in Chromeleon CDS without 

any further data manipulation except for the retention time adjustment and peak 

area integration review.  eWorkflow™ procedure supports the application of 

identical parameters for data acquisition and data analysis at each site 
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5.4 Results and Discussion 
 

When performing peptide mapping analysis, the digestion step is by far the most 

difficult to reproduce between different operators and laboratories. Without a 

reproducible, and preferably automated, digestion procedure the rest of the peptide 

mapping protocol may be compromised, especially for implementation of the 

workflow as routine analysis in a QC environment. In particular, peptide mapping 

protocols may influence correct evaluation of PTMs values due to introduction of 

artificially induced modifications as a result of the numerous steps and excessive 

sample handling involved. For these reasons we decided to use temperature 

induced denaturation with heat stable trypsin immobilised on magnetic beads for 

ease of use and simple automation. 

5.4.1 Intact Protein Analysis for Digestion Completeness Evaluation 
 

In preliminary experiments, digestion completeness was investigated for three 

mAbs (bevacizumab, NISTmAb and trastuzumab) by intact protein analysis using a 

time course experiment to determine the optimal length of digestion, while 

minimising the risk of potential experimentally induced modifications. The 

breakdown and disappearance of the intact mAb to a stable peptide pattern was 

monitored in the UV trace (data relative to trastuzumab are presented in Figure 5.2). 

The use of magnetic beads allowed the time course to be automated with precise 

stops and removal of trypsin at the required times. 
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Figure 5.2: UV Chromatogram traces (280 nm) for trastuzumab RP-UV-MS Intact analysis 

during digestion time course study using buffer 1. 

Two of the studied mAbs showed the presence of a portion of the protein in some 

intact form after 60 min (data not shown). RPLC-UV-MS analysis (Figure 5.3 (A)) 

showed a charge envelope under the peak eluting at retention time 7.15-7.50 min 

for trastuzumab, which upon deconvolution resulted in a mass around 100 kDa 

(data not shown). While it was not possible to assess the exact nature of this 

fragment, it was clear that digestion efficacy needed to be boosted. TCEP, a 

reducing agent that is active at reduced pH (Makaraviciute et al., 2016) was added 

and significantly improved the digestion efficiency and removed the need for an 
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additional reduction step, (Figure 5.3 (B)). Loss of trypsin activity was monitored 

with different TCEP concentrations from 1 mM to 10 mM. 5 mM TCEP proved to be 

ideal for enhancing protein digestion by reducing disulphide bonds, also eliminating 

the need for a reduction step following automated digestion.  

 

Figure 5.3: Base Peak Chromatograms (BPC) for trastuzumab RP-UV-MS Intact Analysis 

(A) without TCEP addition and (B) using 5mM TCEP as a reducing agent. Digestion was 

performed for 35 minutes and buffer 2. 

 

The digestion time and the pH of digestion buffer were also investigated to limit the 

rate of deamidation (Stroop, 2007). Traditionally trypsin digestion is performed at 

slightly basic pH of 8 to 8.5; the buffers tested in this study had a pH of 6.5 and 7.2 

at room temperature that decreases to around pH 5.9 and 6.5, respectively, when 

the temperature is elevated to 70°C. Reduction in pH with elevated temperature is 

a known phenomenon (Good et al., 1966). The lowest pH value used was the lowest 

value that had no significant effect on the activity of the trypsin used (data not 

shown). LC conditions are also critical for monitoring PTMs together with column 

length which would enhance resolution; the optimised gradient conditions are 

shown in the experimental section and were selected to ensure a good separation 

of deamidated peptides from the unmodified forms.  
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5.4.2 Peptide Mapping Analysis for Digestion Time Course & PTM Study 
 

The time course data indicated that complete digestion was achieved within 30 

minutes for the mAbs used in this study. Figure 5.4 shows the base peak 

chromatogram (BPC) obtained from peptide mapping experiments of trastuzumab 

for the digestion time course study for both buffer 1 (pH 6.5) and buffer 2 (pH 7.2) 

with 5mM TCEP addition, and without any further reduction or alkylation steps. 

100% sequence coverage was attained for all the time points, even the earlier time 

points where digestion was observed to be incomplete (Figure 5.5 and 5.6 and 

Table 5.5).  
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Figure 5.4: Zoomed view (5-100 minutes) of stacked Base Peak Chromatograms (BPCs) 

obtained from peptide mapping experiments of trastuzumab for the digestion time course 

study using KingFisher™ Duo Prime system for both buffer 1 (pH 6.5) and buffer 2 (pH 7.2) 

with 5mM TCEP addition, and without any further reduction or alkylation steps. 
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Figure 5.5: Sequence coverage map of trastuzumab heavy (upper panel) and light (lower 

panel) chains, obtained using automated tryptic digestion with buffer 1 after 5 minutes. The 

coloured bars show the identified peptides, with the numbers in the bars reflecting the 

retention time. The different colours indicate the peptide recovery in the MS1 scan; red 

>50%, orange >20% and yellow >10% represent good recovery. Green >5%, light blue >2% 

and cyan >1% represent fair recovery and grey-white scale shows poor recovered peptides. 

 

 

Figure 5.6: Sequence coverage map of trastuzumab heavy (upper panel) and light (lower 

panel) chains, obtained using automated tryptic digestion with buffer 2 after 5 minutes. The 

coloured bars show the identified peptides, with the numbers in the bars reflecting the 

retention time. The different colours indicate the peptide recovery in the MS1 scan; red 

>50%, orange >20% and yellow >10% represent good recovery. Green >5%, light blue >2% 

and cyan >1% represent fair recovery and grey-white scale shows poor recovered peptides. 
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Table 5.5: Sequence coverage for the time course of digestion for trastuzumab. 

Proteins  Avg Number of 
MS Peaks (n=3) 

Average 
Sequence 
Coverage (n=3) 

Buffer 1, 5min Hc 353 100% 

Lc 103 100% 

Buffer 1, 10min Hc 449 100% 

Lc 134 100% 

Buffer 1, 15min Hc 510 100% 

Lc 152 100% 

Buffer 1, 20min Hc 578 100% 

Lc 167 100% 

Buffer 1, 25min Hc 570 100% 

Lc 161 100% 

Buffer 1, 30min Hc 553 100% 

Lc 158 100% 

Buffer 1, 35min Hc 536 100% 

Lc 147 100% 

Buffer 1, 40min Hc 594 100% 

Lc 180 100% 

Buffer 2, 5min Hc 353 100% 

Lc 95 100% 

Buffer 2, 10min Hc 548 100% 

Lc 156 100% 

Buffer 2, 15min Hc 593 100% 

Lc 169 100% 

Buffer 2, 20min Hc 617 100% 

Lc 172 100% 

Buffer 2, 25min Hc 621 100% 

Lc 165 100% 

Buffer 2, 30min Hc 599 100% 

Lc 155 100% 

Buffer 2, 35min Hc 555 100% 

Lc 149 100% 

Buffer 2, 40min Hc 649 100% 

Lc 172 100% 

 

Deamidation is the most likely modification to be affected by the high temperature 

(Rogers et al., 2015, Stroop, 2007). As such, similar time course experiments were 

used to monitor the generation of this and other PTMs over time. Nine deamidation 

events were found, all of which were at a low level (from 0.1 to 2%) apart from Hc 

N55 and Lc N30 which were at around 4% and 9% respectively, values confirmed 

by previous reports (Harris et al., 2001). Measurement at each time point was 

conducted in triplicate and produced quantitative results with good standard 

deviations, even with low abundant species (Figure 5.7 (A)). There was a small 

increase in deamidation levels over the digestion time period spanning from 5 to 40 
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minutes, which was more noticeable for Hc N55 and Lc N30 sites. This indicates 

good control of the rate of deamidation and would allow longer digestion times if 

desired. The rate of deamidation will still be dependent on the site of the 

modification, however, we have not observed any sites which posed a problem 

during our studies using multiple mAb targets. Comparison between the two buffers 

did not result in significant differences, except for Hc N318 where low pH buffer (pH 

6.5) reduced deamidation up to 80% (Figure 5.8) although levels were below 2%. 

Overall, buffer 2 (pH 7.2) showed slightly higher levels of deamidation for Hc N55, 

Lc N30 and Lc N137 when using 30 min for the digestion time. Buffer 1 reduced 

digestion-induced deamidation by up to 20% to 80% compared to the levels 

observed during digestion at pH 7.2 (Figure 5.8 and Tables 5.6 and 5.7). Levels are 

also lowered when compared to previously reported data generated using long 

digestion times in basic buffer (Schmid I, 2018). 
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Figure 5.7: Average relative abundance (n=3) of some identified PTMs: (a) deamidation; 

(b) oxidation and (c) N-glycosylation on the Fc region for trastuzumab time course study 

using buffer 1 and buffer 2 respectively. 
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Figure 5.8: Effect of buffer pH on deamidation levels: average relative abundance (n=3) of 

deamidated sites for trastuzumab 30 minute digest using buffer 2 and buffer 1. 
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Table 5.6:Summary of PTMs identified and quantified for trastuzumab after digestion with 

trypsin beads, buffer 1 and 5mM TCEP addition on the KingFisher Duo Prime system. 
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Table 5.6 (continued): Summary of PTMs identified and quantified for trastuzumab after 

digestion with trypsin beads, buffer 1 and 5mM TCEP addition on the KingFisher Duo Prime 

system. 
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Table 5.7: Summary of PTMs identified and quantified for trastuzumab after digestion with 

trypsin beads, buffer 2 and 5mM TCEP addition of the KingFisher Duo Prime system. 
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Table 5.7 (continued): Summary of PTMs identified and quantified for trastuzumab after 

digestion with trypsin beads, buffer 2 and 5mM TCEP addition of the KingFisher Duo Prime 

system. 
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Oxidation is also known to be sensitive to excessive sample handling and suffers 

from low reproducibility across different analysts and laboratories (Dong et al., 

2018). During the same time course experiments the level of oxidation was seen to 

remain stable for those sites more prone to oxidation (M255 and M431 of the IgG1 

Hc) when using buffer 1 (Figure 5.7 (B)). Using buffer 2 oxidation levels were 

reduced at the start of the digestion until the levels increased again after 30 minutes 

for M255 site. Those differences have been reported from other laboratories (Dong 

et al., 2018, Schiel et al., 2016) and could be justified by the fact that peptides 

containing oxidized methionine showed complex elution behaviour and certain 

variability is due to oxidation processes produced in-sample, in-column and in-

source. Oxidation of M431 remained stable along the time course study. In any case 

oxidations levels were below 1.5% values and did not increase with digestion time.  

Glycosylation was also monitored during the digestion time course. Most abundant 

glycan structures were monitored closely and the ratio of the relative abundance of 

each was unchanged and very consistent during the whole time course (Figure 5.7 

(C)).  

The actual values obtained for each modification found during the digestion time 

course is shown in the supplementary data as Table 5.6 and 5.7 as an average of 

triplicate sample analysis. The relative standard deviation for peptide peak area 

response for triplicate digestions are in a very close range for each modification time 

point, even with very low abundance emerging peptides. Optimized digestion 

conditions were established for 30 minutes at 70 °C with buffer 1 according to the 

observed results for time course study. 

5.4.3 Interlaboratory Peptide Mapping Study 
 

To ensure the workflow could be potentially utilised in a real QC environment with 

reliable method transferability the complete optimised protocol was performed in 

four different laboratories located in four different countries with different operators. 

Three of the laboratories used an automated trypsin protocol while only one used 

the same protocol and magnetic beads manually, employing manual timing and 

magnetic removal of the beads as detailed before for peptide mapping protocol. 
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Initially missed cleavages and non-specific cleavages were evaluated on NISTmAb 

MS/MS experiments from 3 sites and calculated as reported by Mouchahoir, T, et 

al. Regarding missed cleavages values varied from 48.5% to 58.6% between the 3 

laboratories with excellent intra-lab RSD values (<4.3%) and inter-lab RSD <10%. 

Relative levels of non-specific generated peptides varied from 2.7% to 3.6 % 

between labs (RSD <15.4%). Intra-Lab precision expressed as RSD value was < 

5.34% (Figure 5.9).  

 

Figure 5.9: Relative levels of missed cleavage and non-specific cleavage for NISTmAb RM 

8671. 

The data generated indicate that the digests performed in each laboratory are 

practically identical including the sites of cleavage and the relative amounts present 

with a few unique peptides found at very low levels resulting from missed cleavages 

events, visualised using the Venn diagram (Beck and Liu, 2019) in Figure 5.10. 

There are a number of missed cleavages observed with the applied peptide 

mapping protocol as shown in sequence coverage maps (Figures 5.11 and 5.12), 

however several of these are essential to obtain full sequence coverage. A perfect 

digestion pattern with no cleavage sites missed would generate a high number of 

small hydrophilic peptides that would not be retained on the C18 column.  
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Figure 5.10: Venn diagram of the peptides identified from automated NISTmAb trypsin 

digestions performed in four different laboratories. Peptide lists include all the peptides 

within ±5ppm accuracy and including up to one missed cleavage peptides. 

To keep the list for the monitoring step more concise only peptides with no or one 

missed cleavage were included. Allowing up to only 1 missed cleavage allows these 

areas of the sequence to be detected without generating an excessively long 

component list. The precision of the digestion ensures that these essential single 

missed cleavage peptides are always present. The precision of the digests across 

the labs and locations was excellent. From the total generated peptides, 98 are seen 

in all four sites with a very minimum number of unique peptides (Figure 5.10), even 

for the non-automated digestion protocols a consequence, optimised digestion is 

robust, easily transferable, and no longer a problematic step in the peptide mapping 

workflow. 
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Figure 5.11: Sequence coverage map of NISTmAb heavy chain obtained from automated 

trypsin digestions performed in three different laboratories and non-automated digestion 

performed in Switzerland. The coloured bars show the identified peptides, with the numbers 

in the bars reflecting the retention time. The different colours indicate the peptide recovery 

in the MS1 scan: red >50%, orange >20% and yellow >10% represent good recovery. 

Green, >5%, light blue >2% and cyan >1% represent fair recovery and grey-white scale 

shows poor recoveries <1%. 
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Figure 5.12: Sequence coverage map of NISTmAb light chain obtained from automated 

trypsin digestions performed in three different laboratories and non-automated digestion 

performed in Switzerland. The coloured bars show the identified peptides, with the numbers 

in the bars reflecting the retention time. The different colours indicate the peptide recovery 

in the MS1 scan: red >50%, orange >20% and yellow >10% represent good recovery. 

Green, >5%, light blue >2% and cyan >1% represent fair recovery and grey-white scale 

shows poor recoveries <1%. 

Within the four laboratories different types of UHPLC pumps were used (Table 5.1). 

Due to this and the use of four individual columns, one at each site, the 

chromatographic separation can be expected to show some degree of variability 
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and thus the data analysis and reporting method must be flexible to take this into 

account. As an example, BPC peptide pattern and the extracted ion chromatograms 

are shown for the peptide DTLMISR with and without the methionine oxidation at 

M255 in Figure 5.13. The retention times for the selected peptides vary by almost 2 

minutes between laboratories. Accurate identification is based on retention time and 

the accurate mass of the peptide. Due to the high mass accuracy a wide window 

can be placed on the peptide retention time to allow for retention time drift in the 

method. The retention times of the peptides can also be updated manually in the 

component table as it was done for the present work. 

  

Figure 5.13: BPC (black trace) and XICs for peptide DTLM255ISR non-modified (blue 

trace) and oxidized (orange trace) obtained in the four different laboratories. 

  



Chapter 5 

 

156 
 

Relative levels of each PTM were studied from each participating laboratory to 

compare the quantitative results using triplicate sample analysis. Modifications from 

the analysis are shown in Table 5.8 with the values of each PTM monitored from 

NIST mAb. Reported PTMs values showed lower amount of sample preparation 

induced modifications as well as lower variability than other interlaboratory studies 

where NIST mAb was also used (De Leoz et al., 2019, Schiel et al., 2016, Dong et 

al., 2018).  

Table 5.8: Summary of PTMs identified and quantified for NIST mAb in the four different 

laboratories using peptide monitoring method and compliant CDS data processing. 

Modification Sequence 
Relative Abundance (n=3) 

Ireland Denmark UK Switzerland 

Hc N328+Deam VSNKALPAPIEK 

CKVSNK 

VSNK 

0.30 0.50 0.33 0.50 

Hc N364+Deam NQVSLTCLVK 

EEMTKNQVSLTCLVK 

0.37 0.20 0.29 0.05 

Hc ~N392/N387+ 

Deam 

GFYPSDIAVEWESNGQPENNYK 0.79 0.21 0.24 0.64 

Hc 

~N392/N387+Succ 

GFYPSDIAVEWESNGQPENNYK 2.06 2.27 2.73 2.60 

Hc N318+Succ VVSVLTVLHQDWLNGK 

VVSVLTVLHQDWLNGKEYK 

2.05 2.61 2.66 2.25 

Hc D283+Succ FNWYVDGVEVHNAK 

TPEVTCVVVDVSHEDPEVKFNW

YVDGVEVHNAK 

2.18 3.40 1.56 3.56 

Hc M255+Oxid DTLMISR 1.26 1.29 1.05 0.92 

Hc K450 Lys Loss SLSLSPGK 

WQQGNVFSCSVMHEALHNHYT

QKSLSLSPGK 

87.01 88.49 90.73 88.79 

Hc Q1+Gln->Pyro-

Glu 

QVTLR 99.29 99.31 99.75 99.32 

Hc N300+M5 EEQYNSTYR 

TKPREEQYNSTYR 

1.71 1.29 1.10 1.22 

Hc N300+ A1G0F EEQYNSTYR 

TKPREEQYNSTYR 

6.05 5.04 11.26 10.95 

Hc N300+ A2G0F EEQYNSTYR 

TKPREEQYNSTYR 

41.13 40.14 37.36 37.05 

Hc N300+ A1G1F EEQYNSTYR 

TKPREEQYNSTYR 

4.06 3.68 5.92 6.13 

Hc N300+ A2G1F EEQYNSTYR 

TKPREEQYNSTYR 

36.11 38.65 33.86 34.89 

Hc N300+ A2G2F EEQYNSTYR 

TKPREEQYNSTYR 

6.92 8.49 7.02 7.31 

Hc N300+ 
A2Ga1G1F 

EEQYNSTYR 

TKPREEQYNSTYR 

0.91 1.42 1.09 1.21 

Hc N300+ 
Unglycosy. 

EEQYNSTYR 

TKPREEQYNSTYR 

3.06 1.29 2.39 1.25 
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Analysis of Variance (ANOVA) was used to evaluate intra- and inter-laboratory 

precision (Thompson, 2016, Thompson et al., 2002). It is important to point out the 

relative levels of the studied CQAs will impact the precision values, observing the 

highest variability for relative abundances < 2% of deamidation levels (Table 5.9). 

Intra-laboratory precision expressed as the relative standard deviation (RSD) were 

overall < 10% for most of the PTMs except for deamidation of N364 and 

~N392/N387 whose values were between 42% and 20% respectively. Inter-

laboratory precision demonstrated the highest variability for deamidation of N364 

which relative abundances varied from 0.05% to 0.37% and deamidation of 

~N392/N387 which relative abundances varied from 0.29% to 0.79%. Excellent 

precision was observed for oxidation, Lys loss, pyroglutamate formation and the N-

glycosylation levels (Table 5.9). 
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Table 5.9: Analysis of Variance (ANOVA) to measure intra- and inter-lab precision for 

NISTmAb complete compliant peptide mapping workflow. 

Hc N328+Deam             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.1001 3 0.0334 153.9872 2.05E-07 4.0662 

Within Groups 0.0017 8 0.0002    

Intra-Lab precision (RSD) 10.22      

Inter-Lab precision (RSD) 44.43      
              

Hc N364+Deam             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.1659 3 0.0553 49.1556 1.69E-05 4.0662 

Within Groups 0.0090 8 0.0011    

Intra-Lab precision (RSD) 42.16      

Inter-Lab precision (RSD) 101.64      
              

Hc ~N392/N387+ Deam             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.7405 3 0.2468 219.4049 5.09E-08 4.0662 

Within Groups 0.0090 8 0.0011    

Intra-Lab precision (RSD) 20.22      

Inter-Lab precision (RSD) 105.25      
              

Hc D283+Succ             

Source of Variation SS Df MS F P-value F crit 

Between Groups 8.3645 3 2.7882 420.8549 3.86E-09 4.0662 

Within Groups 0.0530 8 0.0066    

Intra-Lab precision (RSD) 8.61      

Inter-Lab precision (RSD) 62.24      
              

Hc N318+Succ             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.7734 3 0.2578 52.6100 1.31E-05 4.0662 

Within Groups 0.0392 8 0.0049    

Intra-Lab precision (RSD) 8.28      

Inter-Lab precision (RSD) 20.68      
              

Hc ~N392/N387+Succ             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.8415 3 0.2805 125.5970 4.56E-07 4.0662 

Within Groups 0.0179 8 0.0022    

Intra-Lab precision (RSD) 5.54      

Inter-Lab precision (RSD) 21.73      
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Table 5.9 (continued): Analysis of Variance (ANOVA) to measure intra and inter-lab 

precision for NISTmAb complete compliant peptide mapping workflow. 

Hc M255+Oxid 
            

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.2813 3 0.0938 468.8194 2.51E-09 4.0662 

Within Groups 0.0016 8 0.0002    

Intra-Lab precision (RSD) 3.54      

Inter-Lab precision (RSD) 27.04      
              

Hc K450 Lys Loss             

Source of Variation SS Df MS F P-value F crit 

Between Groups 21.0218 3 7.0073 225.5554 4.57E-08 4.0662 

Within Groups 0.2485 8 0.0311    

Intra-Lab precision (RSD) 0.56      

Inter-Lab precision (RSD) 2.96      
              

Hc Q1+Gln->Pyro-Glu             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.4365 3 0.1455 831.3651 2.57E-10 4.0662 

Within Groups 0.0014 8 0.0002    

Intra-Lab precision (RSD) 0.04      

Inter-Lab precision (RSD) 0.38      
              

Hc N300+M5             

Source of Variation SS Df MS F P-value F crit 

Between Groups 0.6293 3 0.2098 143.0152 2.74E-07 4.0662 

Within Groups 0.0117 8 0.0015    

Intra-Lab precision (RSD) 8.14      

Inter-Lab precision (RSD) 34.11      
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Table 5.9 (continued): Analysis of Variance (ANOVA) to measure intra and inter-lab 

precision for NISTmAb complete compliant peptide mapping workflow. 

Hc N300+A1G0F             

Source of Variation SS df MS F P-value F crit 

Between Groups 94.4941 3 31.4980 438.9969 3.26E-09 4.0662 

Within Groups 0.5740 8 0.0718    

Intra-Lab precision (RSD) 9.10      

Inter-Lab precision (RSD) 67.20      
              

Hc N300+A2G0F             

Source of Variation SS df MS F P-value F crit 

Between Groups 36.8955 3 12.2985 55.2535 1.09E-05 4.0662 

Within Groups 1.7807 8 0.2226    

Intra-Lab precision (RSD) 3.43      

Inter-Lab precision (RSD) 8.79      
              

Hc N300+A1G1F             

Source of Variation SS df MS F P-value F crit 

Between Groups 14.1954 3 4.7318 183.6998 1.03E-07 4.0662 

Within Groups 0.2061 8 0.0258    

Intra-Lab precision (RSD) 9.18      

Inter-Lab precision (RSD) 43.65      
              

Hc N300+A2G1F             

Source of Variation SS df MS F P-value F crit 

Between Groups 38.3946 3 12.7982 196.0907 7.93E-08 4.0662 

Within Groups 0.5221 8 0.0653    

Intra-Lab precision (RSD) 2.01      

Inter-Lab precision (RSD) 9.90      
              

Hc N300+A2G2F             

Source of Variation SS df MS F P-value F crit 

Between Groups 4.7004 3 1.5668 104.6852 9.28E-07 4.0662 

Within Groups 0.1197 8 0.0150    

Intra-Lab precision (RSD) 4.65      

Inter-Lab precision (RSD) 16.62      
              

Hc N300+ A2Ga1G1F             

Source of Variation SS df MS F P-value F crit 

Between Groups 0.3505 3 0.1168 175.2333 1.23E-07 4.0662 

Within Groups 0.0053 8 0.0007    

Intra-Lab precision (RSD) 6.24      

Inter-Lab precision (RSD) 28.99      
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The levels of deamidation and succinimide formation are all below 2% and 3.6%, 

respectively and show comparable values at all four sites. The formation of 

succinimide and the conversion to isoaspartic acid and aspartic acid is an 

equilibrium reaction that will depend on environmental conditions, so some variation 

in the numbers can be expected. However, in this study the comparative results are 

still close (Figure 5.14 (A), Table 5.8).  

The lysine loss measurement from the C-terminus was comparable between 

laboratories from 87 to 90% (Figure 5.14 (B), Table 5.8). Inter-laboratory precision 

was excellent giving high confidence in the results (RSD <3%). The M255 oxidation 

(Figure 5.14 (C), Table 5.8) is very low yet only varies between 0.8 to 1.2% between 

laboratories with a much tighter tolerance within the triplicate injections of the same 

laboratory (RSD <3.54%). N-terminal glutamine (Gln) to pyroglutamate (PyroGlu) 

has also been monitored in this study and is shown to be at completion in all four 

laboratories (Figure 5.14 (D), Table 5.8). 

 

Figure 5.14: Comparison of the qualitative results for PTM values from 4 different 

laboratories for the analysis of NIST mAb digestions: (A) Deamidation / Succinimide 

formation ; (B) Lys Loss; (C) Oxidation and (D) Pyroglutamination of NIST mAb. 
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As expected, glycosylation profile proved to be very stable and consistent across 

sites, as confirmed by the laboratory comparison results shown in Figure 5.15. All 

four laboratories returned similar N-glycosylation data with minimal variability for 

most of the most abundant glycoforms (intra-lab precision <10% and inter-lab 

precision from 9.90% to 67.20%). Reported N-glycans were over 1% of relative 

levels which explains the fact that none sialylated structure is shown, although they 

were detected at low levels (<1%), which is in accordance with reported values for 

NISTmAb (De Leoz et al., 2019). 

 

Figure 5.15: N-Glycosylation of NIST mAb over four laboratories. The combined area 

counts from EEQYN300STYR and the single missed cleavage product 

TKPREEQYN300STYR were used in the final evaluated result shown. 

Sequence coverage map comparison from each individual instrument is shown in 

Figure 5.11 and 5.12 for heavy and light chains respectively. Full sequence 

coverage is achieved for NISTmAb heavy and light chains, except for two of the 

laboratories which >98.5% was achieved for Hc. Missing peptide corresponds to 
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1:A341-R347 (AKGQPR) which can also be detected but with 2 missed cleavage 

containing peptides (TISKAKGQPR and AKGQPREPQVYTLPPSR). 

5.4.4 Interlaboratory Stability Study of Degraded mAb Mixture 
 

The developed peptide mapping protocol was then applied to investigate the 

stability of targeted CQAs present on a mAb mixture under forced degradation 

conditions. Two different laboratories (site A and site B) received the same samples 

which had been left to degrade at 40°C for several months. Chosen modifications 

were tracked in each sample using the same experimental procedures as previously 

described. Table 5.10 shows the comparative results from the two individual 

laboratories for the targeted attributes. Values in parenthesis show the RSD of the 

triplicate analysis for each of the studied CQAs, showing excellent precision for each 

laboratory with overall RSD <10%. 

Deamidation levels rose throughout the incubation period at 40°C (Figure 5.16 (A)) 

but for those asparagine (N) residues more prone to deamidation, i.e., Lc N30 and 

Hc N101 sites. Aspartic acid isomerization increased also noticeably for Lc D30 

after 3 months and then maintained stable at 6 months (Figure 5.16 (B)). Oxidation 

levels also tend to slightly increase over time and maintained stable at 6 months 

(Figure 5.16 (C)), specially for Hc M252 and Lc M4 sites for the studied mAb 

mixture. 
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Table 5.10: Summary of PTMs identified and quantified for the stability study of mAb 

mixture in two different laboratories using peptide monitoring and compliant CDS data 

processing. 
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Figure 5.16: Degradation study using the complete compliant peptide mapping workflow. 

Comparison of the qualitative results for targeted PTM values from 2 different laboratories 

for the analysis of thermal stressed samples. (A) Deamidation / NH3 loss; (B) 

Isomerization/H2O loss; (C) Oxidation. 
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5.5 Conclusion 
 

We demonstrated a complete peptide monitoring workflow including the digestion, 

transferred seamlessly across different laboratories. While the aim of this work is to 

prove workflow robustness and accuracy, this could also be considered as a 

preliminary study to the implementation of a MAM approach in a QC lab. The results 

suggest that it is indeed possible to deliver a method to a QC environment that 

brings the benefit of HRAM MS data to the characterisation of therapeutic 

monoclonal antibodies. 

A simple digestion protocol has been developed and tested which is easily 

automated using magnetic beads enabling operators to generate a predictable, 

precise, and robust digestion each time irrespective of the user or location. Each 

stage of the method has been optimised for ease of use as well as functionality, 

including the use of compliant automated control and data processing which would 

otherwise be prone to individual interpretation. Instrument control and reporting was 

secured in a Chromeleon eWorkflow which was transferred to each laboratory. The 

automated digestion method described here has now been tested using a multitude 

of mAb samples to ensure global applicability with fast and easy implementation 

and provides very high precision of digestion. The digest occurs in a very controlled 

and precise manner and allows robust tracking of PTMs. The target peptides 

included in the component table were selected to ensure correct reproducible 

results of all the attributes measured while keeping the component list as simple as 

possible. The method was transferred between different laboratories to show 

excellent precision of the digestion and corresponding results. The chosen 

monitored PTMs were shown to be easily tracked in a forced degradation study with 

the same inter-laboratory precision. 
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Figure 6.1: Graphical abstract for tracking the behaviour of monoclonal antibody product 

quality attributes using a multi-attribute method workflow. 
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6.1 Abstract 

 

The Multi-Attribute Method (MAM) is a liquid chromatography-mass spectrometry-

based method that is used to directly characterize and monitor many product quality 

attributes and impurities on biotherapeutics, most commonly at the peptide level. It 

utilizes high-resolution accurate mass spectral data which are analyzed in an 

automated fashion. MAM is a promising approach that is intended to replace or 

supplement several conventional assays with a single LC-MS sequence and can be 

implemented in a Current Good Manufacturing Practice environment. MAM 

provides accurate site-specific quantitation information of targeted attributes, and 

the non-targeted new peak detection function allows to detect new peaks as 

impurities, modifications, or sequence variants when comparing to a reference 

sample. The high-resolution MAM workflow was applied here for three independent 

case studies. Firstly, to monitor the behavior of monoclonal antibody product quality 

attributes over the course of a 12-day cell culture experiment providing an insight 

into the behavior and dynamics of product attributes throughout the process. 

Secondly, the workflow was applied to test the purity and identity of a product 

through analysis of samples spiked with host cell proteins. Thirdly, through the 

comparison of a drug product and a biosimilar with known sequence variants. The 

three case studies presented here, clearly demonstrate the robustness and 

accuracy of the MAM workflow that implies suitability in a regulated environment, 

not only for QC laboratories but also for process monitoring. 
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6.2 Introduction 
 

Mass spectrometry (MS) has become an essential and commonly used tool in the 

characterization of protein-based biopharmaceuticals. The depth of information 

obtained from MS-based techniques is critical in the characterization of these 

complex biological medicines and has lately been included in almost all biologics 

license applications (BLAs) (Rogstad et al., 2019, Rogstad et al., 2017). However, 

for quality control (QC) purposes mass spectrometry is limited to use in small-

molecule drug production for mass identity confirmation or to support cleaning 

validation (Rathore et al., 2018). MS in the QC laboratory is so far not routinely 

applied for recombinant protein-based drugs as it is more challenging due to the 

complexity of the molecules, perceived issues with the robustness of the 

technology, complex sample preparation required and difficulties related with 

quantitation by MS. Detailed characterization of biopharmaceuticals during the 

manufacturing process and development requires deep understanding at the 

molecular level of any product quality attributes (PQAs) that must be maintained 

within tight specifications to ensure efficacy and safety of the final product. The 

application of high-resolution accurate mass (HRAM) mass spectrometry has 

provided detailed characterization and quantification of PQAs and recently, has 

witnessed the first entry into the regulatory environment. QC laboratories 

traditionally used single-attribute focused chromatographic and electrophoretic 

assays, which are now starting to be replaced or supplemented with informative 

analytical MS-based techniques (Rogers et al., 2017).  

Since the introduction of the concept in 2015, the interest for an analytical approach 

referred to as the Multi-Attribute Method (MAM) has gained considerable interest in 

the biopharmaceutical industry (Rogers et al., 2015, Rogers et al., 2017). Such 

interest has resulted in dedicated conferences and meetings to discuss the MAM 

concept, with the ultimate aim to introduce and implement MS-based techniques in 

the QC environment (Rogstad et al., 2017). MAM is an analytical platform for 

monitoring consistency and behavior of biopharmaceutical PQAs within regulated 

environments bearing the potential to support the increased usage of mass 

spectrometry for quality control.  
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Experimentally, MAM is an LC-MS based peptide mapping approach that consists 

of three steps: 1) sample preparation, typically entailing protein denaturation, 

reduction, alkylation and proteolytic digestion; 2) reversed-phase based 

chromatographic separation of the obtained peptides and detection by high 

resolution accurate mass spectrometry; and 3) two data analysis steps involving 

firstly a targeted, quantitative monitoring step based on a list of targeted attributes, 

and secondly a non-targeted step, commonly referred to either as new peak 

detection (NPD) or non-targeted MS (NTMS), which aims to detect unexpected 

and/or unknown new peaks in a data set derived from a new sample compared to 

a data set from a reference sample. 

While several separation techniques including e.g., capillary electrophoresis (CE), 

size-exclusion chromatography (SEC), ion exchange chromatography (IEX) and 

hydrophobic interaction liquid chromatography (HIC) can be applied for the 

evaluation of product quality and monitoring of process consistency on the intact 

molecules, they do not provide residue specific modification information and thus 

cannot be used to directly monitor PQAs. 

The aim of developing the Multi-Attribute Method was to provide an MS-based, 

automated analytical approach that provides quantitative information and allowing 

for parallel monitoring of multiple PQAs throughout the entire development and 

manufacturing process in alignment with Quality by Design (QbD) principles 

(Rogers et al., 2015, Rogers et al., 2017, Finkler and Krummen, 2016). MAM is 

expected to allow for replacement of several conventional QC release and stability 

testing methods by a single LC-MS experiment that provides qualitative and 

quantitative information with very high selectivity and sensitivity, bearing the 

potential for significant savings on a time, required lab space and cost scale (Eris, 

2016, Dawdy, 2020).  

While the bottom-up nature of the method is well-established, several studies were 

performed in the last years to improve MAM performance (Millán-Martín et al., 2020, 

Wang et al., 2016). Moreover, the concept of the MAM approach has been 

implemented also for other LC-MS workflows where there is a clear benefit from the 

availability of MS data (Wang et al., 2017) or for applications outside the QC 
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laboratory, such as in vitro and in vivo biotransformation (Yang et al., 2018) or PQA 

monitoring during upstream process development.  

In the present study, the application of a MAM workflow was applied as an in-

process test to study an IgG1κ fed-batch production to monitor the dynamics of 

monoclonal antibody (mAb) PQAs. The workflow (Figure 6.2) consisted of triplicate 

trypsin digestion on daily samples harvested from cell culture for 12 days, followed 

by LC-MS with high-resolution, accurate mass, Orbitrap-based mass detection, 

operated within a CFR (Code of Federal Regulations) Part 11 compliant data system 

for data acquisition and data analysis.  

A targeted peptide workbook was created and implemented in a processing method 

for the analysis of LC-MS data and direct reporting in the chromatography data 

system (CDS), allowing direct monitoring of main PQAs, such as deamidation, 

succinimide formation, oxidation, N-terminus pyro-Glu formation, C-terminus lysine 

clipping, and Fc N-glycosylation. Following this, NPD was applied to visualize any 

new species visible after day 1 of cellular growth. In this study, we also present two 

case studies to demonstrate the potential of MAM workflow and, in particular, of 

NPD function. A commercial IgG1 mAb was first spiked with recombinant Cathepsin 

L and lipoprotein lipase (rhLPL) to evaluate the use of the MAM workflow for host 

cell protein (HCPs) analysis; NPD was used to reveal the presence of these 

contaminants, within the same analytical workflow used for PQAs monitoring, and 

successfully detected the HCPs down to levels of 100 ppm. In the second case 

study, the same IgG1 mAb was compared with an in-house produced investigational 

biosimilar (BS), known to differ from its originator by several amino acid sequence 

variants. The MAM workflow allowed identification of differences in PQAs between 

the biosimilar and originator, while NPD allowed tracking the presence of new 

species deriving from the peptides containing the amino acid substitutions. The data 

collected for the three case studies presented here clearly demonstrate the 

robustness and accuracy of MAM method that imply suitability in a regulated 

environment, not only for QC laboratories but also for process monitoring, as well 

as the great potential of the method outside the more routine PQA evaluation. 
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6.3 Experimental 
 

6.3.1 Chemicals 
 

LC-MS grade 0.1% formic acid in acetonitrile, LC-MS grade water, LC-MS Grade 

Pierce™ formic acid (ampules, > 99.0 %) and Pierce™ MS grade trypsin was 

purchased from Fisher Scientific™ (Dublin, Ireland). DL-Dithiothreitol (DTT) BioXtra 

≥99% purity, sodium iodoacetate (IAC) BioUltra ≥98% purity, 8.0 M guanidine 

hydrochloride solution and sodium hydroxide concentrate were purchased from 

Sigma-Aldrich (Wicklow, Ireland). Invitrogen™ UltraPure 1 M Tris-Hcl Buffer, pH 7.5 

was purchased from Biosciences (Dublin, Ireland). Bio-Spin P-6 Gel Columns and 

Tris Buffer were purchased from Accuscience (Kildare, Ireland). Recombinant 

mouse Cathepsin L protein and recombinant human Lipoprotein Lipase (rhLPL) 

Protein and CF were purchased from R&D Systems (Abingdon, United Kingdom) 

and used for host cell protein (HCP) spiking experiments. 

6.3.2 Fed-Batch IgG1 Production and Protein A Purification 

 

Recombinant CHO cells producing IgG1 κ monoclonal antibody were recovered 

from cryopreservation following standard protocols and sub-cultured every third or 

fourth day in HyClone™ ActiPro™ Medium (GE Healthcare, Ireland) supplemented 

with 8mM L-glutamine (Sigma Aldrich, Ireland). Following their recovery, cells were 

seeded into a 1 L shake flask (Corning) with a 200 mL initial working volume in 

triplicate at a seeding density of 0.3 x 106 viable cells/mL. Cultures were incubated 

in a shaking incubator (Kuhner Shaker, Switzerland) with a shaking speed of 120 

rpm at 37°C, under environmental conditions of 5% CO2 and 80% humidity. Starting 

on day three, each culture was fed daily with 8 mM L-glutamine (Sigma Aldrich, 

Wicklow, Ireland), Cell Boost 7a (GE Healthcare, Uppsala, Sweden) at 1-2% of 

initial culture volume and Cell Boost 7b (GE Healthcare, Uppsala, Sweden) at 0.1-

0.2% of initial culture volume. Glucose and lactate concentrations were measured 

daily using a Cedex Bio Analyzer (Roche, Mannheim, Germany). Cultures were 

maintained at a minimum of 3 g/L of glucose. Cell density and viability were 

determined daily by trypan blue exclusion assay using Countess II automated cell 

counter (Invitrogen, Carlsbad, CA, USA). Samples were taken daily by removing 

10-15 mL aliquots from the cultures, which were centrifuged, and the retained 
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supernatant was stored at -20°C prior to further processing. Cell culture was ceased 

when the cell viability dropped below 60%, which occurred on day 12 of culture. At 

this point, the cells were harvested and the supernatants from each time point were 

filtered through 0.45 μm followed by 0.2 μm Millex-HV syringe filter with a PVDF 

membrane (Merck, Carrigaline, Ireland). Samples of clarified media were passed 

through a 1 mL HiTrap Protein A column (GE Healthcare) using an AKTA Avant 

system (GE Healthcare, Uppsala, Sweden); the operational flow rate was 1 mL/min 

and IgG1 elution was detected using UV detection at 280 nm. After loading clarified 

media on column, the sample was washed with phosphate buffered saline before 

elution of bound mAb from the protein A column using 100 mM citric acid, pH 3.3. 

The eluted sample was neutralised with 1 M Tris pH 8.5 and frozen at -20°C before 

digestion and analysis. 

6.3.3 Expression of an IgG1 Biosimilar 

 

ExpiCHO-S™ cells (Gibco, #A29127) derived from a non-engineered subclone that 

had been screened and isolated from Chinese hamster ovary (CHO) cells were 

cultured in suspension in serum-free, chemically defined media (Gibco) and 

transiently transfected with plasmid DNA encoding IgG1κ monoclonal antibody 

heavy and light chains (1:2 ratio) using a lipid-based transfection system (Gibco). 

The vectors (pFUSEss-CHIg-hG1 and pFUSE2ss-CLIg-hk) were purchased from 

Invivogen. The cells were harvested, and samples of clarified media were passed 

through a HiTrap Protein A column as described above for purification of the 

expressed mAb. 

6.3.4 IgG1 Trypsin Digestion 

 

50 µg of mAb was diluted to 0.5 mg/mL with 7.0 M guanidine hydrochloride, 100 

mM Tris pH 8.3 to yield a final volume of 100 µL. For HCP spiked sample analysis 

different concentrations (10 ppm, 100 ppm, 1000 ppm) of both Cathepsin L and 

rhLPL were added to the sample. 2 µL of 500 mM DTT were added to reduce 

disulphide bonds and allowed to react at room temperature for 30 minutes. 

Following reduction, the samples were alkylated for 20 minutes at room temperature 

in darkness by adding 4 µL of 500 mM IAC. Alkylation was stopped by adding 4 µL 

of 50 mM DTT. Bio-Spin-6 columns were conditioned by centrifugation at 1,000 x g 



Chapter 6 

 

178 
 

for 2 minutes to remove the storage fluid. 500 µL of 50 mM Tris pH 7.9 were added 

to the column and spun as before, this washing step was repeated three times and 

the flow-through discarded. 110 µL of the reduced and alkylated sample were added 

to the column bed and the flow-through was collected in a fresh 1.5 mL 

microcentrifuge tube by centrifugation at 1000 x g for 4 minutes. 100 µg of trypsin 

were resuspended in 100 µL of LC-MS grade water to generate a final protease 

concentration of 1 mg/mL and was added to the samples at a 1:10 (w/w) ratio 

followed by incubation at 37°C for 30 minutes with gentle mixing. 10% formic acid 

was added at a 1:10 (v/v) ratio to halt the digestion. Samples were transferred to 

individual 2 mL autosampler vials and placed into an autosampler cooled at 5°C. 

6.3.5 LC-MS(/MS) Parameters 
 

Following full system calibration, a system suitability test was performed as per 

vendor recommendations using BSA tryptic digest (Pierce, Rockford, IL, USA). 

Analysis was performed using the Thermo Scientific™ HR MAM Workflow, 

comprising of; Thermo Scientific™ Vanquish™ Horizon UHPLC coupled to a 

Thermo Scientific™ Q Exactive™ Plus mass spectrometer controlled with Exactive 

Series Tune software under Thermo Scientific™ Chromeleon™ CDS (Version 

7.2.10) for data acquisition and data analysis including the NPD function. 

Peptide mapping analysis was carried out using a 2.1 x 250 mm, 2.2 µm Thermo 

Scientific™ Acclaim™ Vanquish™ C18 reversed-phase chromatography column. 

Mobile phase A was 0.1% formic acid in water and B was 0.1% formic acid in 

acetonitrile. The LC gradient was as follows: 2% B to 40% B in 100 minutes, 80% 

B hold from 100.5 to 104 minutes, 2% B at 104.5 minutes to 40% B at 110 minutes. 

Another hold at 80% B from 110.5 to 114 minutes and a 2% B re-equilibration from 

114.5-120 minutes. The column temperature and flow rate were maintained at 25°C 

and 300 µL/min, respectively, throughout the chromatographic run. 

Tune parameters were set to the following: sheath gas flow rate 40 arbitrary units 

(au), auxiliary gas flow rate 10 au, spray voltage was 3.8 kV, capillary temperature 

was 320°C, S-lens RF voltage was 50 and auxiliary gas heater temperature was 

400°C. Full MS data were collected in positive mode with a default charge state of 

2. MS data were acquired at a resolution setting of 140,000 (at m/z 200), with an 
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acquisition gain control (AGC) target of 3 x 106 for a scan range of 200-2,000 m/z 

and a maximum injection time of 100 ms. 

Data dependent MS/MS acquisition was performed using a resolution setting of 

17,500 (at m/z 200), the AGC target was 5 x 105 with a minimum AGC threshold of 

2 x 103. The maximum injection time was 200 ms, loop count, topN of 5 and an 

isolation window of 1.2 m/z. Normalized collision energy of 28 and a dynamic 

exclusion window of 7.0 seconds was also applied. Every 72 hours of continuous 

MS acquisition, the sweep cone and ion transfer tube were cleaned, and mass 

calibration performed. 

6.3.6 Data Processing 
 

Peptide identification and PQA analysis was carried out using Thermo Scientific™ 

BioPharma Finder™ software (v. 3.2, Thermo Scientific, San Jose, CA, USA), 

according to parameters summarised in Table 6.1.  

Table 6.1: BioPharma Finder software parameter settings for peptide mapping data 

analysis. 

Component Detection Setting 

Absolute MS Signal Threshold 2.0 x 104 counts 

Typical chromatographic peak width 0.3 

Relative MS signal threshold (% base peak) 1.0 

Relative Analog threshold (% of highest peak) 1.0 

Width of Gaussian filter (represented as 1/n of 

chromatographic peak width) 

3.0 

Minimum valley to be considered as two chromatographic 

peaks 

80.0% 

Minimum MS peak width (Da) 1.2 

Maximum MS peak width (Da) 4.2 

Mass tolerance (ppm for high-res or Da for low-res) 4.0  

Maximum retention time shift (min) 0.50 

Maximum mass (Da) 30,000 

Mass Centroiding Cutoff (% from base) 15 

Identification Setting 

Maximum peptide mass 7,000 

Mass Accuracy 8ppm 
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Minimum Confidence 0.8 

Maximum Number of Modifications for a Peptide 1 

Unspecified Modification -58 to +162 Da 

N-Glycosylation CHO 

Protease Specificity High 

Static Modifications Setting 

Side Chain Carboxymethylation 

Variable Modifications Setting 

N Terminal Gln - > Pyro Glu 

C Terminal Lys  

Side Chain Deamidation (N) 

Deamidation(Q) 

Glycation (K) 

Oxidation (MW) 

NH3 Loss (NQ) 

H2O Loss (STDE) 

 

For the monitoring of PQAs throughout the time course of cell culture process study, 

a target peptide workbook was generated within BioPharma Finder and components 

were filtered to consider peptides with up to only 1 missed cleavage with the sole 

exception of TKPREEQYNSTYR, which was also included because of its significant 

abundance and its harbouring of the Fc N-glycan. Peptides containing sodium or 

potassium adducts, as well as those that correspond to non-specific protease 

activity, gas phase generated ions or unspecified modifications, were excluded.  

The target workbook (.wbpf) was imported into Chromeleon CDS and the data were 

analysed using the ICIS MS peak detection algorithm. Table 6.2 summarizes 

parameter settings for PQA quantitation. 
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Table 6.2: Chromeleon CDS parameter settings for target PQAs monitoring and 

quantitation. 

MS Detection Setting 

Extracted Ion Chromatogram MS Default Detection Settings 

Detection Algorithm ICIS 

          Area noise factor 5 

          Peak noise factor 10 

          Baseline window 40 

          Noise method INCOS 

          Min peak width 3 

          Multiplet resolution 10 

          Area tail extension 5 

          Area scan window 0 

MS Settings MS Chromatogram Settings 

Mass Precision 4 decimal places 

Mass Tolerance (manually defined) 5.0 ppm 

Smoothing None 

Peptide Table Setting 

Imported from BioPharma Finder software 3.2 
peptide workbook 

- 

Composite Scoring Setting 

Pass score if at least  2 criteria passed 

Fail score if less than 1 criteria passed 

MS Criteria General MS 

          Isotopic dot product ≥ 0.9000 

          Mass accuracy ≤ 5.00 ppm 

          Peal apex alignment ≤ 0.50 min 

 

The NTMS function in Chromeleon CDS was used for the analysis of HCPs and 

sequence variants as well as fed-batch cell culture samples. NTMS function 

supports label-free differential analysis by comparing two data files using the SIEVE 

(Statistical Iterative Exploratory Visualization Environment) algorithm which can 

detect those components with significant inter-sample differences in abundance. 

Parameter settings used for the NPD step in this study are provided in Tables 6.3 

to Table 6.6, after optimization of most critical parameters such as frame time width, 

m/z range, RT range and peak intensity threshold.  
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Table 6.3: Chromeleon CDS new peak detection settings for cell culture study. 

Global settings 

Fixed reference injection Day 1 cell culture flask 2 

Max threads 8 

Alignment Parameters 

Alignment bypass False 

Alignment min intensity 1,000 

Correlation bin width 1 

Max RT shift 2 

RT limits for alignment True 

Tile size 300 

Frame Parameters 

Frame time width (min) 1 

m/z Max 1,800 

m/z Min 200 

m/z width (ppm) 10 

Maximum number of frames 5,000 

Peak intensity threshold 1,000 

Retention time start-stop (min) 10.0-90.0 

Scan Filter(s) FTMS + p ESI Full MS (200-2,000) 

Filter Settings   

PR Element = 0 

PR size > 1 

Charge is between 2 and 4 

Ratio ≥ 1000.000 
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Table 6.4: Chromeleon CDS new peak detection settings for the HCP analysis of 

commercial IgG1 DP spiked with HCPs at 1000 ppm. 

Global settings 

Fixed reference injection Commercial IgG1 DP 

Max threads 8 

Alignment Parameters 

Alignment bypass False 

Alignment min intensity 1,000 

Correlation bin width 1 

Max RT shift 1 

RT limits for alignment True 

Tile size 300 

Frame Parameters 

Frame time width (min) 1 

m/z Max 1,800 

m/z Min 200 

m/z width (ppm) 10 

Maximum number of frames 16,000 

Peak intensity threshold 1,000 

Retention time start-stop (min) 10.0-90.0 

Scan Filter(s) FTMS + p ESI Full MS (200-2,000) 

Filter Settings   

PR Element = 0 

Charge is between 2 and 3 

Ratio ≥ 1000.000 
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Table 6.5: Chromeleon CDS new peak detection settings for the HCP analysis of 

commercial IgG1 DP spiked with HCPs at 100 ppm. 

Global settings 

Fixed reference injection Commercial IgG1 DP 

Max threads 8 

Alignment Parameters 

Alignment bypass False 

Alignment min intensity 800 

Correlation bin width 1 

Max RT shift 1 

RT limits for alignment True 

Tile size 300 

Frame Parameters Section 1 Section 2 Section 3 

Frame time width (min) 1 1 1 

m/z Max 500 550 900 

m/z Min 200 300 650 

m/z width (ppm) 10 10 10 

Maximum number of frames 16,000 16,000 16,000 

Peak intensity threshold 800 800 800 

Retention time start-stop (min) 9.0-28.0 29.0-45.0 46.0-59.0 

Scan Filter(s) FTMS + p ESI Full MS (200-2,000) 

Filter Settings 

Ratio ≥ 1000.000 
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Table 6.6: Chromeleon CDS new peak detection settings for the sequence variant analysis 

of an investigational IgG1 biosimilar. 

Global settings 

Fixed reference injection Commercial IgG1 DP 

Max threads 8 

Alignment Parameters 

Alignment bypass False 

Alignment min intensity 1,000 

Correlation bin width 1 

Max RT shift 1 

RT limits for alignment True 

Tile size 300 

Frame Parameters 

Frame time width (min) 1 

m/z Max 1,800 

m/z Min 200 

m/z width (ppm) 10 

Maximum number of frames 5,000 

Peak intensity threshold 1,000 

Retention time start-stop (min) 10.0-90.0 

Scan Filter(s) FTMS + p ESI Full MS (200-2,000) 

Filter Settings   

PR Element = 0 

PR size > 1 

Charge is between 2 and 3 

Ratio ≥ 1000.000 
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6.4 Results and Discussion 
 

6.4.1 Fed-Batch Cell Culture Monitoring 
 

To monitor PQA trends for the IgG1 under investigation during a fed batch cell 

culture, daily in-process samples were collected from triplicate flasks and analysed 

using the MAM workflow as described above. The ability to track PQAs with high 

confidence and precision during cell culture provides an insight into the behaviour 

and quality attribute dynamics in response to alterations in cell culture conditions, 

which may be used to initiate stopping cell culture ahead of the established time to 

harvest at conditions of optimal yield and/or optimal product quality. Before applying 

the MAM workflow to fed-batch cell culture samples, a system suitability test was 

performed using standard BSA tryptic digest to ensure the UHPLC and mass 

spectrometer were operating within prescribed specifications. Triplicate digests 

were performed on the purified daily collected samples using fresh sample 

preparation reagents for each day. Full MS analysis was carried out on all samples, 

consisting of three biological and three technical replicates (n = 9) per day of culture, 

while MS/MS analysis was carried out on day 12 of the culture to generate a PQA 

workbook for monitoring in Phase 1 of the MAM workflow. The day 12 sample was 

selected for MS/MS experiments as it was expected to include all PQAs. 

The experimental workflow is graphically summarised in Figure 6.2, while Table 6.7 

lists the monitored PQAs from the IgG1 mAb expressed during each cell culture. A 

total of 24 PQAs were monitored which corresponds to 47 peptides and resulting in 

a total of 152 MS traces considering all observed charge states. The monitored 

PQAs include oxidation, deamidation, N-glycosylation, succinimide formation, N-

terminal pyroglutamate formation and C-terminal lysine content.   
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Figure 6.2: Summary of the MAM workflow used for the cell culture study. (A) Samples 

were taken daily over 12 days of culture before purification and IgG1 mAb concentration 

evaluation. (B) Following digestion with trypsin, (C) PQAs were identified from MS/MS 

analysis (MAM Phase I) and (D) monitored based on full MS only data (MAM Phase II). 

NPD was then applied for the detection of new entities in the sample against IgG1 at day 1 

of cell culture, which was used as a reference standard. Results were then finalised in a 

reportable format.  
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Table 6.7: A list of the PQAs identified through MS/MS analysis of day 12 of the cell culture. 

These were included in the peptide workbook for monitoring through full MS analysis  

Category Modification Peptide Sequence Charge 
States 

Fc N-
Glycosylation 

A1G0        A2G1F         
Man3 
A1G0F      A2G2F         
Man4 
A1G1F      
A2S1G0F     Man5 
A2G0        
A2S1G1F     Man6 
A2G0F      
Aglycosylation 

EEQYN301STYR 
TKPREEQYN301STYR 

+1, +2, 
+3, +4 
+2, +3, +4 

Charge 
Variants 

Hc Pyroglutamate 
formation 

Q1VQLQQPGAELVK +1, +2, 
+3, +4 

Lc Pyroglutamate 
formation 

Q1IVLSQSPAILSASPGEK +1, +2, +3 

C-terminal Lys 
content 

SLSLSPG450 
WQQGNVFSCSVMHEALHNHYTQKSLSLSPG450 

+1, +2 
+3, +4, +5 

Deamidation, 
Succinimide 

GLEWIGAIYPGN55GDTSYNQK +2, +3, +4 

Succinimide GFYPSDIAVEWESN388GQPEN393N394YK +2, +3, +4 

Succinimide VVSVLTVLHQDWLN319GK 
VVSVLTVLHQDWLN319GKEYK 

+1, +2, +3 
+3, +4 

Oxidation Methionine 
Oxidation 

SSSTAYM81QLSSLTSEDSAVYYCAR +2, +3, +4 

DTLM256ISR 
PKDTLM256ISR 

+1, +2 
+3 

WQQGNVFSCSVM432HEALHNHYTQK 
WQQGNVFSCSVM432HEALHNHYTQKSLSLSPG 

+2, +3, 
+4, +5 
+3, +4, +5 

 

Figure 6.3 shows the extracted ion chromatograms (XIC) plot for a selection of the 

monitored PQAs using the sample from day 12, which can be seen to spread across 

the entire chromatographic gradient. The reversed phase column used in the 

present study of 250 mm length together with the 100 min elution gradient allowed 

to separate deamidation events from the non-modified peptide and thus precise 

peak integration of MS traces was possible for accurate relative quantitation of this 

important CQA, as it can be observed for the deamidated peptide 

GLEWIGAIYPGNGDTSYNQK which is highlighted in green in Figure 6.3. 

Deamidation of asparagine alters protein structures and affects the chemical and 
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biological properties of proteins and has been demonstrated to be associated with 

protein folding, enzymatic activity, and degradation, thus it is considered as a critical 

quality attribute which must be measured during process development and product 

manufacturing. The conversion of an amide group to a carboxylic acid group in 

deamidation results in 0.984 Da mass shift, therefore it is important that the LC/MS-

based method provides high resolution and high mass accuracy together with high 

chromatographic selectivity to be able to detect this change (Rogstad et al., 2017). 

 

Figure 6.3: Chromatogram plot showing the location of a selection of the 24 monitored 

PQAs for day 12. The PQAs are spread across the entire chromatography gradient at all 

the different charge states associated with it.  

Chromatographic resolution is key to separate deamidation and other modifications 

together with HRAM. As can be seen from Figure 6.3, the developed MAM workflow 

demonstrates the ability of the automated processing platform to monitor multiple 

PQAs in a single analysis for both high abundant and low abundant PQAs. MS 

traces resulted in well-defined sharp peaks for each of the monitored PQAs.  

To ensure both the efficiency of the digest and the reproducibility of the method, 

four individual unmodified peptides distributed across the chromatogram were 
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monitored over the 108 injections along the 12 days of cell culture study (Figure 

6.4). Peak area was normalized to that of a non-modified peptide which eluted at 

34.7 min (SLSLSPG).  

 

 

Figure 6.4: Box plot graph showing the distribution of normalised areas from 4 non-modified 

peptides along 12 days of the cell culture process. Data quartiles and average values are 

displayed and whiskers indicate the variability outside the upper and lower quartiles. 

The results show a high level of reproducibility and efficiency based off the 

normalized area of the peptides over the 12 days. Retention factors (Rf) were also 

evaluated for some monitored PQAs (Figure S7.2) which also resulted in excellent 

retention time reproducibility along the 12 days study. Rf values were calculated as 

the ratio of the modified peptide retention time to the unmodified peptide retention 

time for each of the selected PQAs. 
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Figure 6.5: Retention factor plot of 7 peptides for the 108 injections along the 12 days of 

cell culture process study. 

The average relative abundances of the monitored PQAs are summarized in Figure 

6.6 (A-F), with Figure 6.6 (E) and 6.6 (F) representing the sialylated and mannose 

glycan abundance in more detail. For each selected attribute, the trend was 

monitored over the 12 days of fed batch culture and can be compared to the cell 

culture growth and viability curves, Figure 6.7, to understand the relationship 

between cell growth and death and the abundance of the PQAs observed. Overall, 

a stable trend was observed for deamidation, oxidation, succinimide formation, 

terminal Lys content and pyroglutamate formation along the 12 days of fed-batch 

culture, although noticeable differences were observed for the N-glycoform 

distributions. 
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Figure 6.6: Average relative abundance plots of the monitored PQAs: (A) oxidation, (B) deamidation and succinimide formation, (C) lysine and 

pyroglutamate formation, (D) glycoforms with (E) focus on the sialylated glycans and (F) focus on high mannose glycans. 
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Figure 6.7: Cell culture growth curve (A) and viability curve (B). 

Succinimide formation, deamidation and oxidation levels were relatively low for all 

samples taken, below 2%, 1% and 1.2%, respectively. The abundance of 

succinimide formation at N55, lysine clipping at the C-terminus to expose G450 and 

pyro-glutamate formation was stable over the course of the 12 days. The 

abundance of oxidation at M256 along with deamidation at N55 increased towards 

the end of the culture as cell viability began to slightly drop off while oxidation at 

M81 slightly decreased over the course of the 12 days. Figure 6.6 also shows 
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observed reproducibility between the biological replicates for the 12 days of the fed-

batch cell culture experiment, specified in terms of standard deviation (error bars). 

Higher values are observed for some of the studied hot-spots, i.e., M81 oxidation 

(Fig 6.6 (A)). Oxidation is known to be sensitive to excessive sample handling and 

suffers from low reproducibility across different analysts and laboratories (Millán-

Martín et al., 2020, Dong et al., 2018, Formolo et al., 2015). This observation may 

be due to the fact that peptides containing oxidised methionine showed complex 

elution behaviour and certain variability is due to oxidation processes produced in-

sample, in-column, and in-source. The average relative abundances observed in 

this study were similar to those previously seen in bioreactor studies and another 

study that used the MAM method for quality control testing (Liu et al., 2020, Rogers 

et al., 2015).  

6.4.2 N-Glycosylation Monitoring in Fed-Batch Culture 

 

The trends observed in N-glycan abundance are highlighted in Figure 6.6 (D) and 

the results show that utilizing the MAM workflow combined with daily sampling 

provides a valuable insight into the dynamics of the protein expression and the 

associated distribution of CQAs such as the N-glycans during the duration of the 

cell culture. The main glycoform, A2G0F, the core fucosylated agalactosyl 

biantennary glycan, was noted to increase until day 9, after which point it then 

decreased in abundance for the remaining days of culture. A similar trend was 

observed in the sialylated glycoforms however their presence overall was at a much 

lower abundance, <0.2% (Figure 6.6 (E)). For A2G1F, the core fucosylated mono 

galactosyl biantennary glycan, the decrease in abundance occurs earlier, at day 6, 

while the abundance of A1G0F decreases for the first seven days of culture before 

increasing again from day 8. The same trend was also observed in the non-

glycosylated peptide however the highest-level abundance of non-glycosylation 

was recorded on the last day of the culture when cell viability was at its lowest. An 

interesting trend was observed in the high- and paucimannose species (Figure 6.6 

(F)). Man3, a paucimannose glycoform, was found at low abundance throughout 

the initial stages of the cell culture (<1%) and stayed low until day 9 when it began 

to increase until the final day of culture, where the abundance was 4.8%. The 

presence of Man3 glycans is unusual for mAbs, however, it was previously detected 
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and reported in other studies and most likely results from response to the culture 

conditions (De Leoz et al., 2020, Liu et al., 2020). Man5 was the most abundant 

high mannose glycoform throughout the culture and was only surpassed by the 

levels of Man3 on the final two days.  

High mannose glycans are more commonly associated with recombinant mAbs than 

in endogenous IgG1 proteins, however, in the presence of B-cell disorders such as 

lymphoma high mannose glycans have been observed in the Fab portion of the 

mAb, often as a result of introduction of an additional glycosylation site during 

hypersomatic mutation events (Hollander and Haimovich, 2017, Vletter et al., 2020, 

Radcliffe et al., 2007). A number of studies have been carried out to investigate the 

cause of high mannose in recombinant mAb products, however, high mannose 

glycans were found to be a common occurrence in fed-batch cultures, especially 

towards the end of the culture when viable cell density decreases (Mastrangeli et 

al., 2020, Sumit et al., 2019). Parameters such as osmolality, manganese, 

glutamine, or glucose concentrations along with process run time can all contribute 

to the presence of high mannose glycans (Pacis et al., 2011, Wu et al., 2007). The 

presence of high mannose glycans can also be influenced by the cell line itself and 

through the use of chemically defined media, the most important component being 

choline. A lack of choline in the culture results in lower cell viability and titre but also 

increases aggregation and Man5 glycans (Mastrangeli et al., 2020).  

The presence of high mannose glycans have been found to cause distortion of the 

Fc region due to steric pressure on the protein sequence (Bowden et al., 2012). 

High mannose glycans have also been shown to enhance antibody dependent 

cellular cytotoxicity (ADCC) activity but it has also been shown to reduce 

complement dependent activity and increase serum clearance in humans and mice 

(Goetze et al., 2011, Kang et al., 2015). For commercially available mAbs the 

acceptable limit of high mannose glycans can range up to 10%, however their 

presence can range from between 1% to ≥ 20%, therefore, it is important that they 

are included in PQA monitoring especially as their abundance is influenced by 

culture conditions and can be controlled through supplementation if necessary 

(Mastrangeli et al., 2020). The application of the MAM workflow to PQA monitoring 

during cell culture proved the ability to confidently track N-glycan levels and can 
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assist in the optimization of cell culture conditions to modulate the quality of the 

product. 

6.4.3 New Peak Detection of Cell Culture Samples to Detect New Product 

Features 
 

NPD function is a powerful component of the MAM that allows operators to compare 

samples against reference material through comparison of m/z values across 

retention times and associated peak intensity to detect new components and 

potentially identify the new peptides, impurities, or modifications. Non-targeted MS 

processing, as NPD is referred to in Chromeleon CDS, typically consist of 5 steps: 

set up, processing, alignment, frame detection and frame filtering. The new detected 

features are referred as frames which are defined by 3 parameters, such as m/z, 

chromatographic time, and intensity. It is important to adjust and optimize most 

critical parameters (frame time width, m/z range, RT range and peak intensity 

threshold) within the processing method depending on the analytical approach of 

interest with the intention of minimizing false-positive peak detection. Peak intensity 

threshold is the minimum peak intensity in the base peak chromatogram (BPC) 

required for a frame to be detected, thus must be adjusted accordingly. The software 

plots the intensities of each m/z, calculates the frequency and the peak intensity 

threshold default value is the intensity at 50% frequency (the median). Default 

values are set in the auto-compute option as 0.10 % of the BPC, however a fix 

threshold could also be used.  

The parameters used for NPD using the same samples obtained from the cell 

culture workflow is outlined in Table 6.4 using day 1, flask 2 as the fixed reference 

sample. The goal of NPD for this study focused on detecting new peaks with 

significant inter-sample differences in abundance to show the evolution of produced 

mAb during cell culture experiment. Maximum number of frames and peak intensity 

threshold were selected to 5,000 and 1,000 respectively, to centre the search on 

the most abundant signals, and several filter settings were applied after data 

processing with the aim of reducing false positives. Applied criteria (Table 6.4) were 

set to find at least 2 isotopes (pattern recognition or PR > 1), charge states between 

2 and 4, and a ratio ≥ 1000000. This resulted in new detected peaks whose 

reference average intensities were < 8.10E+03, which means that those frames 



Chapter 6 

 

197 
 

showing higher reference average intensities for the control sample (day 1) would 

be excluded. Frames with a ratio value of 99999.9 means they are not present at all 

in the control sample. This may be a reason as to why the filtered NPD results are 

not reporting the rather moderate differences in Man3 content between day 1 and 

day 12 whose levels increased from <1% to almost 5% (Figure 6.6 (F)), as well as 

the increase for the non-glycosylated to >10% at the end of the cell culture (Figure 

6.6 (D)). A full list of the new peaks detected is shown in Table 6.8. Days 6-11 all 

produced new peaks with day 8 producing the highest number of new peaks. Figure 

6.8 shows the location of the new peaks in the chromatogram. From this overlay it 

is possible to see that despite there being 15 new peaks or frames detected for day 

8 there was only 8 components detected, as many of these peaks were the same 

component with different charge states. Overall, there was considerable overlap 

between certain new peaks detected. For example, a peak with a m/z value of 

1451.3711 was detected in days 6-11 while two peaks with m/z values of 558.1956 

and 423.1840 were detected in days 6-9. Tentative identification of the new peaks 

detected was carried out using MS/MS data processing with BioPharma Finder. The 

peaks that were putatively identified were found to be nonspecific peptides or 

peptides that were likely to be by-products of the peptide mapping protocol, e.g., 

incomplete alkylation. For other components, the analysis of the MS/MS data using 

the protein sequence of the IgG1 and of the trypsin used did not return any match. 

Supplementary, CHO proteome database searching was then performed using 

Proteome Discoverer™ (v 2.4, Thermo Scientific) however no hit was obtained 

(data not shown). Further analysis and investigations would be needed with the aim 

of identifying the new peaks.  
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Table 6.8: New detected peaks from the cell culture study analysis with data obtained from 

the sample on day 1, flask 2 set as the reference. Results were filtered using frame filter 

settings: PR (Pattern Recognition) element = 0, PR size > 1, charge between 2 and 4 and 

ratio ≥1000.000. 

Mass (m/z) RT (min) Ratio 
PR 
Element 

PR Size Charge 
Molecular 
Weight 
(m/z) 

Avg. 
Intensity 

Reference 
Avg. 
Intensity 

Putative Identity (BioPharma Finder) 

 Cell Culture Flask Day 12 

- - - - - - - - - - 

Cell Culture Flask Day 11 

1451.3760 59.02 99999.9 0 4 3 4352.1102 3.90E+06 0.00E+00 Not identified 

Cell Culture Flask Day 10 

1451.3756 59.02 99999.9 0 5 3 4352.1077 5.40E+06 0.00E+00 Not identified 

Cell Culture Flask Day 9 

339.4272 9.48 2491.9 0 3 4 1353.6795 7.30E+06 2.90E+03 
ICNVNHKPSNTK, nonspecific, -58.00 

452.2338 9.48 6181.1 0 2 3 1353.6796 4.10E+06 6.60E+02 

423.1844 13.42 4578.1 0 3 2 844.3543 1.70E+07 3.80E+03 Not identified 

558.1957 13.46 99999.9 0 2 2 1114.3769 1.50E+06 0.00E+00 Not identified 

659.2863 42.82 99999.9 0 2 2 1316.5581 1.70E+06 0.00E+00 STSGGTAALGCLVK, -5.0940 

1451.3695 59.06 99999.9 0 6 3 4352.0890 8.40E+06 0.00E+00 Not identified 

881.9291 69.20 15072.8 0 2 2 1761.8437 8.00E+06 5.30E+02 Not identified 

Cell Culture Flask Day 8 

256.6174 6.70 1105.7 0 2 2 511.2203 9.00E+06 8.10E+03 YCAR, nonspecific, -58.00 

452.2339 9.44 7061.1 0 2 3 1353.6799 4.70E+06 6.60E+02 
ICNVNHKPSNTK, nonspecific, -58.00 

339.4273 9.44 3736.4 0 3 4 1353.6803 1.10E+07 2.90E+03 

423.1844 13.43 3745.9 0 3 2 844.3543 1.40E+07 3.80E+03 Not identified 

558.1962 13.43 99999.9 0 2 2 1114.3779 1.00E+06 0.00E+00 Not identified 

468.7088 35.88 99999.9 0 2 4 1871.8095 1.50E+06 0.00E+00 
VYACEVTHQGLSSPVTK, -5.1014 

624.6089 35.96 99999.9 0 2 3 1870.805 1.60E+06 0.00E+00 

659.2861 42.75 99999.9 0 2 2 1316.5576 2.40E+06 0.00E+00 
STSGGTAALGCLVK, -5.0940 

439.8600 42.76 4564.7 0 2 3 1316.5582 2.30E+06 5.00E+02 

644.8088 42.78 1360.7 0 2 2 1287.6030 2.40E+06 1.80E+03 Not identified 

654.8116 42.79 99999.9 0 2 2 1307.6086 2.10E+06 0.00E+00 STSGGTAALGCLVK, -14.0887 

1050.5359 47.82 2521.0 0 2 3 3148.5858 2.10E+06 8.30E+02 SLSSVVTVPSSSLGTQTYICNVNHKPSNTK, 
nonspecific 

1067.9591 48.42 1556.7 0 2 2 2134.9090 2.20E+06 1.40E+03 Not detected 

1451.3711 58.92 99999.9 0 4 3 4352.092 2.20E+06 0.00E+00 Not identified 

1411.1219 60.13 4633.2 0 5 2 2821.2330 1.50E+07 3.30E+03 Not identified 

Cell Culture Flask Day 7 

423.1840 13.34 8269.7 0 4 2 844.3534 3.10E+07 3.80E+03 Not identified 

558.1956 13.36 99999.9 0 2 2 1114.3767 3.20E+06 0.00E+00 Not identified 

1451.3715 58.87 99999.9 0 3 3 4352.0948 1.30E+06 0.00E+00 Not identified 

Cell Culture Flask Day 6 

558.1956 13.33 99999.9 0 3 2 1114.3765 1.00E+07 0.00E+00 Not identified 

423.1840 13.35 19829.9 0 4 2 844.3535 7.50E+07 3.80E+03 Not identified 

1451.3705 58.88 99999.9 0 4 3 4352.0945 2.30E+06 0.00E+00 Not identified 

Cell Culture Flask Day 5 to Day 2 

- - - - - - - - - - 
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Figure 6.8: Chromatogram plot (black trace) and new detected frames (red traces) 

obtained for day 8 using day 1 as a reference. 15 new frames were detected which some 

of them eluting at the same retention time which could correspond to the same component 

but bearing a different charge state (Table 6.2 summarizes all the detected frame 

details).The chromatogram plot and frame plot are not showing the same y-axis scale. All 

the peaks corresponding to the new detected frames are normalized to the largest peak. 
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6.4.4 New Peak Detection Utilised for the Analysis of HCPs 
 

 

Figure 6.9: NPD workflow for HCP and sequence variant analysis. (A) HCP analysis was 

carried out by spiking Cathepsin L and rhLPL at different concentrations into a commercially 

available IgG1. (B) Sequence variant analysis was carried out using the same commercially 

available IgG1 originator and an in-house produced biosimilar. For both analyses, the 

samples were digested with trypsin and analysis was carried out as previously described. 

HCPs are a major class of process impurities that can be present in the final product 

and result in potential adverse events or antigenic effects in patients (Farrell et al., 

2015). For this reason, it is vital that HCPs are removed from the final product or 

are present within a set limit. Regulatory guidelines put the acceptable limit at <100 

ppm (100 ng HCP/mg drug product) (Lavoie et al., 2019). Some problematic HCPs 

are capable of surviving protein affinity capture steps as well as a number of 

polishing steps such as anion exchange and hydrophobic interaction 

chromatography through either product association or coelution. The traditional 

approach to HCP detection is to use ELISA, however this technique provides no 

knowledge of identity of the HCP but only the total amount of HCP present (Levy et 

al., 2014). HCP analysis through LC-MS often requires a higher sample load due to 

the dynamic range of the sample spanning low abundant HCPs and the high 

abundant drug product, and is commonly set up by using an exclusion list containing 

the m/z values related to mAb peptides, or alternatively can be performed on 

separate platforms having nano LC capabilities (Pythoud et al., 2020, Gilgunn et al., 
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2019). The results from this study below outlines the possibility to use MAM to detect 

the presence of problematic HCPs using the same LC-MS parameters typically 

employed for PQA assessment of mAbs (Figure 6.9 (A)). 

Two HCPs (Cathepsin L and rhLPL) were spiked into a commercially available IgG1 

at different concentrations (10, 100 and 1000 ppm). These two HCPs were included 

in this study as they have been shown to be problematic to fully remove and can be 

often found in the final product, rhLPL through coelution and Cathepsin L through 

product association (Levy et al., 2016). The presence of these HCPs in the final 

product can result in stability issues as rhLPL has been found to cause polysorbate 

degradation in the product formulation, while Cathepsin L is a known protease that 

can result in mAb degradation with specific activity on the upper hinge region (Chiu 

et al., 2017, Fussl et al., 2019). The parameters used for NPD for the HCP spiked 

samples are outlined in Tables 6.5 and 6.6. Figure 6.10 (A) and (B) shows the XIC 

traces for the two detected HCPs at 1000 ppm compared to the originator drug 

product (DP) trace. Figure 6.10 (C) and 6.10 (D) shows the location of the new 

peaks detected (red traces) on the 1000 ppm and 100 ppm HCP spiked samples 

respectively, compared to the commercial drug product (blue traces). Further 

studies for identity assignment of the new detected peaks required MS/MS data 

acquisition and database search and were performed accordingly. The obtained 

results for the new detected peaks along with their identification can be found in 

Table 6.9. Six different peptides were identified for each of the 1000 ppm spiked 

samples.  

Using a lower spiked concentration (100 ppm) it was possible to detect a number of 

new peaks by dividing the chromatogram into 3 processing sections and adjusting 

Rt range, m/z range and peak intensity threshold (Table 6.6), however only 8 peaks 

were detected at this concentration compared to the 12 detected at 1000 ppm, 3 

peaks corresponded to Cathepsin L while 5 corresponded to rhLPL, Figure 6.10 (D) 

and Table 6.10. Although it was not possible to determine charge state for most of 

these components because the number of detected isotopes was not sufficient at 

that low abundance level, the monoisotopic mass was observed with high accuracy, 

which, together with retention times, allowed confident identification of the peptides 

deriving from the HCPs and the signals would suffice for correct identification and 

quantitation of the HCP. One last experiment was performed spiking the two HCPs 
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at 10 ppm level (data not shown); however, NPD was not able to identify new 

components, setting the limit of detection (LOD) for NPD analysis at 100 ppm. 

Despite this LOD it is important to emphasise that this analysis was carried out to 

demonstrate the capability of MAM to detect HCPs using standard conditions of 

peptide mapping while traditional LC-MS/MS analysis of HCPs require higher 

sample loads. 
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Figure 6.10: Analysis of a commercial IgG1 mAb spiked with 1000 ppm of HCPs. (A, B) 

XIC traces for 2 detected HCPs compared to the DP sample using Biopharma Finder 

software frame plot obtained after non-targeted MS processing using Chromeleon CDS 

7.2.10. Red traces (C, D) correspond to new peaks detected in the HCP 1000 ppm spiked 

samples compared to the commercial DP (blue trace). Frame plot obtained for a 100 ppm 

spiked sample. New detected peaks are highlighted with consecutive number following their 

elution time. 
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Table 6.9: Identified HCP peptides as new peaks in commercial DP spiked with 1000 ppm 

HCPs by comparing to the reference data (control). Results were filtered using frame filter 

settings: PR element = 0, charge between 2 and 3 and ratio ≥1000.00. Frame peak numbers 

correspond to the peaks highlighted in Figure 6.10 (C). 

Frame 
peak # 

Mass (m/z) 
RT (min) 

Ratio 
PR 
Element 

PR 
Size 

Charge 
Molecular 
Weight 

Avg. 
Intensity 

Reference 
Avg. 
Intensity 

 HCP Peptide Identity  
(BioPharma Finder) 

1 294.1794 10.01 99999.9 0 1 2 586.3443 4.60E+05 0.00E+00 VIAER (rhLPL) 
2 231.6406 11.80 99999.9 0 1 2 461.2666 3.30E+05 0.00E+00 ALMK (Cathepsin L) 
3 418.2245 17.78 99999.9 0 1 2 834.4345 4.90E+05 0.00E+00 QVVNGYR (Cathepsin L) 
4 429.2459 20.27 99999.9 0 1 2 856.4772 7.60E+05 0.00E+00 LVGQDVAR (rhLPL) 
5 331.6665 24.13 99999.9 0 1 2 661.3185 6.00E+05 0.00E+00 SVDWR (Cathepsin L) 
6 253.6579 26.20 99999.9 0 1 2 505.3013 6.80E+05 0.00E+00 FALR (rhLPL) 
7 389.2474 32.74 99999.9 0 1 2 776.4802 8.60E+05 0.00E+00 LVAALYK (rhLPL) 
8 434.1891 33.32 99999.9 0 1 2 866.3636 4.80E+05 0.00E+00 GLCLSCR (rhLPL) 
9 354.7078 42.62 99999.9 0 1 2 707.4011 1.00E+06 0.00E+00 YWLVK (Cathepsin L) 
10 522.2907 43.01 2011.7 0 2 2 1042.5669 8.70E+05 4.30E+02 GLGDVDQLVK (rhLPL) 

11 717.6838 47.22 99999.9 0 3 3 2151.0325 6.40E+05 0.00E+00 NLDHGVLLVGYGYEGTDSNK 
(Cathepsin L) 

12 822.3614 56.89 99999.9 0 1 2 1642.7082 4.00E+05 0.00E+00 NSWGSEWGMEGYIK (Cathepsin L) 
 

Table 6.10: Identified HCP peptides as new peaks in commercial DP spiked with 100 ppm 

HCP by comparing to the reference data (control). Frame peak numbers correspond to the 

peaks highlighted in Figure 6.10 (D). 

Frame 
peak # 

Mass (m/z) 
RT (min) 

Ratio 
PR 
Element 

PR 
Size 

Charge 
Molecular 
Weight 

Avg. 
Intensity 

Reference 
Avg. 
Intensity 

 HCP Peptide Identity  
(BioPharma Finder) 

1 294.1793 9.80 99999.9 0 1 --- --- 4.20E+04 0.00E+00 VIAER (rhLPL) 
3 418.2248 17.90 99999.9 0 1 --- --- 2.70E+04 0.00E+00 QVVNGYR (Cathepsin L) 
4 429.2459 20.43 99999.9 0 1 2 856.4776 5.70E+04 0.00E+00 LVGQDVAR (rhLPL) 
5 331.6666 24.22 99999.9 -1 0 --- --- 3.80E+04 0.00E+00 SVDWR (Cathepsin L) 
6 253.6581 26.22 99999.9 -1 0 --- --- 4.10E+04 0.00E+00 FALR (rhLPL) 
7 389.2472 32.79 99999.9 -1 0 --- --- 5.70E+04 0.00E+00 LVAALYK (rhLPL) 
8 434.1891 33.29 99999.9 -1 0 --- --- 3.90E+04 0.00E+00 GLCLSCR (rhLPL) 
9 354.7079 42.65 99999.9 0 1 2 707.4013 6.90E+04 0.00E+00 YWLVK (Cathepsin L) 
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The benefits of using the MAM for the detection of HCPs is that it allows users to 

detect, identify and individually quantify HCPs present at levels outside the 

recommended range within a peptide mapping analysis using only 5 µg of sample. 

A current requirement of this workflow is that new peak identification must be 

performed offline, through additional MS/MS analysis along with database 

searching of the m/z values highlighted from NPD.  

6.4.5 Investigation of Differences Between an Innovator and Biosimilar mAb 

Using MAM 

 

Sequence variants are defined as protein variants with unintended amino acid 

incorporations and can cause protein misfolding, aggregation or even generate new 

N-linked glycosylation sites (Yu et al., 2009, Zhang et al., 2013). Three mechanisms 

of action have previously been reported for sequence variant generation; (1) 

mutation at the DNA level, (2) misincorporation at the protein level through 

mistranslation or (3) miscleavage during post translation processing (Yang et al., 

2010). 

Assessment of an in-house produced IgG1 biosimilar with known sequence variants 

when compared to its originator was carried out using the MAM previously described 

(Figure 6.9 (B)). As with the previous study, a number of relevant PQAs were 

identified from MS/MS analysis of the drug product and were imported into a peptide 

workbook for monitoring. Through this monitoring, it was possible to see a number 

of differences in the average relative abundance of these PQAs between the 

biosimilar and the drug product, Figure 6.11. The results showed that the average 

relative abundance of oxidation and deamidation was slightly higher in the biosimilar 

compared to the drug product (Figure 6.11 (A)) while it varied between both in N-

glycan abundances (Figure 6.11 (B)). The main glycoform detected was A2G0F in 

the biosimilar and A2G1F in the drug product. The biggest difference between the 

two mAbs was in the high mannose glycoforms. The results showed that the level 

of high mannose species was more abundant in the biosimilar compared to the drug 

product as expected from a non-optimized production process. 
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Figure 6.11: Summary of monitored CQAs for comparison between the biosimilar (BS, 

blue) and the drug product (DP, orange). (A) Highlights the average relative abundance of 

oxidation, deamidation and succinimide formation while (B) highlights the average relative 

abundance of the glycans. 
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Figure 6.12 shows a mirror plot between originator (blue trace) and the in-house 

produced biosimilar (red trace), where the peptides only identified for IgG1 DP are 

highlighted in the chromatogram. Those peptides were not detected in the BS 

suggesting the presence several sequence variants.  

 

Figure 6.12: TIC mirror plot obtained from peptide mapping experiments of a commercial 

IgG1 DP (blue trace) and an investigational IgG1 BS (blue trace). Peptides only detected 

for the IgG1 DP using the DP protein sequence are highlighted in the chromatogram. 

Further analysis using NPD with the originator drug product set as the reference 

allowed for the detection of 9 components present only in the biosimilar. The 

parameters used for the NPD are outlined in Table 6.6 while Table 6.12 summarizes 

the details related to the new peaks detected. To identify the new peaks detected, 

the biosimilar samples were reanalysed with a method that included the acquisition 

of MS/MS spectra, and the data were searched using the BS protein sequence to 

confirm the m/z values of the missing peptides were matching with the information 

shown in Table 6.12. For peptides containing a single amino acid substitution, 

identification was possible also using MS/MS data analysis searched using 

originator sequence, with parameters set to allow for amino acid substitutions. The 
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MS/MS spectra and their corresponding fragment coverage maps related to these 

new peaks are provided in Figures 7.13-7.21. 

Table 6.11: New detected peaks for investigational IgG1 BS comparing to the reference 

IgG1 DP. Identities were derived from BioPharma Finder software 3.2 MS/MS data analysis 

using BS protein sequence. 

Frame 
peak # 

Mass 
(m/z) 

RT 
(min) Ratio PR 

Element 
PR 
Size Charge 

Molecular 
Weight 
(m/z) 

Avg. 
Intensity 

Reference 
Avg. 
Intensity 

Identification (BioPharma Finder) 

1 300.689 2.84 28040.8 0 3 2 599.3637 2.20E+08 7.90E+03 KVEPK 
2 236.642 3.21 141514 0 2 2 471.2684 1.90E+08 1.30E+03 VEPK 
3 319.146 5.45 353627 0 3 2 636.2772 2.40E+08 6.90E+02 EEMTK 
4 310.141 5.45 99999.9 0 2 2 618.266 3.70E+07 0.00E+00 EEMTK, H2O loss 
5 752.355 35.64 99999.9 0 5 3 2255.0445 5.60E+07 0.00E+00 ASSSVSYMHWYQQKPGSSPK 
6 708.385 38.66 99999.9 0 2 2 1414.755 3.40E+07 0.00E+00 Nonspecific peptide IYAPSNLASGVPAR  
7 851.386 39.59 99999.9 0 4 2 1700.757 3.90E+07 0.00E+00 ASSSVSYMHWYQQK 
7 567.930 39.60 99999.9 0 5 3 1700.7681 2.60E+08 0.00E+00 ASSSVSYMHWYQQK 
8 751.399 48.90 99999.9 0 6 3 2252.1723 3.40E+08 0.00E+00 PGSSPKPWIYAPSNLASGVPAR 
9 566.970 53.37 93525.9 0 4 3 1697.8873 2.10E+08 2.20E+03 PWIYAPSNLASGVPAR 
9 849.950 53.43 37354.6 0 5 2 1697.885 3.20E+08 8.50E+03 PWIYAPSNLASGVPAR 

10 578.845 56.81 14151.7 0 2 2 1155.6747 1.30E+07 9.10E+02 not identified  
11 1470.140 62.59 2481.2 0 4 2 2939.2701 4.10E+07 1.60E+04 VEAEDAATYYCQQWSFNPPTFGAGTK 
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Figure 6.13: MS/MS spectrum with peak assignments and fragment coverage map for 

components 1 (KVEPK) from Table 6.12 using BioPharma Finder software. 

 

Figure 6.14: MS/MS spectrum with peak assignments and fragment coverage map for 

component 2 (VEPK) from Table 6.12 using BioPharma Finder software. 
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Figure 6.15: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 3 (EEMTK) from Table 6.12 using BioPharma Finder software. 

 

 

Figure 6.16: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 4 (EEMTK, H2O loss) from Table 6.12 using BioPharma Finder software. 
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Figure 6.17: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 5 (ASSSVSYMHWYQQKPGSSPK) from Table 6.12 using BioPharma Finder 

software. 

 

Figure 6.18: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 7 (ASSSVSYMHWYQQK) from Table 6.12 using BioPharma Finder software. 
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Figure 6.19: Spectrum with peak assignments and fragment coverage map for component 

8 (PGSSPKPWIYAPSNLASGVPAR) from Table 6.12 using BioPharma Finder software. 

 

Figure 6.20: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 9 (PWIYAPSNLASGVPAR) from Table 6.12 using BioPharma Finder software. 
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Figure 6.21: MS/MS Spectrum with peak assignments and fragment coverage map for 

component 11 (VEAEDAATYYCQQWSFNPPTFGAGTK) from Table 6.12 using 

BioPharma Finder software. 

Sequence variants associated with biotherapeutics is more commonly observed in 

bacterial expression systems over mammalian, however, there have been a number 

of reported cases. For example, Zhang et al., identified a sequence variant that 

occurs from a single base pair mutation of codon TAA (stop) to GAA (glu) (Zhang 

et al., 2012). Wen et al., reported misincorporation of serine at asparagine sites due 

to a lack of asparagine in the culture media while Yu et al., reported misincorporation 

of asparagine at multiple serine sites (Wen et al., 2009, Yu et al., 2009). Zhang et 

al., identified the presence of sequence variant by identification of a new peak when 

comparing the chromatogram traces of the same product produced from four 

separate clones (Zhang et al., 2012).  

Similar to the HCP workflow the results presented here show the capability of the 

MAM for detecting new peaks associated with sequence variance as well as 

providing information associated with retention time and m/z values, however, 

putative identification would require additional MS/MS analysis. 
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6.5 Conclusion 
 

MAM is a promising technique due to quantitative and monitoring capabilities with 

potential for wide use in QC, but not restricted to QC as shown using the 3 case 

studies presented. We demonstrated the successful application of MAM to monitor 

and relatively quantify multiple product quality attributes throughout the 12 days cell 

culture experiment. The data obtained could be used to plan feeding strategies or 

lead to decision making in changing critical process parameters (CPPs) such as pH, 

temperature, or dissolved oxygen (DO) content. The NPD function was successfully 

applied for the analysis of low abundant spiked HCPs on the drug product and also 

for the detection of several sequence variants during the assessment of an in-house 

produced biosimilar candidate.   

MAM provides some distinct benefits compared to conventional methods currently 

used for QC testing such as CEX, HILIC or CE-SDS as it can provide PQA 

information on the molecular level (Dawdy, 2020, Eris, 2016). Benefits of MAM have 

been recognized in industry, saving time and costs with advantages in product 

development, characterization and in-depth monitoring of PQA and sample purity. 

On the other hand, understanding the role and impact of individual attributes in the 

development process of biotherapeutics has become a new focus area, supporting, 

and embracing the QbD concept. 

Pharmaceutical companies are advancing the use of MS technology in cGMP 

environments, and it will become more in the future, yet global acceptance of MAM 

as the replacement method of conventional analytical assays requires more 

comparative studies between conventional methods and MAM as well as closer and 

continued communication between industry and regulatory bodies. NPD is still seen 

as challenging. Also, more proof of principle data is required for NPD to show that 

it is solid and reliable as either false positives or missed peaks bear a huge risk and 

cost factor for biopharma companies. Moreover, NPD would benefit from the 

creation and implementation of open source libraries of known contaminants to 

facilitate the process of new entities identification. Moving forward, there is still room 

and need for more automation throughout the workflow aiming at increased 

throughput, robustness, and transferability. 
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Chapter 7 Overall Conclusion and Future Research Considerations 

7.1 Overall Conclusion 

 

MAbs continue to be strong therapeutic agents in the biopharmaceutical market due 

to their high specificity in the treatment of complex diseases. As mAbs are produced 

through mammalian cell culture they are structurally susceptible to heterogeneity 

from chemical modifications and post translational modifications. These 

modifications can have an impact on both the stability and efficacy of the therapeutic 

drug product therefore it is important that mAbs are fully characterised before they 

can be released for patient use. The goal of this research was to develop novel 

analytical techniques using state-of-the-art mass spectrometry for the 

characterisation of mAbs on the intact, subunit and peptide level.  

Chapter 2 focused on the application of a novel CE based chip, termed ZipChip, 

coupled to native orbitrap mass spectrometry for the characterisation of charge 

variants in mAbs. Charge variants arise from PTMs such as pyroglutamate 

formation, deamidation, sialyation and lysine clipping. CE-MS separation with the 

ZipChip was made possible by the development of a MS friendly background 

electrolyte consisting of ammonium acetate and DMSO. With this platform charge 

variants from three different mAbs were identified using just 1 ng of material with a 

15 minute gradient. It was possible to detect up to 52 different proteoforms in a 

single mAb using this workflow with mass accuracy was below 15 ppm, indicating a 

high level of confidence in the proteoforms reported. The low sample requirement 

of this platform makes it an attractive option for all stages of manufacturing and has 

a reduction in the overall time required for analysis as the system does not require 

recondition and regeneration between runs like traditional CE methods.  

As previously mentioned mAbs are produced through the bioprocessing of 

mammalian cells. In fed-batch production bioreactors this can take between 10 and 

14 days before the culture is harvested meanwhile the mAb product is continuously 

being formed. Alterations to the bioprocessing parameters, such as pH and 

temperature, can have an impact on the overall characteristics of the mAb, however, 

the effect of these changes won’t be observed until the product is purified and then 

subsequently characterised. The work described in Chapter 3 provides a solution to 
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this through the development of a rapid protein A coupled to native mass 

spectrometry method. The amount of material required to obtain high level mass 

spectrometry data that allows for the identification of glycoforms, and low abundant 

species was very low, 0.5 µg, allowing the protocol to be used in the early stages of 

bioprocessing through process analytical technologies (PAT). This protocol was 

further shown to applicable in the characterisation of PQAs in ADCs indicating its 

applicability to next generation biotherapeutics. 

Subunit analysis of mAbs involves the partial distribution of the structure through 

chemicals or by limited proteolysis using enzymes. These protocols can be lengthy 

and introduce modifications depending on the reagents used. Chapter 4 highlights 

the potential of an electrochemical cell incorporated inline with liquid 

chromatography. Electrochemical and LC parameters were optimised to allow for 

the full reduction of disulfide bonds resulting in individual light and heavy chains 

which can be separated through RPLC and characterised through orbitrap mass 

spectrometry. The results showed full reduction of disulfide bonds was made 

possible using a combination of electrochemical potential, increased organic solvent 

and temperature. The downside of this protocol include constant acidic conditions 

which could contribute to oxidation of the mAb, and a more complicated LC set up 

with trapping columns and switching values which make it a less attractive option 

over traditional reagent based reduction. 

Traditional peptide mapping protocols are lengthy and use harsh chemicals which 

can often induce unwanted modifications. A number of techniques have been 

developed to reduce the time required while other publications have looked to make 

the protocol more automated using liquid handling devices. In Chapter 5 an 

automated digestion protocol was developed which used trypsin immobilised on 

magnetic beads for rapid and reproducible digests. Method reproducibility was 

shown to be high through an interlaboratory study that incorporated 4 different sites 

across Europe. PTM tracking was further shown to be possible using this rapid 

digest through the analysis of thermally stressed samples. Utilising this digestion 

with the Chromeleon and Biopharma Finder software outlines the potential for this 

protocol to be used in a semi-automated MAM workflow. 
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MAM is a promising technique that can provide the capability of monitoring PQAs 

and detect the presence of product impurities. Manufacturing companies are 

considering MAM as an alternative QC technique as it can save both time and cost. 

In Chapter 6 MAM is applied to three case studies, the first for monitoring PQAs 

across a bioproduction cycle, the second for the detection for spiked HCPs using 

NPD and finally the third case study looked at MAM detecting differences between 

a drug product and a biosimilar with known sequence variants. The results showed 

that MAM could be used to monitor the effects of altering the bioproduction 

parameters and in the planning of feeding strategies. For HCPs, it was possible to 

detect HCPs at 100 ppm but not at lower levels with the current software. Finally, 

MAM was capable of monitoring the difference of PQA relative abundance between 

a drug product and biosimilar and through NPD detect sequence variant peptides. 

While this is only the beginning of MAM, and the workflow will continue to be 

developed this study provides a high level of standardisation to digestion and 

detection of peptides. 

The work complied in this thesis highlights the complexity of mAb characterisation 

and the key role that mass spectrometry can play. Mass spectrometry data is a key 

component of biological licence applications but is still primarily used on small 

molecules in a QC environment. While regulatory bodies are accepting that MS 

characterisation is a powerful tool drug manufacturers are hesitant in their approach 

to replace traditional protocols. This is because novel analytical strategies must be 

scientifically concrete and fall within the guidelines accepted for validation and 

qualification. By being able to produce reliable results using rapid workflows with 

very little sample requirement the approaches highlighted in this work could be 

potential avenues for QC approaches in the future. Furthermore, the works highlight 

in this thesis shows the value of using mass spectrometry data in all stages of the 

drug discovery process. For example, the CE-MS charge variant analysis in chapter 

2 and the protein A mass spectrometry workflow highlighted in chapter 3 are useful 

techniques in early stage discovery as intact protein data could be obtained rapidly 

with very little sample requirements. The data shown in chapter 3 highlights that 

alterations to the bioprocessing conditions can have an impact on the overall 

glycosylation abundances observed. As a result, this could be a very powerful tool 

in the early stage product development cycles where manufacturers will set out to 
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discover which bioprocessing conditions give the highest levels of titre without 

altering the levels of key PQAs. Chapters 5 and 6 show the benefit of using high 

resolution mass spectrometry peptide mapping for the characterisation of 

biotherapeutics and both techniques could be widely adapted in QC environments 

compared to their standard overnight in solution protocols. For QC environments 

the peptide mapping protocol outlined in chapter 5 is more relevant as it removes 

the potential of human errors and relies on liquid handling machines to carry out a 

rapid and reproducible digest. Chapter 6 highlights the first step to implementing 

MAM into a QC environment and can be used as a potential guideline for future 

researchers looking to do something similar. The biggest advancements in MAM 

moving forward will rely solely on the technology in particular with the algorithms 

involving new peak detection. As can be seen from this study the NPD software 

limited the detection of HCPs to 100 ppm, while this is within the regulatory limits 

required being able to detect lower levels of HCP abundance would be a powerful 

tool for both manufacturers and regulators moving forward.  

 

7.2 Future Considerations 

 

The following areas have been identified as potential avenues for future research: 

• The microfluidic capillary electrophoresis coupled to MS was successful in 

the characterisation of charge variants of intact mAbs. The next step in using 

this technology would be assess its applicability to peptide mapping 

techniques and understand what, if any, effect the BGE has one PTM 

abundances. 

• Protein A coupled to MS allowed for the characterisation of biotherapeutic 

glycoforms using a 5 minute method. The protocol was shown to be 

applicable to both mAbs and ADCs however this could be expanded to 

further next generation biotherapeutics, such as fusion-proteins and 

bispecific antibodies, so long as there is an Fc region present for binding to 

the protein A. This technology was shown to be capable of tracking the 

abundance of glycoforms over the course of a 10 day batch culture and it 

provided insight into the effect of altered bioprocessing conditions. The next 
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step would be to expand this to both fed-batch and continuous cultures taking 

samples on a regular basis to see the full formation of the product over time. 

Using this set up there is a further opportunity to characterise cell culture 

media components through capturing the first two minutes of flow instead of 

diverting to waste. These metabolites can be analysed through LC-MS or 

alternatively using microfluidic CE. Combining metabolite information with 

the characterisation data can provide deeper insight into the bioproduction 

process. Furthermore, the buffers used in the development of this protocol 

were carefully selected to allow for native MS characterisation, as such, it is 

possible to use this technology as part of a 2D-LC-MS setup. 

• Electrochemical reduction of disulfide bonds and separation of light and 

heavy chains was possible; however, this study was only applied to a 

reference standard, NISTmAb. Future studies should examine reduction of 

molecules with increasing complexity and asses the application of this 

technique on ADCs, fusion proteins, and bispecific antibodies. Hydrogen-

deuterium exchange (HDX) allows for the investigation of protein high order 

structure. Electrochemical reduction of proteins prior to HDX analysis could 

be beneficial as it reduces sample complexity and provides acidic starting 

conditions which is required for HDX. 

• Future experiments around MAM would focus first on the combining of a 

more automated process for sample preparation. This would satisfy industry 

requirements to have rapid and reproducible solutions for new technologies 

in order to replace traditional techniques. While characterisation is important 

it is usually one of the last assessments carried out meaning that sample 

material is often quite low, therefore, future MAM approaches should 

investigate reducing the amount of material needed in a digest and 

decreasing the overall amount of time required for data acquisition optimising 

the protocol for high throughput analysis. Finally, while MAM has shown to 

be successful in mAbs its application to next-generation biotherapeutics 

should be investigated.  

 


